JOURNAL OF SEMICONDUCTOR TECHNOLOGY AND SCIENCE, VOL.9, NO.3, SEPTEMBER, 2009 125

Noise Analysis of Sub Quarter Micrometer
AlGaN/GaN Microwave Power HEMT

Rajesh K. Tyagi*, Anil Ahlawat*, Manoj Pandey**, and Sujata Pandey*

Abstract—An analytical 2-dimensional model to explain
the small signal and noise properties of an AlIGaN/GaN
modulation doped field effect transistor has been
developed. The model is based on the solution of two-
dimensional Poisson’s equation. The developed model
explains the influence of Noise in ohmic region (Johnson
noise or Thermal noise) as well as in saturated region
(spontaneous generation of dipole layers in the satu-
rated region). Small signal parameters are obtained
and are used to calculate the different noise para-
meters. All the results have been compared with the
experimental data and show an excellent agreement
and the validity of our model.

Index Terms—AlGaN/GaN HEMT, polarization, two-
dimensional model, drain circuit noise, gate circuit noise

1. INTRODUCTION

Noise in the channel is the internal generation of
signals that cause degradation from the desired response.
Fluctuations in signal phase, amplitude, and spectral
content are forms of noise [1]. The physical properties of
materials result in various classes or types of noises.
Thermal noise originates because heat in the electrical
device provides energy to the carriers causing random
fluctuations in their movements. The noise is generated
only in systems or circuit elements that dissipate power
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(resistive).

A careful examination of the current reveals minute
fluctuations, known as noise, which are present whether
externally applied signals are present or not. Such fluc-
tuations interfere with weak signals when the transistor
is part of an analog circuit. For this reason, the high
frequency noise in transistors has received importance.
At microwave frequencies, the intrinsic and extrinsic
noise sources are generally thermal [2].

The thermal noise within the channel gives rise to
both drain channel noise and induced gate noise. As one
increases the drain source voltage, the electric field within
the channel increases. The increasing electric field causes
more carriers to reach velocity saturation. It means there
are more carriers present at the time of velocity satura-
tion, therefore amount of diffusion noise near the drain
increases. Analytical noise models are available, including
the effect of gate inductance and fringing field effect
which can predict noise performance based on the scat-
tering parameters at microwave frequencies [3, 4]. It was
also shown that as the device width is made to decrease;
the noise model will give positive response.

Several theoretical models have been developed to
study the noise properties of HEMT. These models could
not explain the behavior and effect of noise. Klepser et
al., [5] developed an analytical bias dependent noise
model for InP HEMT. Their model is based on the two
piece linear approximation using charge control and
saturation velocity models. Combining large signal model
and analytical expressions for the noise source parameter
P, R & C an analytical bias dependent noise model was
developed. A model for noise parameter of HEMT with
resistor temperature noise sources was developed [6].
The model was used to extrapolate the noise parameter
in frequency range and described the noise behavior over
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a wide range of bias points. The model was also applied
to psudomorphic structures. Also Hida et al., [7]
developed a new low noise AlGaAs/GaAs HEMT which
exhibited a 0.95 dB minimum noise figure with a 10.3
dB associated again at 12 GHz and of a 45 GHz cut-off
frequency at room temperature. Hsu and Pavlidis [8]
developed MODFET noise model and showed its
correlation with gate leakage current. A numerical noise
model for AlGaN/GaN HEMT was also developed [9].
Noise assessment of AlGaN/GaN HEMT on Si and SiC
substrates were done by Jaeger et al., [10]. The HEMT
presented very low noise properties with F;;, and G,
close to 1 dB and 13 dB at 12 GHz. Low frequency and
microwave noise characteristics of GaN and GaAs based
HEMT are reported in literature [11-17].

In this paper we propose an analytical model that
accurately explains the calculations of noise parameters
and noise characteristics of 120 nm AlIGaN/GaN HEMT.
The gate circuit noise and drain circuit noise of AlGaN/
GaN HEMT, incorporating the effects of spontaneous
and strain-dependent piezoelectric polarization fields have
been analyzed. This model is based on the solution of 2-
dimensional Poisson’s equation. The present model is
capable of explaining the influence of noise in ohmic
region as well as in saturated region. The effects of
important technological parameters such as aluminum
concentration, gate length, barrier thickness, and doping
of the AlGaN layer on device and noise characteristics
have been analyzed in detail. Two dimensional analysis
of the device has been carried out in linear as well as in
the saturation region. Modified expressions of device trans-
conductance, drain conductance, gate to source and source
to drain capacitance has been developed which are used
for calculating the important noise parameters. The re-
sults of the proposed model have been verified with the
published experimental/simulated data and show close
agreement.

