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Abstract—A new method is proposed to determine bias- must be examined carefully. Therefore, the method to deter-
dependent source resistances for GaAs field-effect transistors mine bias-dependent parasitic resistances is needed. Although
(FET's). This method, which is a cold-FET measurement goyarg| techniques to obtain parasitic resistances have been
technique, utilizes the relations between the real part of - .
the two-port impedances transformed from the measured proposed, mpst of the previous tech_nlquefs have been based on
S-parameters and their algebraic derivatives. It is based on the the assumption that source and drain resistances are gate- and
fact that the algebraic derivatives of the two-port resistances drain-bias independent.
result in the simple form at the normal cold-FET condition. A The dc measurement techniques including the so-called end-
bias-independent gate resistance is extracted at the pinched-off resistance and gate—probe measurements have been widely
cold-FET condition to fulfill necessary and sufficient conditions - .
in extraction. The proposed method is a direct measurement u_sed because of their simple and direct measu_rements [4]-{10].
because only algebraic calculation is required, and it is general Since most of the dc measurement techniques are based
enough to need only one assumption of the laterally symmetric on the well-known diode current equation, they can mea-
channel-doping profile. The deleterious results of dispersion sure the parasitic resistances only at the gate conduction
(frequency dependence) and negative value in source reS|stance§egion i.e., forwardly biased gate region. Some authors [9]
at the pinched-off cold-FET condition are explained by the o " L
effects of the leakage current and the on-wafer pad parasitics, [1_0] have reported dc measurement t_eChn'queS to,dEtermme
respectively. The problem of deviation ofs; and a1, from 0.5 at  bias-dependent source and drain resistances. Their methods,
the normal cold-FET condition is also resolved by deembedding however, are not practical because they need various FET’s
the on-wafer pad parasitics. This method allows one to extract with different gate lengths while keeping all the other param-
bias-dependent source resistances for GaAs FET's. eters not changed. The ac techniques of measuring scattering

Index Terms—Bias dependence, cold FET, source resistance. parameters have a potential advantage over dc ones since

S-parameters can be measured at all the gate bias ranges
I. INTRODUCTION [3], [11]-[14]. Among the ac techniques, the normal cold-FET
technique (foys = 0V and Vs > V;) [3], [11]-[13] is most

ACCURATE modeling, characterization, and Optlrnlz""t'OBopuIar. The previous cold-FET techniques, however, lack

of GaAs field-effect transistors (FET’S) are very Imporp g,y to determine bias-dependent parasitic resistances because
tant for the development of GaAs device technology. In modq -

ing FET’s using lumped-element equivalent circuits, numeric ould be obtained at finite gate-bias points and/or at the

optimiz_atiop techniqueslhave proplems of_uniqueness and lg cial bias point. The pinched-off cold-FET technique (for
execution times. Numerical techniques to improve and/or sol S — 0V andV. < V) [14] is the simplest one, but

the problte :ns ?ave be(;n tpropobsed [1]. 't[z]. tHowe\_I/_(ra]r, t?ﬁyhas some drawbacks of negative and frequency-dependent
(rjeciuwe_a t_eas fsct)r:new ta' cum ersomte era |ohns. Ere1lGurce resistance, especially for FET’s with narrow gatewidth.
etermination of the exirinsic parameters such as IO":lrasﬁllcaddition, the parasitic resistances can be determined only

resistances and reactances before modeling the intrinsic pgirtthe pinched-off bias region. Sommer [15] has proposed

IS conS|d§red essential to solve these,proplems [3.]' As t etechnique to determine bias-dependent source resistance
GaAs device technology advances, FET's W!th subm!cromet&r FET’s under active-bias condition. Sommer’s method is

ga:e :engtﬂ h[ﬁve beentpopulgrt'. For FET SIW'FFtEme";rome'i%r determine bias-dependent parasitic resistances from the
gate lengtn, the parasitic resistances can limit (€ pertormantfyion petween parasitic resistances and feedback admittance.

