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ABSTRACT: In this paper, a surface potential-based compact model on gate leakage mechanism is developed for
AlGaN/GaN high electron mobility transistor. Comparative study on gate leakage current has been carried out without
and with AIN spacer. The forward bias and reverse bias gate current of AlGaN/GaN HEMTS is decomposed into two
distinct components, which are Poole-Frenkel (PE) emission and Thermionic emission (TE). In both sets of devices, an
additional trap-assisted tunneling component of current is observed at low reverse bias. The developed model is in
excellent agreement with experimental data.
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I. INTRODUCTION

AlGaN/GaN HEMT devices have emerged as very promising candidates for high speed and high power
application [1] owing to properties such as high breakdown voltage, high charge density, and high electron mobility[2].
Although GaN HEMTSs has several features, the major factor that limits the performance and reliability of the device is
relatively high gate leakage. The gate leakage current reduces the breakdown voltage and the power-added efficiency
while increasing the noise figure. A large reverse bias is applied in the gate to turn OFF the device, when they are
normally ON with high 2-DEG concentration, as it leads to high off-state power loss and many reliability problems.
Hence, the gateleakage mechanism is very essential to understand the breakdown characteristics of the device. Accurate
physics-based gate leakage model is useful in both digital and analog circuits as the noise associated with the gate
current can affect the performance of the circuit.

Our gate current model uses Surface potential (SP) based compact model, and to calculate the current
equations three gate leakage mechanisms such as PE, TE, and TAT has been considered. The Poole-Frenkel emission
model mainly governs the medium to high reverse-bias gate current and trap-assisted tunneling current at low reverse
bias, whereas thermionic emission plays a dominant role in the forward-bias region [5]. These three components
together attribute the total gate leakage current at multiple drain voltages and temperatures.

In this work, AIN spacer has been introduced between barrier and channel. AIGaN/AIN/GaN HEMTS have
some unique features such as high two-dimensional electron gas (2DEG), sheet carrier density, carriermobility and also
have excellent DC and RF performance. Comparative assessment on gate leakage current for conventional AlGaN/GaN
HEMT and AlGaN/AIN/GaN HEMT has been carried out.

Il. GATE CURRENT MODEL FORMULATION
A. POOLE-FRENKEL MODEL
To understand the reverse leakage mechanism PF emission is considered. As trap plays important role in

leakage current, the activation of carriers from trap state to the continuum of states due to thermal energy is the main
reason for PF emission current.
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For PF conduction, the relation between current density (Jp¢) and electric field (E) is given by
Jor = C.E.exp (@ + BVE) (1)
Where & = —0,/Vis, B = (q/me;) 2/ Vs

C stands for trap concentration, @, is the barrier height for the electron emission from trap state, s a
permittivity of AlGaN for conventional HEMT, whereas for spacer based HEMT ggeanwill be permittivity, and Vy, is
the thermal voltage. The electric field is calculated using the expression [3]
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Where Vg = Vy— Vore, Cy is the gate capacitance, o, is the sum of the piezoelectric polarization charge in the
barrier and the difference between spontaneous polarization charge in the buffer and barrier, and q stands for electron
charge.

The current equation is obtained by integrating the current density along channel length from source to drain,

E

Igg = [f*r-dr (3)
o
The integration variable is changed from x to y using the expression [12]
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(4)

Where yn=(Wstyay Ve ysare the SP at source and drain side respectively, Lis the channel length. In PF current
equations SP based model is used to obtain E interms of y. Derivative of electric field (2) with respect to x and (Vg-y)
is obtained from (2) and the obtained equation is substituted in (4), we get,
dE Ly _ r:j -
dx L&, K.(Vp —¥+Ve) L(A—B.E) (5)
Where A =g; K(CgVip + qoz), B =€1.K
By changing the integration variable from dx to dE (3)can be written as follows,
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(6)

The total current is given by,
Top =" % [ " F(BPE** —387E + 6BVE —6) — 2eF(B°E™ — SBYE? 4+ 208%E* — 60B°E +

PF CE'

1208+E - 120) 5252

E=Ex%

(7)
B. THERMIONIC EMISSION MODEL:
TE plays a major role in the forward bias range, J-V characteristics of a schottky contact is given by [7]

Jre =Jreo [EXF' (%J - 1—] (8)
B,

Joz =4 T (57 ©

Where Jrg is the reverse saturation current density, A’is a Richardson’s constant, @; is the schottky barrier height, # is
the ideality factor and V= Vy—y.
For current equation, the current density is integrated along the channel length,

ITI:T:J‘.IFTE'dx (10)
o
We replace dx in terms of dy and after integration we obtain TE current as
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% _t'l!: r r r r x r I,f,-': =1
Fre = 1-v.tfm.f<'[exp( o Vs (¥en = U = Vo +9) = W (i + Vo) + 212252
(11)

C. TRAP ASSISTED TUNNELING CURRENT MODEL.:

At zero bias the electric field across the barrier does not go to zero. The forward trap-assisted tunneling current flow from
gate to the channel compensates the PF emission current from channel to gate near zero bias. Also, the TAT current and PF emission
has same temperature dependence. The Jyat is given by [5]

Jee = Jezo | (o) - 1] 123

M2 Vn

Where Jraro the reverse saturation current density obtained by equating Jrar and Jpr at Vg=0.
The TAT current is obtained by integrating Jrat in a similar fashion as described for TE. The ltat is given by,
-y -V P -
g 0y ., . , T
Trar = WL ar Kexp (TJ??HF: (¥ - 1’90:] + Tuf’{?_ Vin — 1’9 D]E-: ::: (13)
Based on the dependencies of gate length (L), gate width (W) and AlGaN layer thickness, the scalability of device is
considered. In (2) vertical electric field relies on AlGaN layer thickness, as it depends on gate capacitance.