II. MODEL FORMULATION

Fig. 1 shows a basic A1GaN/GaN HEMT structure. The
structure is on a semi-insulating 4H-SiC substrate. The
epilayer consists of a 100 nm AIN buffer, 2 pm undoped
GaN, a 5 nm undoped Aly»sGagssN spacer a 10 nm Si-
doped Aly»sGag7sN charge supply layer and a 10 nm
undoped Alj,sGag;sN barrier layer. The device has a

S . D
L - - % e x‘ 10nm undoped Al ,51Ga, . N
vy ! Y v 10nm Si doped Alg 55§Ga, N
2DEG Channel_ Snm undopedAl g 55Ga, N
2pm undoped GaN

100nm AIN buffer

SiC Substrate

Fig. 1. AlGaN/GaN HEMT structure.

gate length of 120 nm, a gate width of 100 um and a
source drain spacing of 2 um. As shown in the Fig. 1 the
region between the gate and the channel is rectangular in
shape. It is divided in two regions i.e., the low field
region with 0 <x <L, and high field region with L; <x
< L. where L, is the length of the linear region(low field
region) and L, is the length of the saturated region(high
field region) and L(= L, + L,) is the total length.

The threshold voltage, including the effects of charge
polarization, surface and buffer traps can be expressed as [7],

s(m) q

J deNs.(xm)dx 9— &Ny (l)
g(m)

Vlh(m)‘

gm) G

Where @y is metal-semiconductor Schotky barrier
height, q is the electronic charge, o is overall net (both
spontaneous and piezoelectric) polarization charge at the
barrier—AlGaN/GaN interface. AEc is the conduction
band discontinuity, d is AlGaN layer thickness, Ng(x) is
Si-doping concentration, Eg is the difference between
the intrinsic Fermi level and the conduction band edge of
the GaN, ¢ is the dielectric constant of AlGaN, N is the
net-charged surface traps per unit area, N, effective net-
charged buffer traps per unit area and C,, is the effective
buffer-to-channel capacitance per unit area. The last two
terms in equation (1) describe the effects of the surface
traps and buffer traps, respectively.

One-dimensional Poisson’s equation is solved in region
1 to obtain the potential in the low field region. With the
help of two-dimensional Poisson equation, we obtain the
potential in the velocity saturated region (high field).
Proper boundary conditions are used to ensure continuity
of potential across the interface of the two regions
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The drain current (Iy) is calculated from the current
density equation

La(m,x) = W q p(x,m) (ns(m,x) d—vdixﬁ + %@%}?_,Xl) @

Where W is the gate width, n,(m,x) is the sheet carrier
concentration, Kg is the Boltzmann constant, T is the
absolute temperature and p(m,x) is the Al composition
(m) dependent mobility. The total drain source current is
obtained iteratively by calculating the drain current in
the two regions separately and verifying the continuity of
potential at the interface of the two regions. The field
dependent mobility is given as

RS

with pe(m) as low field mobility, E, as the critical field

and vy, as the saturation velocity. The sheet carrier
density (2DEG) is

_ e(m
M%) =t 4+ ad) Ve Ve V) @)

Substituting equation (3) and (4) in equation (2) and
integrating it using the boundary conditions

V(%) | 120 = Lis(m,x)R, 5)
Ve(®) | o1 = Ve Tee(mx)(RHRy) (6)

The detailed analysis is given in [14]. It is very
important to calculate the interface voltage in reducing
potential field, which is very significant for calculating
the device transconductance (g,,), and drain conductance
(g4)- The following reduced potentials will be defined
according to the analysis of Pucel et al. [12].

Vs'Vt
= R o)

— Vgs - Vthgmz - Vds
W Vip(m) (7B)

_ Ve - Vin(m) - V(x)
P Vin(m) 70

By using equations (2) to (7), we easily calculate the

value of drain source current.