of FET’s. Although source and drain resistances have beﬁr‘s however, somewhat cumbersome to perform a partial
regarded as bias independent, the validity of the assumpt@&ir’mzaﬂon p’rocedure
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G (b) where as; = «a12 = 0.5. For a small change in the gate
777777777 77777777 voltage, all the resistances except should be considered
K as variables. Under the cold-FET condition, as shown in
VAVAVAVEVAVAY, Fig. 2, the lateral symmetry in the channel-doping profile is
] preserved even though gate bias is changed. As gate voltage

is changed, the change in the common-source FET resistances

@ are expressed as

— iy ip— Are[zll] =Ars + Aoqy - ras + 11 - Args (4a)
: ] _: Are[za1] = Aref[z12] = Ars + % Args (4b)
Are[zao] =Ars + Arg 4+ Args = 2- Ar, + Args. (4c)
Ay()
Vii Vai Here, (4c) is obtained from the condition of the laterally
symmetric channel-doping profile, i.eAr;, = Ary. Since
- A A - summing Are[z21] and Are[z1o] in (4b) results in (4c), this
re(d) re(d) equality can be used as a check point of the validity of the

assumption. As described in Appendix B, using the linear
depletion approximation, as shown in Fig. 2, the changes in
%he channel and source resistances by gate bias change are

(b)

Fig. 1. (a) A model of distributed diodes and channel resistors of the intrin
part of an FET. (b) AnABC' D matrix network of a part of distributed diodes

and channel resistors from model. approximated as
. . : AW
:.'__._.—>LG _"_,.WO'W’E |Args| = p - |AW|/(a — W,)? Lo +2p - a|—VV|
~AW : : : 7
— o ~tan~?! <7W0 — WS)
Sourece /(l}alte | Ws Drain a—W,
e © © 9le © © § 6 © o]t ~(|AW]/(a—=W,)) - ras (5a)
o b
P\ W, }4 ﬂ and
D8te ol0 © A a
* "A{ﬁ- $.9.0,° |Ars|~ p- (|AW]/(a = W,)) ~ (|AW]|/Las) - 75 (5b)
r, Ar. Ar, Ar. Ar, T where W, is the depletion width under the gate metHl,
+ is the surface depletion widtll; is the gate lengthLgs

} is the gap between gate—edge to source ohmic regias,
X=0 the resistivity per gatewidth of the channeljs total channel
§. 1. Gads Substrate depth, andAW is the change in the depletion width by
the change in the dc gate bias. In (5b), the contribution of
Fig. 2. Laterally symmetric depletion profile is satisfied at the coId-FEﬁ'he ohmic contact to-; is ignored to simplify the following
condition. The symmetry is preserved when a small change in gate bias occargument. From (5a) and (5kyr, and Ar, can be neglected

The dotted line represents the changed depletion region by a small gate @é?npared taAr,s under the foIIowing condition:
change. The linear depletion approximation out of the gate is adopted for

simplicity in calculation. ((a . Wo)/LGs,GD) . (7’s,d/7’ds) < 1. (6)
Il. MODELING AT THE NORMALLY
BIASED CoLD-FET CONDITION

v

Actually, condition (6) limits the maximum gate voltage where
) . ) ) o our method is applicable. In [6], the value of; has been

For an FET biased in the linear region, the intrinsic pagoven to be 1/3 and independent of gate bias change if the
can be described as distributed diodes and channel resistpfiga| channel resistance per gate length is uniform. Therefore,
as shown in Fig. 1(a). An infinitesimal portion of the intrinsiGt the nonuniformity in the channel resistance per gate length
FET as a two-port network is shown in Fig. 1(b). A gatgs not severeAay; is, at most, proportional t6AW)2. The
diode and channel resistor of this portion are represented a%Alnge in the depletion widtAW can be made as small
admittance and resistance, respectively. Since the infinitesirgal possible by adjusting the dc gate voltage change, thereby,
FET's should be cascaded, the expression by HBCD A, .y, can also be neglected within the specified error.
matrix is chosen to obtain two-port current-voltage relation§ynen the condition of (6) is satisfied and the change of gate

As derived in Appendix A, the real part of the ac commoryjas s smalleg; can be obtained by the following relation:
source impedance at the normal cold-FET condition can be

expressed as o1 ~ Are[zll]/Are[zgg] or 2- Are[zll]/Are[szlg].
re[z11] =7y + 75 + 11 - