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Abstract

The paper proposes a new analytical model of the drain current in AlGaN-GaN high-electron-mobility transistors
(HEMT) on the basis of a polynomial expression for the Fermi level as a function of the concentration of charge carriers.
The study investigated the influence of parasitic resistances (source and drain sides), high-speed saturation, the amount
of aluminum in the AlGaN barrier, and low field mobility. To isolate the output characteristics, cut-off frequency and
steepness, the parameters of the hyper frequency signal were developed. Comparison of analytical calculations with
experimental measurements confirmed the validity of the proposed model.
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AHHOTALUA

IIpemnoskeHa HOBast aHAIUTHYIECKast MOJENIb TOKAa CTOKa B ycTpoiicTBax AlGaN-GaN TpaH3HCTOPOB ¢ BBICOKOM
MoABIKHOCTBIO 31ekTpoHOB (HEMT) Ha 0CHOBE MOMMHOMHAIBLHOTO BEIPAXXEHUS JUIsl ypoBHSI DepMu Kak (QyHKIHH
KOHILIGHTpaluu HocuTelel 3apsga. B xome uccienoBaHUs M3ydeHO BIMSHUE MAapa3sUTHBIX CONPOTHUBICHUM
(CTOpPOHBI UCTOKA M CTOKA), BHICOKOCKOPOCTHOTO HACHIIICHHS, KOJHYeCcTBa amoMHuHus B Oapbepe AlGaN u Hu3Kkoi
HOJBHXKHOCTH 10JIA. {71 BBIIENIEHHS BEIXOHBIX XapaKTEPUCTHK, YACTOTHI Cpe3a U KPyTH3HBI pa3paboTaHbl TapaMeTphl
TUIEePYacTOTHOTO curHana. CpaBHEHNE aHATUTHYECKUX PACUeTOB C SKCIIEPUMEHTAIBHBIMU H3MEPEHUSIMU MOITBEPANIO
CIIPaBEUTUBOCTD MPEATOKEHHOH MOJETH.

KiiouyeBsble ciioBa
AlGaN-GaN, TpaH3UCTOp ¢ BBICOKOH MOABMIKHOCTBIO 3i1eKTpoHOB, HEMT, nByMepHBI 2I€KTpOHHBIHN ras,
BOJIbTAMIIEPHAs] XapaKTEePHUCTHKA, YACTOTA CPe3a, KPyTH3HA XapaKTePHUCTHKH

Baaronapuoctu
Pabora BemonHeHa Ha (axynsTere Hayk AitH Yok Km 8, Yausepcurer Xacana 11, Kacabranka, Mapokko.
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A new analytical model of drain current and small signal parameters for AlIGaN-GaN high-electron-mobility transistors
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Introduction

High-electron-mobility transistors (HEMT) based on
the AIGaN-GaN hetero-structure have rapidly emerged
in the fabrication of very high-speed integrated circuits
[1]. These transistors have taken an important place in
the realization of high-power, high-voltage, and high-
temperature devices because of their very tall switching
speed, poor power consumption and relatively ecasy
manufacturing technology.

Due to their considerable gap energy and significant
discontinuity of conduction bands between the AlGaN
and GaN layers, HEMT transistors can create a two-
dimensional electron gas (2-DEG), with a concentration in
the order of 1013 cm~2 under the spontaneous polarization
effect and the piezoelectric effect [2].

To develop a reliable model for HEMT transistors,
an accurate estimate of the 2-DEG density at the hetero-
interface is significant. A number of charge control models
for HEMTs and several theoretical models of drain current
in HEMT transistors have been developed to characterize
the concentration of the two-dimensional electron’s gas
(2-DEGQG) at the AlGaN-GaN interface [2—-6].

The previous work on theoretical analysis of HEMT
AlGaN-GaN [5] has been done by solving simultaneously
the Schrodinger and Poisson equations. According to the
assumption’s authors, the polarization in nitride alloys
interpolates linearly [7]; meanwhile, Fiorentini et al [8] have
argued that there is a significant variety in the theoretical
results when nonlinear polarization is applied instead of
linear polarization. This can be explained by the fact that
nonlinearity modifies the interface charge densities induced
by the polarization. Analyzing the models involving
polarization nonlinearity [9—12], we found that theoretical
models are not suitable with the experimental result (the
current-voltage characteristic and the transconductance).