=S {( (Vo) (5°- p) ) KgT

N L, 2 q VLI} ®)

Where Vy, is threshold voltage, L; is linear region
length, V; is the linear region voltage and Gy is a
constant and defined as

G = W no e(m)
o (dd+dl+Ad)

After solving the current equation I, we calculate the
voltage (Vi) at L; by using boundary conditions at x =
L, V(x)=V.; dV(x)dx)=E. then

2 12
- KgT I - KgT Ic
v (Thag ) {( ne) * (V‘“)Z(Sz‘pz)} ©)

For calculating the value of L, we find out the current
in a saturated region, the saturated current is the product
of the number of charge carriers and their velocity, so

_e(m) Ve p W
l= "4, % d; TAd (10)

where vy is the velocity of the charge carriers also E; =
vy/ pu(x)

Calculating the value of L; from equations (7), (8) and
(9), we get the following

v {(552)

KBTVLI }
“VupEq) (D

1. Calculation of the Potential in the saturated region

As it is evident from the experiments that in short
channel devices the current in the saturation region is not
constant but increases with the increase in drain voltage.
To describe the characteristics of device in the saturation
region accurately we have performed two dimensional
analyses in this region. The length of the saturated region
L,, is determined by both the gate and drain biases.

The potential distribution in the saturation region is
obtained by solving two-dimensional Poisson’s equation.
It is assumed that the region is completely depleted

under normal operating conditions and is rectangular in
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shape. The analytical solution is obtained by the method
developed in [18] and the boundary conditions similar to
those of Chang and Fetterman [19]. For the calculation
purpose, it is assumed that there is continuity of potential,
there is discontinuity of transverse electric field at the
interface due to the presence of two dimensional electron
gas and the discontinuity of the surface electric field at
the gate edges.

The potential distribution in the saturated region is
obtained from

Vxly) = 2dfEsinh 72[—):1' sinh %(Xi +V,
d
. q |7 12
-9 I
+g(m) de(Y) dy - Wve [ - 2(m) [ { Nu(y) dy dy
0

Where x’ = x — L;. Substituting y = d in equation 12
we can calculate the potential along the 2DEG channel.
Now,

V(X,) x'=L, = VL = Vd and V(X,) x=L1 — VLl (13)
So in the saturation region we can write

2dE, . 7L
Vi- Vi = = sinh £ (14)

Where V1, is given by equation (9).
The potential drop in the ohmic region channel is
given by

Vp=-(V (L) -V(0)) = Vu(s-p) (15)

The Potential in the channel by using equation (14)
and (15). We get the following equation

2d .
L= ~inh’ (ﬁg (Ve Va(s-p) )) (16)

Now the total length L = L; + L,. Substituting the
values of L(Linear region length) and L, (Saturated
region length) we have

-

2d .
+ = sinh” (%Es (Ve Va(s-p) )) (17

(Vi) (8- p2) )

KBT VLl
2pEs

VapEsq

Equation (17) is used for calculating the small-signal

parameters.
2. Calculation of the g,, and g4

The current voltage characteristics in the saturation
region can be obtained by rearranging the terms and
replacing I, by I4. After obtaining the current voltage
characteristics one can easily derive the small signal
parameters by differentiating the drain source current
with respect to the gate and drain biases.

According to definition of g,, we get,

(e

dI dl dv,

_ d c _

Em = dv, = dv, =- (@) (18)
dl,

where
F(I;,V4, Vg =L{+L,-L=0

For converting L into the I, function we multiply
whole equation by 1./G, and calculate g,

2dEg . .. n L Es
(s-p)+ thhsosmh ! { 2dEs (Vas- Vi (5-p) )} T Vg (19)
8= KT [ 1 1
T T 7 AN
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Similarly drain conductance g4 can be obtained as

( dF

dl 1 dv, 1

=~ tr =- + o 20
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The unity gain cut off frequency fr is an important
figure of merit in determining the microwave application
of the device. It is given by the ratio of the transconduc-
tance and the device capacitances. For simplicity, we
have taken the capacitance to be a constant quantity. The
intrinsic frequency fr is given as

_ o Bm
F= S Ce + Cod) (22)

Cg and Cyq are calculated elsewhere [20].
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I11. NOISE ANALYSIS OF AN ALGAN/GAN
BASED HEMT

The noise analysis is confined with the drain-circuit
noise and gate circuit noise.

