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A New Pinched-Off Cold-FET Method to Determine
Parasitic Capacitances of FET Equivalent Circuits

Yeong-Lin Lai Member IEEEand Kuo-Hua HsuStudent Member, IEEE

Abstract—A new pinched-off cold FET method to extract Under the pinched-off cold-FET condition, the gate of the
the parasitic capacitances of FETs is proposed in this paper. FET was biased to turn the FET off and the drain-to-source
The method is based on a physically meaningful depletion-layer bias was set to zero. A multiple pinched-off cold-FET bias
model and the theoretical analysis of the two-port network for the hod has b ted t tract th iti
pinched-off cold FETs. The parasitic gate capacitance(f) and measqrement method has been reported to extract the para§| Ic
the parasitic drain capacitance C,q) of FETs are extracted using capacitances [23]. The method was based on the assumption
the linear regression technique associated with the frequency re- that the depletion-layer length is linearly dependent on the gate
sponses o}"-parameters. The extraction method can be appliedto pias. However, the assumption of the linear dependence of the
the small-signal equivalent-circuit modeling of the FETSs including depletion-layer length on the gate bias cannot be physically

MESFETSs, heterojunction FETs, and high-electron-mobility lized for th if v d d . duct
transistors. According to the new analytical method, the simu- fealized Iorthe  Common “uniormiy - doped Semiconaticor

lated S-parameters exhibit great agreement with the measured because the depletion-layer extension of the uniformly doped

S-parameters for the equivalent-circuit models of FETSs. semiconductor with the Schottky gate voltage is not linearly
Index Terms—Cold FET, HEMT, HFET, MESFET, parasitc ~ related [31]. N _
capacitance. Conventionally, the parasitic capacitances of the FETs were

extracted by a single pinched-off cold-FET bias measurement
according to the low-frequency -parameters of the devices
[14], [15]. The conventional pinched-off cold-FET methods
HE fast and accurate method of parasitic parameter extrased identical capacitors to model the depletion layer under
tion is extremely important for FETs including MESFETghe gate. In Dambrine’s method [14], two identical capacitors
[11-[3], heterojunction FETs (HFETS) [4]-[6], and high elecwere used to describe the depletion-layer extension under
tron-mobility transistors (HEMTS) [7]-[10]. The efficient ex-the gate. The method has been applied to several cold-FET
traction method for determination of the FET parasitic pararequivalent-circuit techniques [18]-{20], [24], [27]. TH&.q
eters insures the correct equivalent-circuit model for evaluatiemtracted by this method, however, are overestimated [15].
of microwave performance of the FETs and design of mon&he incorrectC,q will cause errors in the following extraction
lithic microwave integrated circuits (MMICs) [11], [12]. Opti- of the intrinsic parameters for active FETs [22]. Whéeal.
mization methods have been usually used to determine the papposed an improved pinched-off cold-FET method to extract
asitic parameters of the FETs. The optimization results depetheé parasitic capacitances of the FETs [15]. They used three
on the starting parameter values. The starting values withadéntical capacitors to represent the depletion-layer extension
physical significance would generate errors. Instead of the exxder the pinched-off cold-FET bias condition [15], [21]. The
traction method using active bias conditions [13], the cold-FETethod was also employed in an optimization approach for
(also known as zero drain bias) methods have been extensiwddyermination of starting values [25]. However, the method
studied to extract the parasitic parameters such as the res@not exactly describe the physical depletion-layer distribu-
tances, inductances, and capacitances for FETs [14]-[30]. Climn because the physical geometry of the gate is not identical
tice et al. used a cold-FET method to extract parasitic indude those of the source and drain in a real FET. Unreasonable
tances of GaAs FETs [16]. Both parasitic resistances and indgonfiguration for the intrinsic capacitors would lead to non-
tances of the FETs can be extracted by the forward-gate-biapdgsical results of parameter extraction for FET equivalent
cold-FET methods [14], [17]-{22]. circuits [28]. Different capacitors are needed to represent the
The parasitic gate capacitandg,) and the parasitic drain intrinsic depletion layer of a pinched-off cold FET.
capacitances({;q) of the FETs have been extracted by the In this paper, a new pinched-off cold-FET method for the
pinched-off cold-FET methods [14], [15], [18]-[21], [23]-[27].extraction of theC,, andC,,q is presented to solve the prob-
lems with the conventional methods. A physically meaningful
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Il. EQUIVALENT-CIRCUIT EVALUATION

Add Cpg and de to Y,

int&ext

In the equivalent-circuit model of the pinched-off cold FET
proposed by Dambrinet al.[14], two identical capacitors were
used to describe the depletion-layer distribution. The problem
with the model is that two identical capacitors cannot fully de=ig. 2. Procedure flow of theoretical analysis.
scribe the depletion-layer capacitance under the gate [15].