In the paper, we present a new model of charge control
using the 2-DEG channel current equation developed by
Rashmi et al [5], and considering the nonlinearity of the

polarization which will produce a good optimization with
the experimental result. In this model we also introduce
the Fermi level E(T, m) in its simple polynomial form as
a function of the electron gas density ny(7, m).

Based on the proposed analytical model, we will
extract the current-voltage characteristics and describe the
variations of the channel transconductance of the device. To
highlight the performance and operating limits of HEMT
transistors at microwave frequencies, first, we study the
variation of cut-off frequencies f7 and the transcanductance
g,, as a function of the drain current at fixed drain voltage,
and secondly, we analyze the variation of the cut-off
frequency as a function of the bias voltages V;; and V.

Model formulation

Charge-control model

The structure of HEMT mainly consists of three
different materials: substrate, material with a wide bandgap,
and material with a low bandgap. The junction of these
two materials leads to the formation of two-dimensional
electron gas (2-DEG) at the interface. It can be modulated
by the gate-source voltage, while the formation of the
electron gas is performed between the spacer and the small
gap layer (Fig. 1). The sheet carrier concentration of the
two-dimensional electron gas (2-DEG) constituted at the
AlGaN-GaN heterojunction is given by [9]:

e(m)
ns(Ta m) = q7(Vgs - Vth(T9 m) - EF(T9 m))a (1)
where T is the temperature; m is the Al mole fraction
in AlGaN-GaN; ¢ is the electron charge; &(m) is the
dielectric constant of Al,,Ga;_,,N; d is the summation of
the doped AlGaN layer thickness (d;) and the undoped
AlGaN spacer layer thickness (d,). V;,(m) is the threshold
voltage, E{(T, m) is the position of the Fermi level which
is expressed as a function of ny(7, m) and it is given by the

form of a simple polynomial [13].
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Fig. 1. HEMT transistor AlGaN-GaN in cross-section (a) and the band diagram of the AlGaN-GaN structure (b)
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EQT, m) = K\(T) + Ky(DNny(T, m) + K5(T)ng(T, m),  (2)

where K;, K, and K5 are three different parameters
depending on the temperature 7.

Where L is the Gate length, x present the position
along the transistor channel. ¥V, presents the Schottky-
barrier height, ¢, and ¢, are work functions of AlGaN and
GaN, respectively. x; (x,) is electron affinity of AlIGaN
(GaN). Ey;, E-and E}, show the vacuum level, the energy
of the conduction band, the energy of the valence band,
respectively.

By introducing the equation (2) into (1), we obtained
a quadratic equation, to demonstrate the concentration of
2-DEG charge carriers at the heterojunction [14].

n(T, m)= 3)
(KA + NKXT) + 4KAT, m) (Vs = VT, m) = Ki(D) |
a 2K(T, m) ’
where
qd
Ky(T, m)=K3(T) + s

The threshold voltage V,,(7, m) depends on the
aluminum mole fraction of MOSFET, and its expression
given by [15].
quddz 3 opAm)
2¢(m) g(m)
where ¢(m), AE-(m) are the Schottky barrier height and
conduction band discontinuity between GaN and AlGaN,
respectively. N, is the doping density of the Al-Ga-N

layer and 6p,(m) is the charge density induced by the total
polarization, can be written as follows [8]:

SpAm) = |Ppp(m) + PX} Ga, N0 = PR} G, NO)ls

Vin(T, m) = o(m) = AE(T, m) —

)

where Ppp(m) is the piezo-electric polarization with its
expression and it varies as a function of the value of m.
Piﬁmqale(m) and Pf‘ﬁmGal,mN(O) are the spontaneous
polarizations of Al,,Ga;_,,N and GaN, respectively [8].

Current—voltage characteristics (/;, — V)

By fixing the value of voltage ¥V, superior of the
threshold voltage, the electron movement at the AlGaN/
GaN interface is ensured by the application of the source-
drain voltage V,, superior to zero. The generated drain
current [ is given by the following equation [5].

dV(x) N KyTdn(T, m)) @

Li(T, m, x) = un(X)(ns(T , m)
dx q dx

where Z, V(x) and K are the gate width, the channel
potential at position x, and Boltzmann’s constant,
respectively. p(x) is the field dependent of the mobility
given by:

Mo

(1 , (oFe - vm,)ch(x))’
E CVsat dx

Hx) = (6))

where E - is the saturation electric field, p is the low-field
mobility, and v, is the saturation drift velocity.
Depending on the variation of the bias voltage V,,
the HEMT transistor can be function under two different
regimes (linear regime and saturation regime).
The linear region (V,, < V.,
To describe the variation of potential at each position
x in the 2-DEG channel, the voltage V,, is replaced
by Vg — V(x) in the expression (3) of sheet carrier
concentration of two-dimensional electron gas formed at
the AlGaN/GaN heterojunction.