1. Drain Circuit Noise in an AlGaN/GaN HEMT

Johnson noise at the interface of the saturated region
assuming that our circuit is open circuit Johnson noise
analysis is confined with the linear region and saturated
region. According to Pucel, Haus and Statz [21] analysis,
the channel is divided into two regions, a low field and a
high field region. The drain circuit noise is caused by
two phenomena firstly by thermal fluctuation and
secondly by carriers traveling at their saturated velocity,
which is interpreted as diffusion noise. These two effects
are uncorrelated because they are produced by different
mechanism.,

The mean square noise voltage on the drain is given by

v
|V |- 4T Y8 cos? (B2) (perpy (23)

where
e (O EOF00 50 )

Py = gln @ @25)

The parameter & is a noise temperature-electric field
curve-fitting factor. Vg, Iy and L, are obtained from
equation (1), (8) and (16) respectively.

The noise current flowing may then be obtained by
simple circuit analysis and is given by

.
| = —0=— (26)

V. nl,
|7 |- axroar o2 cost? (32) @orpy @7

tq is the drain resistance and is obtained by taking
reciprocal of g4 [eq. (21)]

The noise voltage is proportional to bandwidth Af. The
KTy Af term of equation further indicates the thermal
properties of this noise. An empirical curve-fitting factor
6 in the P; term indicates that the effective noise
temperature of the carriers is higher than that of the
crystal in the presence of an applied field. The term P,
represents the Johnson fluctuations in the drain current.

The expression for the diffusion noise is given as [12].

64 (d)°q D Af by, L, L, nly
|Vd22 | Tas 5V58( )2b Wzsmh 72, |SXP 2d -dexp >d +3 + d

(28)

Where b, is the thickness of the conducting layer, B is
bandwidth, W is the width of the channel and D is the
high field diffusion constant. The other terms are already
defined.

2. Gate Circuit Noise in an Al1GaN/GaN based HEMT

The gate circuit noise is caused by fluctuations in the
active channel. These fluctuations are -capacitively
coupled to the gate electrode and cause the channel
current to be modulated, which then appears as noise at
the output of the device.

The induced gate noise is
| 12" = oA (RetRo) (29)

Ro=@;—;,§3[v<'2+v 2K7p]+ﬁizjl[vzp-l<v @—2‘27(30)

2, 2
Ry= Spln [K‘2+vp 2"y p] +2p(p-s) [¥’p- «'y] + (s, v(31)
2

7l
A= 4KT0Af V r cosh’ (2 d) B (32)
B= (S!m!leth) (33)
dIds
' L
K= k- L (34)

W g(m) p(m) 1gp Vip
L,(d+Ad) cosh (2 d )

(35
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3 3
K= (Sz_}pz'j |:s2(p-s)—£p3—sl] (36)

Where R, and R; refer to the noise produced by
normal thermal noise and the hot-electron noise.

3. Noise performance of devices

The correlation coefficient between the gate and drain
circuit noise can be calculated as given below. Since they
arise from the same fundamental noise mechanism, they
are strongly correlated. It is assumed that the correlation
coefficient is purely imaginary. The calculation detailed
is according to calculation of the Pucel et al. [12].

| ig iy |
=TT =C+(, 37
N1 1g
h 22 _ de C . C M d
where i4" = ?d’z— , 1=Cn PR an

/P ‘R, . . .
Cr=Cyp Iz)‘Rz Cy, is the gate-drain noise current

correlation coefficient in the ohmic region, Cy, is the
gate-drain noise current correlation coefficient in the
saturation region. To facilitate the evaluation of noise
performance of devices, dimensionless noise coefficients
are used [14]:

vz

d

e _ﬁ =

P= IXTAfgmrZ ~ PP 38)

=
lg
R= 4'K'T'Af'0)7~Cgsz =RHR; (39

where K is the Boltzmann constant, T is the operating
temperature and Af is the frequency range. gp, 14, and Cy,
are the small-signal parameters of device, transconduc-
tance, drain resistance and gate capacitance, respectively.

Vf is the equivalent noise voltage at the drain region

and is the equivalent noise induced gate current. Py,

i
P, and Ry, R2 are of the same as P and R, but with sub-
script 1 and 2 on different noise sources in the region 1
(ohmic region) and region 2 (saturation region), respectively.

