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Abstract: In this paper, an analytical model has been developed for improved assessment of Miller capacitors for high-
frequency metal-semiconductor field-effect transistors. Depletion layer underneath the Schottky barrier gate has been
divided into four distinct regions, and by evaluating the charges associated with each region, gate-to-source (Cas) and
gate-to-drain (Cgp ) capacitors, commonly known as Miller capacitors, have been defined accordingly. Mathematical
expressions have been developed both for the linear as well as for the saturation region. Miller capacitors and their
variation as a function of applied bias have been assessed. It has been shown that the proposed technique offers better
accuracy in determining the Miller capacitors, especially Cap of the device relative to other reported analytical capacitor
models. This improved accuracy has been achieved by involving the entire Schottky barrier depletion layer piecewise
for the assessment of charges defining the Miller capacitors. Thus, the developed technique could be a useful tool in

assessing the AC response of the device with more precision.
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1. Introduction

Silicon carbide (SiC) field-effect transistors (FETs) are potential candidates for high-temperature and high-
frequency applications, because they offer higher breakdown voltage and higher carrier mobility [1]. From
the design point of view, high frequency capability of a SiC FET is primarily controlled by the device Miller
capacitors determined by the depletion layer underneath the Schottky barrier gate. For accurate assessment
of gate-to-source (Cgg) and gate-to-drain (Cgp) capacitors, it is imperative that the charge distribution
underneath the Schottky barrier gate be known to a good degree of accuracy. In high-frequency FETs, the gate
length of the device is of submicron dimension and for such devices, the extension of charges on the edges of
the gate cannot be ignored for accurate Miller capacitors assessment.

In 1976, Yamaguchi et al. [2] derived expressions for Miller capacitors of a FET. They calculated total
charge by integrating the channel underneath the Schottky barrier gate. After estimating the total charge,
Cgs and Cgp were calculated. Hartgring et al. [3] derived expressions for Cgg and Cgp using Shockley’s
approximation, but their derived capacitance equations were too complex and difficult to be handled by a design

engineer.
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In 1982, Takada et al. [4] derived analytical expressions for Cggs and Cgp by dividing the channel into
three operational conditions, namely, a) before the pinch-off, b) after the pinch-off, and c) the intermediary
status of the depletion. Statz et al. [5] showed that at zero or reverse bias, there is a large capacitance present
between source and gate of the device that could cause large error if not taken into account. Considering this
concept, they calculated total charge under the gate and derived expressions for Cgs and Cgp .

Scheinberg et al. [6] presented Miller capacitors model in 1991 by using bias-dependent nonlinear empirical
equations. Hallgren et al. [7] also presented gate capacitor model of GaAs metal-semiconductor field-effect
transistors (MESFETSs) and demonstrated a good agreement in the modeled and the experimental data, but
the developed model was inefficient in time and required 50% more time than its competitors.

Rizk et al. [8] derived gate capacitor equations using normal Schottky junction expressions and claimed
improvement in predicting values of Miller capacitors at a given bias. In 1993, Rodriguez et al. [9] presented
an improved junction capacitor model for FETs and exhibited by using experimental data that, in addition to
the improved accuracy, their developed model has savings in CPU execution speed up to 72% compared to its
counterparts. Agostino et al. [10], continuing Statz et al. [5] work, also presented a nonlinear capacitor model
for FETs. They derived physics-based expressions for nonlinear parameters of the device. In their model, they
evaluated total charge underneath the gate by dividing the depletion into three regions. Characteristics thus
achieved were found in good agreement with the experimental data.

Bose et al. [11] derived Miller capacitors of FETs by using expressions presented by Takada and Rodriguez
et al. [4, 9]. They showed that Miller capacitors are a function of gate length, as charge underneath the gate
is proportional to the gate length of the device. They also extracted high frequency parameters of the device
using assessed Miller capacitors and exhibited a reasonable compliance with the experimental data [11].