I11. RESULTS AND DISCUSSION

The total gate current is obtained by adding the three components for a wide-bias range.
The gate current increases exponentially with applied gate voltage for forward bias region. But in logarithmic scale,
straight line will be observed at high forward bias due to voltage drop across the gate resistance.

A.PARAMETER EXTRACTION:

The models for three component of gate current, namely PF current, TE current, and TAT current have their own set of
parameters.

A.l. PF current parameters:

The parameters of PF component are C, @, B and op. C is a trap concentration, @ is the barrier height. opis obtained by
summation of piezoelectric polarization charge in the barrier layer and the net spontaneous polarization charge in the barrier and
buffer layer. B is given by (q/mes)"?/ Vip.

g, B, and o, parameters have been slightly tuned their values to fit the current in high negative gate-bias range. o provides
the polarization electric field and determines the gate bias at zero net field. From (7) it seen that @y is a reading parameter. 3 is used
to modulate the slope of the current.

Parameter Description Default value
op Polarization charge density(cm™ 1.4e"
Dy Barrier height for the electron emission from | 0.3
the trap state
(eV)
B Parameter dependent on AlGaN permittivity | 1.39¢”
and hence Al mole fraction
(V-1/2m1/2)
C Trap concentration parameter(A/Vp, 1e®
Dy Schottky barrier height(eV) 1.17
n Ideality factor for TE current 2.0
JraTo Reverse saturation current density for | 1e”®
TAT(Am?)
2 Ideality Factor TAT current 2.0
Vo Parameter to fit toatal gate current close to | -0.5
orgin(V)

Table.1.Gate current parameters
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A.2.TE Parameters:

Two parameters in TE currents are®, and n.®, is the schottkybarrier height and n is the ideality factor.®y, is
adjusted to make TE component has a minimumeffect for negative gate biases.At positive gate bias,slope of TE current
is determined by 1.

A.3.TAT current Parameter:

TAT components are modeled using Jrato, Vo and ;. Jrato is @ very low value scaling parameter and hence, it
does not affect the reverse bias current.V, is tuned to get sum of all three component zero at zero bias.nevaluates the
slope of TAT current.
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Fig.1. I3Vs V, for conventional HEMT

The proposed gate current model of AIGaN/GaN HEMT devices is shown in Fig.1.The Al composition of 0.3
is used for AlGaN barrier with 24nm thickness.V, ranges from -4to2V.In forward bias region,current will be increased
exponentially with gate voltage whereas in log scale,there will be straight line.

Fig.2. shows the temperature dependence of the gate current model for wide range of temperature and bias
voltage.
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Fig.2. I4 - Vg for AIN spacer based HEMT

The gate leakage current for AIGaN|AIN|GaN HEMT shown in Fig.3.1t is clear that withAIN insertion the
leakage current is reduced compared to conventional HEMT. Due to wider bandgapAlIN, there will be increased
potential barrier and better confinement in channel. Thus improvement in drain current and mobility leads todecreased

leakage current.
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Fig.3. Plot of gate current density — voltage characteristics measured at three different temperature (223K, 323K, and
423 K) for AlGaN/GaN HEMT is shown.

Copyright to IJAREEIE

WWW.ijareeie.com

3545


http://www.ijareeie.com

G y: . ISSN (Print) : 2320 — 3765
R et | ISSN (Online): 2278 — 8875

International Journal of Advanced Research in Electrical,
Electronics and Instrumentation Engineering
(An 1SO 3297: 2007 Certified Organization)

Vol. 2, Issue 10, October 2013

g T T T T T
'!
1000 + Area=4 X 80 um’
o 1 :
g 101;
g‘, ium“nammm;na.;
E 0.1+ 00000000 00000000000,
‘%j SEEEEEEER l.--“._._._.'"
@ 1E-3
LEJ "
@ 1ES —a— T=223 K
= —e— T=323 K
O A— T=423 K |
1E-7
I T T v T ! ! '
B -4 -2 0 2
Gate Voltage(V)

Fig.4. Variation of gate current density with gate voltage for AIGaN/AIN/GaN with 1nm AIN thickness is shown.

It is clear fromFig.4.that the reverse leakage characteristics are nearly similar for AlGaN/GaN and
AlGaN|AIN|GaN HEMT due to same barrier height for both devices.On the other hand,for forward leakage
current,band discontinuity at the interface between the barrier and channel layer. Thus,forward current is apparently
suppressed due to insertion of AIN spacer layer as it has high band discontinuity than the one without spacer.

IV. CONCLUSION

The forward and reverse gate leakage current is modeled and implemented in SP-based GaN HEMTs compact
model. The gate leakage current of AlGaN/GaN HEMT with and without spacer is analyzed.Finally, we revealed that
the insertion of AIN spacer layer,suppresses the forward gate leakage currentcompared to conventional HEMT.
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