[ KAD)
ns(Tn m, x) - 2K4(T, m) + (6)
KD + 4KAT, m) (Vs = Vil T, m) ~ V) ~ Ki(T) :
2K(T, m) '

Using the following approximation [16] in equation
(6) we get:

4K (T, mV c(x) <<
<< K3(T) + 4K (T, m)(V gy — VT, m) — K (D).

After using the above given approximation in equation

bz <m<
Pa1, Gar_,N0™) For0=m<0.38 (6), a simple expression of the concentration ny(7, m) have
Ppp(m) = PﬂmGalimN(Z.33—3.5m) For 0.38 <m <0.67, the following form:
0 For0.67<m<1 ny(T, m) = @)
. . . 2
The expressions of spontancous and piezo-electric  _ ~Ko(T) + NKX(T) + 4K(T, m)(Vgs — VT, m) — K,(T))
polarizations are given in Table 1 [8]. 2K(T, m) ’
Table 1. Parameters of the Al,,Ga,;_,,N/GaN heterostructure
Description Parameter Expression
Spontaneous polarization of AlGaN PR} Gay,N(m), C/m? —0.09m — 0.034(1 — m) + 0.019m(1 — m)
Piezo-electric polarization of AlGaN P,flsza . N(m), C/m? mPh[e(m)] + (1 — m)PEa[es(m)]
Piezo-electric polarization of AIN PXin(m), C/m?2 ~1.808¢,(m) + 5.624¢3(m)
Piezo-electric polarization of GaN PgiN(m), C/m?2 ~0.918¢e,(m) + 9.5415(m)
The basal strain g(m) (a(0) — a(m))/a(m)
The lattice constant a(m), nm 0.031986 — 0.000891m
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Consequently, the drain current from equation (4) will
be expressed by:

[ds(T’ m, x) = qu(x)(ns(T, m)

dVC(x))

X

®)

We substitute the equations (5) and (7) in the drain
current equation (8), and a new equation will appear which
describes the drain current at each position x of the channel:

Ids(Ts m, x) = ZqP-O><
(KQ(T) + NKH(T) + 4Ki(m) (Vs — Vi(m) — KI(T))2
) 2K(T, m) )
dVdx)
" dx . ©)
(1 + (MOEC - vsat) dVC(x))
ECvsat dx

Fig. 2 shows the equivalent electrical circuit diagram of
the high-electron-mobility transistor HEMT (AlGaN-GaN),
where R, and R, are the parasitic resistances of the source
and drain, respectively. R, represents the resistance of the
2-DEG channel.

From the schema in Fig. 2, the channel potential for
x =0 and x = L will be given by:

VC(x)|x=0 = IdsRsa
Vel = Vas— UgsR ).

With the above given boundary conditions, the various
steps of integration of the equation (9) along the transistor
channel will be written as follows:

L Ec —vy)dV,
1, (1+(H0 C ~ Vsa) dV(x) dr =
0

CVsat dx

L
= Zqn (T, m)po| (dVC(X))dx’
o\ dx
oE — Vsat
(“CC—V)[V c(x)]é) = Zan,(T, m)pe[ V()15

2 (H'OEC - ant)
- ds E
CVsat

Iy ([x]é +

(Rs + Rd)) +
(10)

+ (IJ«OEC B vsal)V

+ [ds (L ds + ans(Tr m)HO(Rs + Rd)) -

E CVsat

- ans(T’ m)MOVdS =0.

From equation (10), by replacinjg ns(T, m) with its
value, the first term is multiplied by /;; into o, the second

Vs

AY

R,
W

0 L X

Fig. 2. Equivalent electrical schema of the HEMT

term is multiplied by /,, into a, and the last term that does
not contain /,;, by o3, we can obtain:

_ ((MOEC - Vsat)
o ==\

R.+R)|
ECVsat ( s d))

0y = L+ Zqpo(R; + R )%

. (—sz +NK3(T) + 4KA(T) (Vs = VT, m) = K,(T)) )2 .
2K(T)
(“OEC - vsat)
M — (11)
o =—Zqpg ¥ (12)

(_Kz(z) + NK3(T) + 4K (T, m)(Vy

— VT, m) - Km))zx
2K4(T, m)

XV

The expression of the drain current /,, in linear regime
will be given by the root of equation (10) and can be written
in the following form:

~—0p + Va3 — 4oy
[, =2 BT
2(11

The saturation region (V> V..