In the equivalent circuit of the White’s method, three capach. Intrinsic Parameters

tors were used to represent the depletion-layer distribution [15].With the analysis procedure in Fig. 2, the intrinsic capaci-

The method was developed on the basis of the assumption tt'&‘?n%es of the FET biased at the pinched-off cold-FET condition

the depletion-layer capacitor associated with the gate is idea{?é expressed by the following-parameters (the matri¥,,,):
tical to those associated with the source and drain. The assump-

tion, however, is not realistic because the physical geometry of

the gate is not identical to those of the source and drain and the Yinnr = jw(2Ch) . @)
voltage bias of the gate is not the same as those of the source Yint12 = Yintor = —jwCh (2)
and drain under the pinched-off cold-FET bias conditions. Yintoz = jw(Cy + C,). 3)

Fig. 1 shows the cross-sectional view and the equivalent cir-

cuit for the pinched-off cold FET in this study [23]. Tk&; IS The intrinsicY -parameters are transformed to the intrinsic

associated with the gate pad and &g, is associated with the z_parameters to form a matrif,,, according toZ;,, = vl
drain pad. Two differentintrinsic capacitors are used. The equiye get

alent circuit consists of two parts, i.e., intrinsic and extrinsic el-

ements. The intrinsic elements are capacitarigeandC,. for —§(Cy + C.)

L. . . . . A — I\ ¢ 4
descrlptlon of the depletion-layer extension. The two |§ient|cal ntll = w(CE +2C,C.) (4)
capacitors labeled by, are used to express the symmetrical na- _iC

. . JCb
ture of the gate-to-source and gate-to-drain geometry and biases. Zint12 = Zint21 = 5o (5)
ST : . . . w(Cp +2C,C;)
The intrinsic capacitof’, is used to describe the drain-to-source _ o0
depletion-layer capacitance. The extrinsic elements include the Zinto2 = S (6)

gate resistance,;), the drain resistancey), the source resis- w(Cp +2G,C)

tance {;), the gate inductance.(), the drain inductancel(,),

and the source inductancé ). The equivalent circuit effec- B. Intrinsic Parameters in Conjunction with Extrinsk,, Ry,
tively realizes the physical structure of pinched-off cold FETS; andL

The intrinsic Z-parameters are combined with the extrinsic
resistance#l,, R;, andR,, and the extrinsic source inductance
According to the equivalent circuit with the physical crosg ; to form a matrixZ;,g.cxt. We have
section illustration in Fig. 1, we analyze the matrix represen-
tation of the pinched-off cold FET. The procedure flow of the
theoretical analysis is shown in Fig. 2.

I1l. THEORETICAL ANALYSIS

_1(Cb + Cc)

Zint&ex = T ot vy
t&ext1l CU(CI)2+2C()CC)

+ Ry + R, + jwL, (7
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Zint&extlQ :Zint&extQI = CU(

—52C,

Zint&ex = T2 oy
t&ext22 uJ(CbQ—i-ZCch)

The Z-parameters (7)—(9) are transformed¥Xfeparameters

according toY i gext = Zi;tl&ext as follows:

+ Ryq+ Ry + jwLs.

+ R, + jwls

®)
9)

Jwd A1 +jwBi +jwCii+w Dy +w? By

Yint&extll = w4F11 n w2G11 +1

Knt&extl? = Knt&ext?l

(10)

_ jw’App4jw? Bra4jwCia+w*Dig+w? Eg

wFo + w?Gp +1

(11)

Jw’ Ay + jw® Bos + jwCas +w*Dag+w? sy

Y;n eX! =
t&ext22 Sy +02Cay + 1

WhereAij, Bij, Cij, Dij, Eij, .Fij, andGij (i, ] =1, 2) are the

(12)

constants related with device parameters. We bhye= Ao,
C =20, Crp = —C), Cop = O, + O, F11 = Fio = Fyy,
andGy; = G2 = Ga. Note that the extrinsid., and L, are

not taken into account in (10)—(12).

C. Consideration of’;,, and Cpq

With consideration of the parasitic capacitancgsg, andCpq

are added to the matrik.¢..x. and the analytical’-parameter Fig. 4. Frequency responses of the imaginary parts of the measured
equations (the matriX") for the pinched-off cold FET are de-Y -parameters without, andL..

rived as follows:

Jwd A1 +jwBii +jwCii+w Dy +w? By

Yil :jwcpg +

w4F11 +w2G11 + 1

(13)

Jw® A +jw?Bia+jwCia+w*Dis+w?Ero

Yo =Yy =

wrFo+w?Ga+1

(14)

wrFoo4+w2Gas+1

Im(Y;;) (¢, = 1, 2) are derived as follows:

w5A11 + w3B11 + wC’ll
wili +w?G + 1

Im(Y11) =wCpe +

w5A12 + w3312 + wC’lg

Im(Ylg) :Im(Y21) = WiFs + w2Gia + 1

Tm(Yas) =wC,
m(Yoz) =wCpa + whlhe + w?Gaa + 1

w® Ao + w3 Bag + wCio

(15)

(16)
(17)

(18)
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IV. MEASUREMENT AND DISCUSSION

A. Determination of’,,, and Cpq

For verification of the theoretical expressions derived in Sec-
tion Ill, the S-parameter characteristics of MESFETs were mea-
sured. As shown in the physical cross-sectional view of Fig. 1,
the MESFETS tested have a directedly ion-implanted structure
A i B i ip 2 with an W—GgAs ohmic Iaygr, an n—GaAs (_:hannel layer, and
Yoo :ijder‘]w 22+ jw o2+ jwlo+w Doz 4w 22 ap-GaAs buried layer for wireless applications [2]. The FETs
with a gate length of 0.Zzm and a gatewidth of 1.5 mm were
biased at a drain-to-source voltage of 0 V and a gate voltage of
—5.5V for the pinched-off cold-FET measurement. Thea-

The resultingY -parameter equations (13)—(15) represefigmeter measurement was performed from 0.5 to 20 GHz.
the small-signal equivalent circuit of the pinched-off cold Theé pinched-off cold-FETS-parameters were first trans-
FET without L, and L,, as shown in Fig. 3. The frequencyformed toZ-parameters. After subtracting the extringigand

responses of the imaginary parts of the meastigghrameters L« from the Z-parameters, th&-parameters were then trans-
formed toY -parameters. The extrinsic, and L, above were

extracted by the forward gate-biased cold-FET measurement
[14]. We obtainedL, = 86.698 pH, Ly = 95.195 pH, and

L, = 1.879 pH. The measurell -parameter data exclusive of
L, and Ly are shown in Fig. 4. The frequency responses of
the imaginary parts of the measurkdparameters without ,,

and L, are nearly linear. The slight deviation from the linear
relation in the imaginary part of the measurgdparameters

at high frequency can be explained by the nonlinear terms in
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Fig. 5. Frequency responses of measufedY;;)/w (i, 7 = 1,2) ,)Ve (@D

associated with the linear regression lines at the frequencies below 3 GHz.
Measuredm(Y;;)/w data are indicated by solid symbols and linear regressidfig. 6. Measurement characteristicsIof(Y>z)/w versusIm(Y7y;)/w and
data are indicated by lines. associated linear regression line.

(16)—(18). The measured imaginaty-parameter frequency where

responses agree with the derived expressions (16)—(18). The Al Aoy
linear dependence of the measuiéeparameters on frequen- =7 = (28)
. ; . Fii Fyp
cies can be improved from the standpoint of tle(Y;;)/w
G,j=1,2). An expression olm(Y3;)/w versusim(}7;)/w can be de-
The frequency responseslefi(Y;;)/w (i, j = 1, 2) are rived from (25) and (27). We have
IIn(Yi1) o w4A11 + w2B11 + O 19 IIH(YéQ)/w _ de +C —m (29)
Ot s oan 19) Im(Y11)/w  Cpe+C
4 2
In(¥1p) _Im{¥a) _ f” tw 512 + 0 (20) wherem represents the slope bi(Yz;)/w versudm(Yy;)/w.
w YooY F122 twiGz+1 Fig. 6 shows the measurement characteristidsidfs ) /w
Im(Y32) —Cpat Y A2 + W™ By + Oz (21) versusIm(¥1;)/w from 0.5 to 20 GHz.Im(Ya2)/w is lin-
w wtFas +w?Ga2 + 1 early dependent oin(Y11)/w. Using the linear regression

technique, the slope of the regression line associated with the

As the frequency approaches zero, (19)-(21) become measurement characteristicslof(Ys,) /w versusim(Y; )/w,

Im(Y: indicated bym, can be calculated by
(wll) = Cpg + C(11 = Cpg + 20(; (22) [ ]
d|Im(Yse) /w
Im(Yi2) Im(Y5) = 0" = 30
" = » = 012 = —Cb (23) m d[IIn(nl)/W] ( )
[m(Ys0) . . .
o —Cpat Ca = Cpa+Cyp + C... (24) The four analytical equations (22)—(24) and (29) associated

with the four linear regression lines can solWg,, Cpa, Cs,
At low frequencies, effect of the nonlinear terms in (19)—(219nd C. simultaneously. We obtained,,, = 0.059 pF, C,q =
can be ignored. Fig. 5 shows the frequency responses0d#65 pF, C;, = 0.211 pF, andC, = 0.118 pF.
Im(Y;;)/w (¢, 5 = 1,2) below 3 GHz. The frequency re- . , )
sponses ofm(Y;;)/w (i, j = 1,2) are linear and constantB- Comparing with Conventional Methods
at low frequencies. Using the linear regression technique, theThe parasitic capacitances of different samples were ex-
intercept-point values of the regression lines associated withcted in comparison with conventional methods [14], [15].
the measurement data at a zero frequency yield the constBable | shows the summary of the intrinsic and parasitic capac-
terms in (22)—(24). itances of the pinched-off cold FETs using different methods.
As the frequency approaches infinity, (19)—(21) become For Dambrine’s method [14], th€,4 values are much larger
than theC,,, values and apparently overestimated [15]. On the

Im(Y1y) A other hand, the”,4 values extracted by White’s method are
=Cpg + =Cpg+C (25) . ! .
w Fyy underestimated so that some extracigd values are negative.
Im(Y12)  Im(Ya1) = A (26) Compared with the two methods abov&,, is close toC,,,
w  w  Fis in our method. The different results of these methods can be
Tm(Y22) Ao explained by the configurations of the equivalent circuits and
w =Cpat Foo = Cpa +C. @7) theY -parameter expressions for the pinched-off cold FETSs.
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TABLE |
SUMMARY OF INTRINSIC AND PARASITIC CAPACITANCES OF THEPINCHED-OFF CoLD FETS EXTRACTED USING DIFFERENTMETHODS

Dambrine’s Method White’s Method .
[14] [15] This Method

Cb Cpg | Cpd Cb Cpg | Cpd Cb Cc Cpg Cpd
@®F) | B | @F) | ®F) | @0F) | ®F) | @F) | @F) | (¢F) | ®F)

Sample A | 0.216 | 0.056 | 0.179 | 0.649 | 0.056 |-0.038 | 0.211 | 0.118 | 0.059 | 0.065

Sample B | 0.154 | 0.143 | 0.246 | 0.461 | 0.143 | 0.092 | 0.136 | 0.089 | 0.152 | 0.158

Sample C | 0.153 | 0.135 | 0.249 | 0.458 | 0.135 | 0.096 | 0.135 | 0.104 | 0.148 | 0.148

Sample D | 0.308 | 0.050 | 0.299 | 0.923 | 0.050 | -0.009 | 0.306 | 0.158 | 0.044 | 0.011

020 ———————F———+— 71— .
G
n Im(Y__ . )-withLgandLd s
v [Im(Y . )|-with Lg and Ld aw
o1s- o Im(Y,_,,)-with Lg and Ld 1
. a
R ]
& e
f olof . v
b [ " o v
E . ] - ...VV
a " [ ] * v'
0.05 b a® °® b vY n
B _g® v
I'.:' ® v'v
ut '=:":,v7"' 1 Fig. 8. Small-signal equivalent-circuit model of the FET in the active region.
L v
11 vyvy
0.00 nsoy¥¥¥yvyYYYYV"
0 5 to 15 20 used in the conventional methods by ignoring the extrinsic in-
Frequency (GHz) ductances [14], [15].
Fig. 7. Measured”-parameters of the total two-port network includihg In Dambrm_e s method [1_4]’ two Identlcal_ capacitors were
and L, for the pinched-off cold FET. used to describe the depletion-layer extension under the gate.

The imaginary parts of th&,,.,; expressions ignoring the ex-

In conventional methods [14], [15], the parasitic capacHinSiC inductances and resistances are [14]

tances were extracted according to fieparameters of the

total two-port network (the matri¥X;.;,) for the pinched-off Im(Yiotann1) = w(Cpg + 2C1) (33)
cold FETs. ExtrinsicL, and L, are _mcluded iNYiota1- Fig. 7 Im(Yiotaiiz) = Im(Yiogarzr) = —wCj (34)
shows the measuredl,.;,y data directly transformed from (Y, ) =w(Chu+ ) (35)
the measureds-parameters. The frequency responses of the M total22) = Wikpd T 4 )
imaginary parts of measureq,.,, are nonlinear because of
the effect of the extrinsic inductances. The difference betweenDue to the lack of an intrinsic capacitor to describe the deple-
Figs. 7 and 4 tells us how strong the extrinsic inductance effdtn-layer extension between the drain and source, the capaci-
is. With regard to the matrix” for (13)—(15), the matriX’..,; tance effect of the drain-to-source depletion layer is reflected in

is derived as follows: the extracted’},4 values in Dambrine’s method. Therefore, the
Cpa Values are overestimated, as shown in Table I.
Yiotal = (Y‘1 + 7 Ld)il (31) In White’s method [15], three identical capacitors were used
otal — g

to depict the depletion-layer extension. The imaginary parts of
theY. .1 eXpressions ignoring the extrinsic inductances and re-

where the matrixs 4.4 represents th&-parameters of the ex- sistances are [15]

trinsic L, and Ly, i.e.,

2
jCULg 0 IIn(Y;otalll) =W <Cpg + §Cb> (36)
ZrgLa = . . (32)
0 JwLq Cy
Im(Yiotann2) = Im(Yiotaz1) = W (37)
Expression (31) is nonlinearly dependent on frequencies, as 2

Iln(y;otaIQQ) =w <Opd + _Ob> . (38)

can be seen in Fig. 7. Low-frequenty,,; expressions were 3
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Fig. 9. Measured-parameters (indicated h¥) and simulateds-parameters (indicated by lines) of an active FET.

The drain-to-source depletion-layer capacitor was assumedig,, Cq, Cy, andC; are solved simultaneously using the linear
be identical to the gate-to-source and gate-to-drain depletioagression technique. The extraction results of Table | show that
layer capacitors in White’'s method. However, the fact is that, is smaller thanC, because the drain-to-source depletion-
the drain-to-source depletion-layer extension is not the satager extension is larger than the gate-to-source and gate-to-
as the gate-to-source and the gate-to-drain depletion-layer @sain depletion-layer extensions. Physically meaningfuand
tensions. Table | shows that thig,, values in White’s method C. determine reasonablg,, and C,q. The extraction results
are the same as those in Dambrine’s method and’thealues with physical significance are attributed to the novel extraction
in White's method are always three times those in Dambringisethod and the correct equivalent circuit for the pinched-off
method, as indicated in (33)—(38). Since the drain-to-source @eld FETSs.
pletion-layer capacitor values in White's method are overesti-
mated, the extracte@,q values are underestimated.

The reason the identical capacitors were used to describe
depletion-layer extension in the conventional methods is thatThe new extraction method fd@r,,, andC,q can be applied
the three low-frequency -parameter expressiohs(Yiota111), 10 obtain the small-signal equivalent-circuit model of the
Im(Yiotann2) = Im(Yiotarz1), and Im(Yiotaiz2) can only FET in the active region, as shown in Fig. 8 [14]. In addition
uniquely solve three capacitance variables, {&,, Cpq, and to extrinsic parameters,, Ly, L, Cpg, Cpa, Ry, Rq, and
C,. There is no way to have more different depletion-layeR,, the equivalent-circuit model of the FET has the intrinsic
capacitors other thafi, being solved by conventional methodsparameters including the gate-to-source capacitarég),(

In this study, an intrinsic capacit@r. is used to represent thegate-to-drain capacitance’{y), drain-to-source capacitance
drain-to-source depletion-layer capacitance, as shown in Fig(@ys), intrinsic resistance R;), drain-to-source resistance
According to the physically meaningful depletion-layer mode(R,s), transconductance,), and transit timex).

%eSmall—SignaI Equivalent Circuit
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Fig. 10. Intrinsic element characteristics of the small-signal equivalent circuit for the FET as a function of drain-to-source Igujrand (drain-to-source
voltage {4:). (a) Cys characteristics. (b4 characteristics. (o).. characteristics. (dR4s characteristics.

For the device with extrinsic parametetg = 86.698 pH, On the basis of the equivalent-circuit method developed,
Lq = 95195 pH, L, = 1.879 pH, C,, = 0.059 pF, and we investigated the intrinsic element characteristics of
Cpa = 0.065 pF, the extrinsic resistances were extracted lifze small-signal equivalent circuit for the FETs operating at
the forward-gate-biased cold-FET method [14]. We obtainddifferent active biases. Th&parameters of the directly-ion-im-
Ry, =036Q, Ry =050, andR, = 0.48 Q. planted MESFET [2] with a gate length of Oum, a gatewidth

The intrinsic elements of the small-signal equivalent-circudf 1.5 mm, and an s, of 407 mA at different active biases
model for a 0.7um x 1.5 mm GaAs MESFET biased at awere measured. Fig. 10 shows thig., Csa, gm, and Ry
drain-to-source voltagel];) of 2 V, a gate-to-source voltagecharacteristics of the MESFET as a function/gf andV,, ac-
(V) of —1.3 V and a drain-to-source curredfy) of 158 mA cording to the equivalent-circuit simulation in conjunction with
were extracted by the intrinsic’-parameter expressions [14]the measured-parameters of the MESFET,, corresponds
[18], [34], [35]. The saturation drain-to-source currefd.{) with V.. Fig. 10(a) illustrates th€’y, characteristics of the
of the MESFET is 407 mA. The MESFET was biased at thdESFETs.Cy, is very low, as the FET is in the pinched-off
class-AB condition. The intrinsic elements obtained@ge = region. TheC,, increases after the FET is turned on. Tig
1.459 pF, Ceq = 0.128 pF, Cy, = 0.167 pF, R, = 0.864 2, characteristics as a function &, can be explained by the
Rys = 39.625 Q, g, = 170 mS, andr = 1.951 ps. As shown depletion-layer distribution between the gate and source. The
in the S-parameter data of Fig. 9, the simulatéebarameters C,q values as a function dfy, andZy, are shown in Fig. 10(b).
based on the extracted parameters of the small-signal equivalEim increase iy, increases the reverse bias between the gate
circuit exhibit great agreement with the measusepgarameters and drain. This leads to the increase in the depletion-layer
from 0.5 to 20 GHz. The new analytical method demonstratestension between the gate and drain and the decrease in the
accurate results for the small-signal equivalent-circuit modelirg,q. Fig. 10(c) shows the,,, characteristics of the MESFETSs.
of the FETSs. The broadness and flatness of thg characteristics reflect the
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linearity of the devices. Théy, characteristics as a function [12]
of V,, and I, are shown in Fig. 10(d). The devices in the
pinched-off region have larg&,, values. TheR,, values are
substantially reduced after the devices are turned on.H e
characteristics are similar for differeh,, biases.

The developed extraction method for the FET parasitic pa-

[13]

rameters provides the correct equivalent-circuit model for the
evaluation of the microwave performance of the FETs and the
design of the MMICs. [15]

V. CONCLUSION [16]

A novel analytical method has been presented in this paper to
extract the parasitic capacitanags, andC,q according to the [17]
Y -parameter frequency responses of the FETs and the linear re-
gression technique. TRé-parameter frequency response equa-
tions are derived on the basis of the depletion-layer distributioft®!
with the physical meanings. The intercept-point and slope data
of the regression lines associated with the measkirghiram-  [19]
eters of the FETs are used for the extractiorCgf and Cp.q.

The method improves the conventional methods and provides agy)
accurate technique for the small-signal equivalent-circuit mod-

eling of FETSs. [21]
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