Once all these noise sources and their correlations are
determined, the minimum noise figure, F;, the noise

conductance, g, and the minimum noise temperature,
Tomin can be obtained:

f
v e (g)
Frin=1+2 g {Rc+ \ /Rﬁ+§} (D)

2T o’ (Rc+ Zsaopt) ) (42)

2
[P+R-2:CA[PR ]  (40)

Tmin =

Where 1, and Z, ., are the noise resistance and

optimized source impedence

o ( ' P-R-(1-C?)
Zem ReTJX=RARIR (o) TR 20 PR) | (43)

Z, is the correlation impedance, R; and Ry are the
source and drain resistance, R; is the gate charging
resistance In several cases, the device is not matched for
the minimum noise conditions and mismatch effect on
the noise figure and noise temperature can be expressed
as [15].

- : - L (IR ___P-APR
Zoon ™ Raop £J Koo =\ [R g, +(m-CgJ {(PH{ 2cPR) | (44)

2
F= Fmin+ -I%l;- . | Zs - Zs,opt | (45)
2
T g,
Tn= Tmin + _Rf_ ) | Zs - Zs,opt | (46)

Where Z; = R, +j X is the input termination or source
impedance and Z ,is defined as the optimum external
source impedance. The above equations show that the
mismatch effect is less sensitive for low values of the
noise conductance g, and high value of the unity current
gain cut-off frequency f..

IV. RESULTS AND DISCUSSION

A two dimensional noise analytical model is de-
veloped for a 120 nm gate length AlGaN/GaN HEMT.
The equations developed above are simulated in MATLAB
software and compared with the experimental results to
prove the validity of the proposed model.
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Fig. 2. The variation of the Drain Current with Drain-Source
bias.

The current voltage characteristics are shown in above
Fig. 2. It can be seen that current increases with the in-
crease in drain source voltage. Complete saturation is not
observed due to the inclusion of two-dimensional analy-
ses in the saturation region. The I-V characteristics for
different gate voltages are compared with the experi-
mental data [23]. The device exhibited a maximum drain
current density of 1.2 A/mm at a gate bias of 2 Vand a
drain bias of 15 V. This shows that AlGaN/GaN devices
can be effectively used for high power applications. The
calculations for drain current have been done for Al mole
fraction (m) equal to 0.25. Since we have carried out mole
fraction dependent analysis, an increase in mole fraction
resulted in an increase in drain current since there is an
increase in 2DEG density at the interface.

The variation of cut-off frequency (fy) with drain cur-
rent density is shown in Fig. 3. A large variation of cut-
off frequency (fr) was observed with the variation in
drain current density. When drain current is low, trans-
conductance is low; hence, we have low value of fr.

Fxperimental[23]
Present Model - - -

=1
=

Ft(GHz)

m = 028
Lg=012pm

W =100 pm

Nd = % « 10%an?
v,= 0 10 emvs
204 T=300K
Vds=8V

0 : ; : :

0 200 400 BOD 800 1000
IdsimA/mm)

Fig. 3. The variation of cut-off frequency (fT) with drain

current density.

Transconductance increases with the increase in drain
current, which result in an increase in cut-off frequency
(f1). After peak g, a fall in g,, results in a fall in fy. Thus,
a high value of fr at higher drain currents exhibits the potential
of AlGaN/GaN HEMT for high power at high frequency.
The drain and gate noise coefficients P,R and noise

04

05 A

0.4

P03 A

02 T

01 T

Drain-Source Current{mai)
(a)

Drain-Source Current{inA)

(b)

0 10 20 30 40 50 60
Drain-Source Current{mA)

(©)
Fig. 4. The variation of Drain noise coefficient (P),Gate noise
coefficient (R), and noise correlation coefficient (C) with drain
source current plotted in figure (a), (b) and (c) respectively.
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correlation coefficient C are plotted as a function of the
drain-source current Iy for gate length 120 nanometer
and gate width 100 um® AlGaN/GaN HEMT on SiC
substrate in Fig. 4 (a), (b), (¢). In Fig. 4 (a), P; and P, are
drain noise coefficients in linear region and saturated

region respectively and P is the net resultant of these two.

The gate noise coefficient R is larger because of smaller
gate capacitance in Fig. 4 (b). The gate noise coefficient
R; and R; are two gate noise coefficients in linear region
and saturated region respectively and R is the resultant
of the two gate noise coefficients. The correlation co-
efficient C initially decreases and then again gradually
increases with higher current. There is a dip at some
intermediate value of drain current where the diffusion
noise becomes more dominant than thermal noise in the
channel. This dip in C always occurs at a drain-source
current, which is higher than that is needed to obtain the
minimum noise figure F,,;, as shown in Fig. 4 (¢). C, and
C, is the linear and saturated value of the noise cor-

relation coefficient and C is the net total of the C; and C,.

The variation of minimum noise figure (Fy;,) with
drain-current is shown in the Fig. 5. The drain bias was
fixed at 10 V and the gate biases were adjusted to control
the drain current. The minimum noise figure (Fpy) de-
pend on gate width, epi-thickness, and doping density. The
minimum noise figure decreases with decreasing drain-
current. However, similar to gate width, doping density
and epithickness affect drain current, gain, and maxi-
mum output power. Hence, the minimum noise figure is
achieved at the expense of other important device charac-
teristics and these trade-offs must be considered in achie-
ving low noise devices. The minimum noise figure with
Drain current shows reasonable agreement with experi

12
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5 97 Vds =10V
B F=18GHz
Lt
o
]
z
E
]
£
.= N --
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Drain Current{mA/mm)
Fig. 5. The variation of Minimum Noise Figure (dB) with
Drain-current (mA/mm).

ments and indicates that HEMT noise is dominated by
thermal noise with negligible contribution from high
field diffusion noise.

In the Fig. 6, the minimum noise figure, Fyy;, is plotted
with the variations of the Frequency, for an AlGaN/GaN
HEMT with gate length L, = 120 nm and gate width 100
um, donor layer concentration Ny = 5x 10® em™etc. It is
observed that AlGaN/GaN HEMT exhibit better noise
performance compared with other AlGaAs/GaAs HEMT
model. There is no doubt that AlGaN/GaN have better
carrier confinement with respect to AlGaAs/GaAs [15].
At linear region or ohmic region, the current is small due
to less potential difference so mobility is very less. As
frequency increases the minimum noise figure, become
slightly increases.

The variation of noise temperature (K) with drain
current is shown in Fig. 7 for gate length 120 nm with
mole fraction 0.25. The graph is achieved due to use of
2" dimensional poison’s equation approach. As observed
from figure AlGaN/GaN, have lower noise temperatures.
Due to better confinement, saturation velocity enhance
ment of 2-DEG AlGaN/GaN and small effective channel

3
- Lg=012pm ® Theoretical Model
g 25{ W-100um o Esperimental [22]
T Vds =10V
5 3 Ves=-48V
2P
[
ERER
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~ 1 [
g 17 o ¢ 8
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Fig. 6. The variation of Minimum Noise Figure (dB) with

Frequency (GHz).
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il
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o

Drain Current(mA/mm)
Fig. 7. The variation of Noise temperature (K) with Drain
Current (mA/mm).
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width. The higher g, and C results in higher cut-off
frequency f; for AlGaN/GaN hemts that results in a lower
noise conductance g, with corresponding lower noise
figure and noise temperature.

In Fig. 8 minimum noise temperature varies with the
gate length. The trend of the graph shows that at the gate
length is decreased the noise temperature also decreases.
It is all due to better confinement of 2DEG in AlGaN/
GaN barrier, the effective channel width, high mobility
and saturation velocity enhancement. Transit time and
total capacitance also decreases as we decrease the gate
length so in this way all factors reduce the noise factor.

500

400 4

300 4

200 A

100 A

Noise Temperature (K)

0 01 02 03 04 0S5 06 07 08
Gate Length(microns)
Fig. 8. The variation of Noise temperature (K) with gate length.

V. CONCLUSIONS

In our proposed model, we have analyzed noise per-
formance of AlGaN/GaN based HEMT. The model is
used to analyze the noise performance dependencies on
the drain current and frequency. Model shows excellent
agreement with the experimental data and the validity of
our model. The noise analysis is quiet good in linear and
saturation region. This noise analytical model completely
observed the variation in device characteristics for change
in mole fraction (m) and temperature (T). All these excel-
lent performances indicate the low noise and high power
applications potentials of AlGaN/GaN HEMT in micro-
wave frequency ranges. With the combined maturity of
nitride-based growth techniques and further optimization
of process technologies, it is expected that even better
device performance will be obtained in the near future.
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