Murray et al. [12] derived expressions for Cgg and Cgp for both the linear and the saturation region of
MESFETs output characteristics. They partitioned the charges underneath the gate into two regions; depletion
region before the saturation, and after the saturation, which was further divided into two parts. The first part
was underneath the Schottky metal and the second part was extension of the depletion towards the drain side.
Murrey et al., however, did not compare their model experimentally, so no conclusion can be made about the
accuracy of the model. In 2003, Ahmed [13] presented a method to calculate Miller capacitors of the device by
using DC characteristics. Incorporating quarter circle assumption of potential at the source and at the drain
side, Cgs and Cgp were found. In 2005, Aggarwal et al. [14] presented a capacitor model for SiC MESFETs.
By calculating total charge under the gate as a sum of both linear and saturation regions, they showed that
Cgs decreases as gate bias increases and doping concentration has a very small effect on the gate capacitance.

In this paper, we have extended the work of Murray et al. in which they have calculated analytical
expressions for Cgs and Cgp by taking into account only three regions underneath the Schottky barrier gate.
In their calculation, they ignored the extension of the depletion towards the drain side of the gate, which
could have a significant contribution in charge accumulation, especially in submicron devices. This discrepancy
of Murray expressions has been addressed by dividing the Schottky barrier depletion layer into four distinct
regions as illustrated in Figure 1. In the figure, Region-IV describes the extension of the depletion layer towards
ungated drain side of the device, and it holds charges Qry as shown in the figure. Capacitors Cgs and Cgp
are evaluated and compared with Region-III model and tangible improvement, especially in the magnitude of

Ceap is noted.
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Figure 1. An operating MESFET with four distinct charge regions of the depletion layer: Region-I is defined by Lo,
Region-II is defined by Li, Region-III is defined by L, and finally, Region-IV is defined by the length Ls.

The remaining composition of the paper is that Section 2 deals with charge evaluation in different regions
of the Schottky barrier depletion layer and its variation as a function of applied bias. Section 3 describes Miller
capacitors assessment and Section 4 compares the assessed values of Miller capacitors with the experimental

data. Finally, Section 5 summarizes the conclusions drawn from this research.

2. Charge evaluation

To calculate charge underneath the Schottky barrier gate of a FET, one needs basic I — V' expression, which

governs the current flow of the device. Under the applied field (F), drain current (Ip) can be written as [15]:
Ip = gWNp(E)E(z) [a — h(z)] (1)

where h(x) is the depletion layer height, a represents epi-layer thickness of the device as shown in Figure 1,
q is the electronic charge, W is the device width, N is the doping density of epi-layer, and u(F) represents

mobility of carriers, which can be defined as [16, 17].
Ho
B11/8
E
()] .
Vs

In the above expression, g represents low field mobility, v, is the saturation velocity of carriers, and

w(E) =

B ~ 1 is a fitting parameter. Eq. (2) shows that u is a function of applied field and typically it follows a bell-
shaped profile when plotted against the increasing values of E. Reduction in the magnitude of p at relatively
increased FE is predominantly associated with increased scattering caused by the high amplitude lattice phonon.

Figure 1 shows a cross-sectional view of an operating FET, where L, = L; + Ly represents metallic part
of the Schottky barrier gate, whilst Ly and L3 show extension in depletion region towards source and drain
sides of the Schottky barrier gate, respectively. This constitutes a four regions depletion of the Schottky barrier

and the charges in each region are represented by Q1 to Qrv, respectively. At a given bias, Ipain) and Ip(sat)
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for linear and saturation region, respectively, is given as [12, 18].

3(ug — ug) — 2(uj — up)
1+ Z(ufl —ud)

3)

Ipginy = Ip

ID(sat) = gW N~yvsa (1 - ul) (4)

In Eq. (4), v = 1 is a velocity saturation parameter that defines a smooth transition from the linear to the
saturation region of operation. ug and wug are normalized depletion layer heights towards drain and source side
of the device, respectively. Variable u; also defines normalized depletion layer height but for location underneath
the Schottky barrier gate where the carriers’ velocity gets saturated. Normalized values of depletion layers as

a function of applied bias are given as

Vp + Ve +V, Vo +V V(L) + Ve +V,
zmmwwwljvgB,wmﬁwchfiuM@w»¢(l)wa SR C)

where Vp and Vi are the drain and gate potentials, respectively, Vp represents built-in potential, Vp pinch-off
voltage and V' (Lq) is the potential under the gate, across the length L;. Other variables of Eqgs. (3) and (4)

are given as

2N2 3 N2 N2
¢ N-poWa v, — W™ aNaTpo

Ip = = -
P 6esLg »P 2, 2e5Lgvs

(6)

where €, is the relative permittivity. Channel length, L; can be evaluated by using Egs. (3) and (4), and is

given as [19]:

ui — up) — (2/3)(uf — uj)

(1 —uy)

L= 1,7 |! - - )| ¢
Potential drop at location L, can be assessed by applying Poisson’s equation on two dimensional distribution of
charges underneath the Schottky barrier depletion as shown in Figure 1. By involving device physical variables

and appropriate boundary conditions, it can be shown that [19]

2F au; . m(Ly — Ly)
V (Lg,wia) = Vp (uf —ug) + - sinh [ 29@111 (8)

where E; represents saturation field. The first part of Eq. (8) represents potential drop in the region defined
by L, whereas the second part of this expression represents potential drop in the region Ls. Moreover, from
Figure 1, it is obvious that Ly = Ly, — Ly, so

V(L) =Vp (u} —uj) and V(Lz)= (9)

2E au, . [ wLo ]
————sinh
2au,q

It is obvious from Figure 1 that V(Lg) = Vpu? is the potential, which is caused by Vg + V. Using quarter

circle approximation, L3 can be approximated as Lg ~ L,/4 [19] resulting in

2F L 2F L
o ShsdUL sinh [ﬂ- 3} o 2280 sinh {ﬂ- g } (10)

V(L3) ~
(Ls) 2auq 8auy

4505



SAIF et al./Turk J Elec Eng & Comp Sci

Thus, the potential distribution across the Schottky barrier gate caused by Vp will be V(Lo)+V (L1)+V (L2)+
V(L3) = Vp, which can be written as:

2E, L,—L 2E,au, . L
Vpud + Vp (u2 — u2) + —ginh Ty L) |, 2Bsau oy W |y (11)
T 2auq s 8auq

2.1. For Region-I

As shown in Figure 1, the length of Region-I, which is represented by Lg, has the corresponding accumulation
of charges shown as Q. For this region using quarter circle approximation [11], the magnitude of @ can be

expressed as

™
Q1 ~ ZeSWu?)Vp (12)

2.2. For Region-II
By considering the region represented by L; of Figure 1, one can see that the charge accumulation in this region

is represented by @, which can be evaluated as

Ly
0

For given values of Vp and V¢, the magnitude of Q1 can be known by rearranging Egs. (1) and (2)

qN
€s

N
Ip (dw + quoh(m)dm) = gN W

VsEs

h(z)[a — h(z)] dz

After simplification and comparison with Eq. (13)

QII =

IPVP 4ESWL ZID 3
1 e (1= 2t - ) - St - (1)

Eq. (14) shows that the charge accumulation in Region-II is dependent upon the device physical parameters

such as (WLgy/a) as well as on the device bias potentials, which control uy and wu;.

2.3. For Region-II1

By looking at Figure 1, one can judge that the length of Region-III is defined by Ly, = Ls — Ly, where it
is assumed that the depletion remains constant to define the constant cross-sectional area for the saturation

current. Thus, under such conditions, charge accumulated in Region-III can be represented as
Qur = gNWhy(Lg — L1) = ¢gNWauy(Ly — L) (15)
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2.4. For Region-IV

Again on the basis of quarter circle approximation [19], the charge accumulation in Region-IV can be approxi-
mated as

7T
Qv = ZGSWU?VP (16)

Eq. (16) represents the magnitude of charges accumulated in Region-IV, which are dependent upon the physical
parameters W and a of the device. The variable « is indirectly there because of Vp as evident from Eq. (6).
This shows that for devices meant for high-power and high-frequency applications, where W and Vp both are
usually high, Qrv will have a significant contribution and cannot be overlooked. Furthermore, when L, of the
device is small, Region-II and Region-III are bound to shrink as one can see from Figure 1 and for such devices,
Region-1V shall have a pronounced effect in the evaluation of Cgp capacitor of the device.

Now, the total charge under the Schottky barrier gate can be attained by combining charges given in Eqgs. (12),
(14)~(16), i.e.

Qr = Q1+ Qu + Qi + Qv

T 41pVpe WL ZI 3 T
Qr = ZeST/Vu(Q)Vp + % [(1 — 3111:) (ui’ - ug) - Z(U% - ué) +gNWaui(Ly — L) + ZESWU%VP

(17)
Knowing the charge distribution as given by Eq. (17), one can find Miller capacitors both for the linear
as well as for the saturation region of operation of a FET. Since it involves the entire depletion layer underneath

the gate, it is assumed that the respective capacitor evaluation thus achieved will have better accuracy compared
to Region-II or -III depletion models.

3. Gate-to-drain capacitor, Cgp
3.1. Linear region

To evaluate gate-to-drain capacitor (Csp), one can differentiate Eq. (17) w.r.t Vp keeping Vi constant.

9Qr
oVp

_ 00

Ve oVp

9Q
o oVp

9Qum
. oVp

Qv

CCL:D =
. oVp

(18)

Vo= Vo= Vo= Ve=C

In the linear region near the drain side, carriers are moving below the saturation velocity. Therefore, we can
assume that there would be negligible tapering of the depletion to define Region-IIT and Region-IV. The entire
depletion can be treated as a uniformly distributed layer underneath the Schottky barrier gate. Thus, L; in
such a case would be defined by the entire gate length, i.e. L; = L, and the contribution of Vp in changing

the depletion layer defining Q1 and Qry would be negligible; therefore,

Qm ~ Qv ~0

In such a scenario, depletion layer underneath the Schottky barrier gate will have contribution made by the

charges @1 and Qq alone, which are defined by Eqgs. (12) and (14), respectively.
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Q1
oVp

9Qu
oVp

L _
Cép =

Ve=c Va=c

0
Differentiating Egs. (12) and (14) w.r.t Vp, and using u; = uq and Ly = L, yields 87{6/21 =0, and
D

Va=c

8@11 4<€SWL VP Ip _GDL 3 3ud Z ID
o Rl 1 200 L) - St — ) |+ ot (1-va— 512

where 0Ipain)/0Vp = Gpr, which is the output conductance for the linear region. Thus, Cé p for the linear

region can be expressed as

4ESWL Vp Ip _GDL 3 3ud ZID
Clp = =MLl 22 2000 Ly iy St -y + et (1 s - 212 (19)

This expression gives variation in Cé p as a function of device and bias parameters. It shows that the
magnitude of C’é p is directly proportional to (WL,/a), which is the cross-sectional area defining the flow of

current. This implies that by decreasing the available cross-sectional area, there is a decrease in the C’é p- A
decrease in the cross-sectional area would mean that there is an extension in the height of depletion region

caused by the applied potential. This explains the dependence of C’é p on the device bias potential.

3.2. Saturation region

In the saturation region of operation, the Miller capacitor is denoted by C’g p > which can be defined as

9Qu
oVp

IQm
o oVp

0Qrvy

CSp =
. oVp

(20)

Vo= Va= Vg=C

It is worth mentioning that the charge Qr, as discussed before, is primarily caused by V¢, which, therefore, will
not contribute in defining C’g p- Eq. (20) has three parts and the first part of this expression can be evaluated

by involving Eq. (14), which gives

aQH 465 W LgVP Ip _GDS 3 3 3 4 4 3U1 ZID
= r —ud) = St - (1w = 222 (Ve v, 21

where 0Ip(sat)/0VD = Gps, which represents output conductance for the saturation region. Now starting from

Eq. (4) and by differentiating Eq. (11) w.r.t Vp keeping Vi constant and by involving Egs. (5) and (7), the
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function I'(Vg,Vp) of Eq. (21) can be derived as

2auq

sinh (M> 7 cosh (”(Lg—Ll))

-1

2
(U%—U(Q))—*(U:I’—U%) 1— L —L L L L
LgZ< 3 + 2u4 ,yv + gu L +sinh<w g) u gcosh<ﬁ g)
1

F(1 —uy)? Sau; ) Sau; S8au
(22)
The second part of Eq. (20) can be assessed using Eq. (15)
OQm 0L,
=qgNW - = NWa|L,—L I'(Vag,V, 23
ovp ! ““1( avD>+q "( ’ 1>2u1vp (Ve,Vp) (23)
and by using Eq. (7), one can write
ooy _ 203 3
0L, L,ZT(Vg,Vp) | [ (1 —u5) — 5(uy —up) L1-9 -
oVp N Vp 2yuy (1 — u1)2 Y
Combining Eqs. (23) and (24), we get
0Qm  eWL,
= r'(Ve,V, Ve,V 25
6VD auy ( G D)X( G D) ( )
where the function x(Vea,Vp) is defined as
2 _ .2 3_ .3
Ly (ui —ug) — g(ul —up) 11—
—1-2 -z 2u [ — 2%
x(Va,Vp) I, 2w A=) + 2wy 5 (26)

Finally, to find the contribution of Qry towards C2,, Eq. (16) is employed, where

8@1\/ s 8V(L1) ™
-z = 27
e 16w e 16WI(Va,Vp) (27)

Now by combining Egs. (20), (21), (25) and (27), final expression for C2, is obtained as

4e WL, Vp 1 -G 3
) =T kid gVP P DS 3_ .3\ _ Z4_ 4
CGD (VG7VD) a ID F( VG, VD)ID (ul uO) 4(“1 uO)
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Figure 2. Variation in gate-to-drain capacitor (Cap) for both linear and saturation regions of operation of a MESFET
having W = 500 pm, Ly, = 0.5 um, a = 0.3 um, and N = 2.79 x 10** m~3; (a) as a function of drain bias (b) as a
function of gate bias.

Eq. (28) represents Cg p as a function of device physical as well as bias parameters. Usually, microwave
devices are operated in the saturation region of operation therefore, Eq. (28) will play a crucial role in
determining the device high frequency response. It is also pertinent to mention here that Eq. (28) has been
evaluated comprehensively by involving all possible regions underneath the Schottky barrier gate. It is, therefore,
assumed that it should provide a better accuracy in assessing CCS; p of a finished device as a function of applied
bias. It is pertinent to mention here that for Region-II model, Q11 + Qi1 are considered, for Region-III model,
Q1+ Qi + Qi are used, whereas for Region-IV model, Q1 + Q11 + Quir + Qrv are used to assess the respective
Miller capacitors.

Figure 2 shows variation in Cgp as a function of Vp and Vg for a submicron MESFET. Figure 2a
represents Cgp for both linear and saturation region of operation of a microwave MESFET. Moreover, the
figure represents Region-II, -III, and -IV depletion layer models discussed in the preceding paragraphs. The
figure exhibits a sharp decline in the magnitude of Cgp with increasing values of Vp for various models under
discussion. This decline is primarily associated with increased depletion layer width as a function of Vp, which
causes an increased separation between the charges defining the depletion layer capacitor. Examination of the
figure also shows that there is a significant difference in the magnitude of Cgp for Region-II depletion layer
model relative to Region-III and -IV models. This is so, because the Region-II depletion layer model to assess
Cqap is a simplified model and it ignores the extension of depletion towards the drain and source side of the
device. Apparently, Region-III and -IV models provide almost a similar Cgp vs. Vp profile; however, a zoomed
view of Figure 2a, shown in the inset of the figure, revealed that there is a difference in the assessed values of
Cgp for Region-IIT and -IV models. In some cases, this could meaningfully contribute in assessing the correct
high frequency response of a microwave FET.

Figure 2b is plotted to represent once again variation in Cgp capacitor but in this case as a function of
Vi . This figure is plotted using Eqs. (19) and (28), where a relatively lower drain voltage value, i.e. Vp =4V
is taken as a constant potential to represent linear region of operation, whilst Vp = 20 V represents saturation

region of operation. In the linear region of operation, all the models under discussion have the same response.
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Therefore, only one curve is shown at Vp = 4 V, whereas at Vp = 20 V, the plot shows an independent
response of each model. Lowest values are observed for Region-II model, whilst highest values are observed for
Region-IIT model. However, the profile of the plot at Vp = 20 V is identical for all the three models under

evaluation.

4. Gate-to-source capacitor, Cgg
4.1. Linear region

Keeping in view the cross-sectional view of the depletion layer shown in Figure 1, it is obvious that linear region
capacitor, Ckg is defined by those regions of the depletion layer, which are identified as Q1 and Qyr. Therefore,

one can write Cé g as

9Q
Vg

e
Vg

Vb=c Vp=c

Differentiating Eq. (12) w.r.t Vg while keeping Vp constant, we can write the value of the capacitor associated

with Region-I as

o

Ve esW (30)

_T
4

Vp=c

In writing Eq. (30), quarter circle approximation is assumed. Now using the definition of Q1 as given by Eq.

(14) and combining it with Eq. (5) and by replacing u; = ug4, we can have

8@11 N 4ESWLngIl _GML 3 3 § 4 4

ZID 8ud ZID aU,O
Sul(l-ug— 7= )= -3l (1—uy— == | —
+ ud< Ug 3Ip> Ve uo( Ug 3Ip> Ve

where Oug/0Vg = 1/2uqVp, Oug/0Vg = 1/2u¢Vp and O0lp(in)/0Ve = Gumr, so combining the above
expression with Eqgs. (29) and (30)

™ 4ESWL VP IP —G]\/[L
Chs = ~eW AL B SRy
GS 46 + a ID{ ID (U

3 ZI\ 3 .,
— 1-2 — _
* 3y, (ua —w) ( 3 IP) v (U “0)}

where Gy, is the transconductance in the linear region of operation. Eq. (31) represents variation in C’é g asa
function of device applied bias. It clearly shows a significant contribution of Region-I in defining the magnitude

of C’CL;S.
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4.2. Saturation region

In the saturation region of operation, gate-to-source capacitor (C24) will be defined by the sum of charges

marked as Q1, Qrr, Qin and Qv in Figure 1, and is given by

0Q
Cés = 5y

9Qu
Ve

IQm
Vg

0Qrv
Va

(32)

Vp—c Vp=c Vb=c Vb=c

Eq. (32) is comprised of four terms. The first term has the same definition as that of Eq. (30), whereas the
274 term of Eq. (32) can be evaluated by differentiating Eq. (14) w.r.t Vg keeping Vp constant

0Qu _ 4eWL,Vp Ip [ —Gus 3 3 3.4 4
Ve a In In (uy = up) 4(U1 ug)

ZID 8u1 ZID 8u0
3 (1w — 22 ) S g2 (1 gy 22) 20
+“1< “ 31p> Ve “0( o 3Ip) Ve

where

Ou; 1 OV (Ly) 1
8VG - 2u1Vp 8VG

For writing Eq. (33), we also used Oug/0Ve = 1/(2uoVp) and Olpat)/0Ve = Gus, which represents

transconductance in the saturation region of operation. To evaluate potential V(L) at the location where

carriers are attaining the saturation velocity, we can differentiate Eq. (11) w.r.t V¢ while keeping Vp constant

oV (Ly) 1 E.a . w(Ly — L) w(Ly — L)
R S A [ s h( 2229 —“/)_ h(| 229 —/
Vg 2ug + mu Vp St 2au o8 2au
(uf —ud) — Z(uf —ud) _ 1
T,z 3 _2u(w—uo) | —(Ly — Ly) (34)
2a ¥(1 —wuy)? Y(1 — uy) Uy

L L L
tsinh | =2 ) — 29 cogh | =2 I['(Vas, Vps) = ¥(Ves, Vbs)
8auy 8auy 8auy

Combining Egs. (33) and (34), we have

8@11 _ 4€5WL9VP Ip _GMS 3 3 3 4 4 3U1
aVG - a ID ID (ul Uo) 4(“’1 uO) + QVP

Z 1 3u Z 1
(10— 222 (o0, 1) - 22 (10— Z12)
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Now to have the contribution in Cgs by the third part of charges referred to as Qi in Eq. (32), we can

differentiate Eq. (15) w.r.t Vg keeping Vp constant, which generates

9Qm
Vg

B Lg - L1 aLl
=gNWa { S (\If( Vas,Vps) + 1) ug <8Vg> } (36)

Vb
In writing the above expression, use of Eq. (34) is made. By combining Eqgs. (7), (26), and (34) we have

L
(Vas,Vps) — 1+ =4

X
0L = L2 Lo <‘I’(VGS,VDS) + 1> ke ) (37)

Vg Vp QZU,%

v (1 —up)

This gives a final version of Eq. (36) as

~ x(Vgs,Vps) L1
0Q1m 26, WLeZuy 2 L,

2
Vg v a Zus

(w¥os,vom 1)+ 7 JEigl 9

Fourth and the final part of the depletion layer, which contributes in the definition of C2 4, can be assessed by

differentiating Eq. (16) w.r.t Vg keeping Vp constant

0Q1v mesW (OV (Ly)
= 1
Vg o (39)
Vb
L
Substituting the value of <8‘;(V1)> from Eq. (34) into Eq. (39), we have
G
0 W
Qv I 1+ 9 (Vags, Vbs) (40)
Ve 4
Vb
Combining Egs. (30), (35), (38), and (40), we arrived at Eq. (41).
W 4e WL Vp I -G . ]
Cfs = JeaW + =5 |14 W(Vas, Vis) | + — =222 | M8 (- ) = (i — )
4 4 a Ip | Ip

3uy ZIp 3uo Z1Ip

My = 222 (Vs V. 1) = 2M0 (g gy - 222
+2vp( “ 3Ip>< (Vas, Vps) + ) 2Vp< 4o 31P> (41)

~ x(Vgs,Vps)  Ln T
2e WLyZuq 2 L, 11—~ (u1 —up)
: U(Vgs,V 1
T Zui ( (Vos,Vos) + >+ v (=)
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Figure 3. Variation in gate-to-source capacitor (Cgs) for both linear and saturation regions of operation of a MESFET
having W = 500 ym, Ly = 0.5 ym, a = 0.3 gm and N = 2.79 x 10*®> m~?; (a) as a function of drain bias (b) as a
function of gate bias.

This equation represents C’g g of the proposed four region model and its variation as a function of Vp
and Vg as shown in Figures 3a and 3b, respectively. Careful examination of Figure 3a reveals that Region-II
model, after the onset of current saturation, gives lower values of C’g g compared to Region-III and -IV models,
whilst the difference between Region-III and -IV models in estimating Cg.g is nominal, which is shown in the
inset of Figure 3a. On the other hand, Figure 3b represents Cgg for linear, that is Vp =4 V plots, as well as
for saturation region of operation, that is Vp = 20 V plots. It is pertinent to mention here that at Vp =20 V,
plots maintain almost a straight profile for a reasonable variation in Vi and then they exhibit a decline with
increasing magnitude of Viz. A decline in the values of C’g g after Vg = —8 V, as evident from Figure 3b, could

be associated with an increased depletion width caused by the applied Vi .

5. Discussion

To check the accuracy of the proposed Region-IV Miller capacitors model in contrast to other models, Figures
4 and 5 have been plotted, where experimental data of a submicron SiC MESFET is compared for Cgp and
Cgs capacitors, respectively. It can be seen from Figure 4 that the proposed Region-IV model gives better fit
to experimental data compared to other two models. As expected, Region-IIT model is better than Region-II
model, whereas Region-IV model maps the experimental data with reasonable accuracy both as a function of
VDS and Vgs.

Figure 5 gives experimental and evaluated values of Cgg as a function of drain and gate bias. One can
see from the figure that the behavior of Region-III and -IV models are identical and close to the experimental
data, whilst Region-IT model shows a significant deviation. Identical response of Region-III and -IV models
in assessing Cgg is understandable because Region-1V, shown in Figure 1, contributes only in Cgp resulting
into an identical response of Region-III and -IV models in evaluating Cgs as evident from Figures Ha and
5b. Furthermore, improvement observed in assessing Miller capacitors using Region-IV depletion layer model
has been summarized in Table 1, where it is shown that there is 69% and 93% improvement in RMSE while

assessing Cgp as a function of Vpg and Vg, respectively, relative to Region-III model.
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Figure 4. Gate-to-drain capacitor (Cgp) of a MESFET having W = 500 pm, Ly = 0.5 pm, a = 0.3 pm, and
N =2.79 x 10*® m~3; (a) as a function of drain bias (b) as a function of gate bias. Experimental data from Ref. [20].
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Figure 5. Gate-to-source capacitor (Cas) of a MESFET having W = 500 um, Ly = 0.5 pum, a = 0.3 pm and
N =279 x 10> m~3; (a) as a function of drain bias, (b) as a function of gate bias. Experimental data from [20].

6. Conclusion

In this article, an analytical model has been developed to assess Miller capacitors of a FET by distributing the
depletion layer underneath the Schottky barrier gate of the device into four distinct regions. Region-I of the
depletion is its extension towards the source side of the gate other than the Schottky barrier metal, whereas
Region-II starts from the Schottky metal to the point where the carriers’ velocity gets saturated, and from this
point to the end of the Schottky metal gate, the depletion layer is represented by Region-II1. Finally, Region-IV
is defined by the extension of the depletion towards the drain side of the device. Analytical expressions have

been developed to assess the linear as well as the saturation region gate-to-source (Cgg) and gate-to-drain
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Table 1. Root mean square error (RMSE) in SiC MESFET Cggs and Cgp capacitors values evaluated using different
depletion regions as illustrated in Figure 1. The least RMSE for each case is shown in bold face.

RMSE (x107%) | RMSE (x1078
Model w.r.t VD(S ) w.r.t VG(S :
CGS CgD CGS CGD
II Region | 9.51 | 5.86 12.9 | 2.45
IIT Region | 1.06 | 1.45 1.31 | 2.74
IV Region | 1.06 | 0.44 1.31 | 0.19

(Cep) capacitors. It has been shown that three region analytical model to assess Miller capacitors, especially

Cap
whic

of the device reduces its accuracy because it does not take into account accurately Region-IV of the device,

h plays a crucial role in defining the Miller capacitors. The proposed technique exhibited 69% and 93%

improvement in RMSE while assessing Cep as a function of Vpg and Vg, respectively, relative to Region-I11

model when compared with the experimental data.
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