The application of an electric field in a semiconductor
leads to free charge carriers (electrons and holes) to acquire
a velocity of displacement v proportional to the applied
field. The following relationship describes this velocity:

Ko dVe(x)
(“OEC _ vsat) dVC(x) dx

E CVsat dx

V= HEER) =

1+

At high electric field values, the velocity of the carriers
is saturated at the value v,,,. This fact has allowed us to
replace the velocity v by v, in expression (9) of the drain
current /g

Idsat: qusat X (13 )
(KZ(T) +NKA(T) + 4K(T, m)(Vs — Vil(T, m) — Ki(T))\?
) 2K(T, m) '

In the same way, we replace the voltage V, by the
saturation voltage V. in the equations (11) and (12).

In this case, the expression of the drain current in the
saturation regime can be written in the form:

—Bz + l?)zz - 4(11[33

]dsat = 20, (14)
With,
(“OEC — Vsa )
Pr=08,+ 5 Y gsar 15)
CVsat
and
B3 = 63 Vdsat’ (16)

150

Hay4HO-TexHn4eckunii BECTHUK MHPOPMALUMOHHBLIX TEXHOIOMMIA, MEXaHMKN 1 onTukn, 2022, Tom 22, N2 1
Scientific and Technical Journal of Information Technologies, Mechanics and Optics, 2022, vol. 22, no 1



A. Farti, A. Touhami

where

0y = L+ Zguo(R; + Ry) *

(Kz('n +NKA(T) + 4KAT, m)(Vs — Vi(T, m) — Kﬂ)))2
) 2KA(T, m) :

83 =—Zqu, *

(—KZ(D +NKA(T) + 4K(T, m)(Vys — Vi(T, m) — KI(D))Z
) 2KA(T, m) ‘

To determine the expression of the saturation voltage
V 4sar» We €qualize the equations (13) and (14) of the drain
current /,:

—Bz + B% - 4(1153 _

5 Zqug, % (17)
(03]

(—KZ(D + NKA(T) + 4KAT, m)(Vgs — Vil(T, m) — K(D))2
- 2KA(T, m) ‘

We put:
8l = 20'IZquat x

(—Kz(n + NKY(T) + 4K (T, m) (Vs = VT, m) - KI(D))Z
) 2K (T, m) ’

And equation (17) will be described as:
By + VB3~ daypy =3, (18)

According to the expressions of (15) and (16), equation
(18) is as follows:

(MOEC - vsat)
51:_(32+ Visar|
CVsat
(p'OE Cc Vsat) 2
+ \/ (62 + o Vdsat - 4“163 Vdsat,
sat

As a result, the expression of the saturation voltage V',
can be deduced and expressed by the formula:

” —01(26, + &y)
dsat —
(2 61 (“'OE C V.mt)

CVsat

+ 4(1163)

Small signal parameters

At this stage, for better modelling of the HEMT
transistor, we need to determine and calculate its small
signals parameters like the transconductance g, and the

where:

=+ Vo3 — 4oy0;
Ids - >

20, 20)

From (19) and (20), we obtained the expression of the
transconductance written by the equation:

6(12 6(13
2(12_ — a0,
1 00, N anx anS
g, =—|—
"2 OV 2No3— 4a,0;

Cut-off frequency f7

The characterization of the high-frequency performance
of the HEMT transistor requires a detailed study of its
cut-off frequency f7. This later determines the factor of
the microwave operation of HEMT transistor components.
The cut-off frequency can be calculated versus the
transconductance g,, as follows [10]:

&gmkt
Jr= - >
Zuoe(m)

" do+ i+ Ad)

@n

where Ad presents the thickness of two-dimensional
electron gas 2-DEG.

Results and discussion

To highlight the models of electrical and technological
parameters (I, g,, and f7) of the HEMT transistor, we
made a comparison with experimental results [18]. The
electrical, geometrical and technological parameters used
in the proposed model are presented in Table 2.

The values of the constants K|, K, and K5 used in the
theoretical calculations for different values of the gate
voltage V, with m = 0.15 are depicted in Table 3.

Fig. 3 shows the electrical characteristics of the
HEMT transistor (Al 5Gag gsN/GaN) as compared to
experimental measurements [18]. The length and the
width gate of this transistor are equal to 1 um and 75 pum,
respectively. Fig. 3, a shows the variation of the drain
current as a function of the drain voltage for different values
of the gate voltage. For the calculation, we took a gate
voltage sweep between —2 V and 1 V with a step of 1 V.

The results of the simulation indicate that there are two
operating regimes. The first one is a linear regime, implying
that the drain voltage increases, then the drain current 7

Table 2. Different parameters used in the proposed model

cut-off frequency f7, which may reflect the performance of Parameter Description Value
this transistor. Vi V Threshold voltage -2.6
Transconductance g, 7 Thickness of the doned 1 »
The transconductance is considered as one of the o M icxness of the doped layer
most important parameters in evaluating the performance d;, nm Thickness of the undoped layer 3
of transistors for high-frequency applications. The Z, pm Gate width 75
trangconductance g, of the Al ,Ga;_,N/GaN HEMT L. um Gate length :
transistor is defined as [17].
Voar MV/S Saturation velocity 1.19%x103
g, = Ol (19) R, Q Parasitic source resistance 0.6
m )
Vs Vis=cte Ry, Q Parasitic drain resistance 0.9
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Table 3. Values of the parameters K, K, and Kj for different gate voltage values V. They are calculated with the same method [19]
using the effective mass m* = 0.22m [7]

Gate voltage , Vy,, V K,V K, x10-8, V'm K3 x 10718, V-m?2
1 -0.27750 1.68742 -4.23715
0 —0.27573 1.45776 -3.21042
-1 —0.27423 1.26515 —2.34936
-2 —0.27422 1.26274 —2.33856

also increases. In a saturated regime, the drain current
keeps constant and independent to the drain voltage V.
This can be explained by the pinching of the canal and the
saturation of the electron velocity. These results coincide
with the experimental measurements and prove the validity
of the proposed model.

The curve in Fig. 3, b represents the dependence of the
drain current vs. the gate voltage for a drain voltage set
at the value 5V. We concluded that the intersection of the
asymptote of the curve with the axis of the voltages V', is
equal to —2.6 V. This value is equivalent to the threshold
voltage V,, of the HEMT transistor under study. In other
words, the results of our model are in concordance with the
experimental data and confirm the validity of our model.

Fig. 3, c displays the variation of the transconductance
gy as a function of the gate voltage V,, with the value of

a
@ Experimental Data
—— Proposed Model -

0.52 1 , " Ves

g

g

<

3

g

£0.26 1

3

o

.g

g

A -2
0.00

0 2 4 6
Drain Voltage Vy, V

the drain voltage V, equal to 5 V. This transconductance
g,, increases with the voltage ¥ till it reaches a maximum
Zmax (160 mS/mm) for the value of the gate voltage equal
to —0.74 V. Consequently, the HEMT transistor achieves
its optimum operating point. After this maximum, the
transconductance decreases progressively, which can be
attributed to the saturation of the carrier’s velocity and the
reduction of their mobility in the channel. This is caused by
the increase in channel resistance. In addition, the thermal
effects and presence of defects can be responsible for this
drop transconductance.

Fig. 4, a shows the cut-off frequencies f; and the
transcanductance g, as a function of the drain current 7
with gate width Z =2 x 75 um and the fixed drain voltage
Ve = 5V. We observe that the maximum of the cut-off
frequency is 9.66 GHz which corresponds to a drain current

b

@ Experimental Data
= Proposed Model

0.36 1

Drain current /;,, A/mm

Vi -2 0 2
Gate Voltage Ve, V

0.204

0.104

Transconductance g, S/mm

0.004g

@ Experimental Data
— Proposed Model

Gate Voltage V, V

Fig. 3. Variation of the drain current /,, as a function of: the drain voltage ¥, for different gate voltage values ¥, (a) and gate
voltage V,, by fixing the drain voltage V', at 5V (b); variation of the transconductance g,, as a function of gate voltage ¥, (c)
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of 250 mA/mm, where the maximum of transcanductance
is located.

Fig. 4, b presents the dependence of the cut-off
frequency f7 on the gate and drain polarization voltages.
It is obvious that the cut-off frequency rises with the gate
voltage and decreases after reaching a maximum. Also, this
cut-off frequency increases with the applied drain voltage.
This is due to the impact of the gate voltage on the depth
of the potential well and favors important diffusion of free
electrons from the semiconductor donors.

Conclusion

In summary, we have studied a new analytical model
of the drain current and small signal parameters of AlGaN-
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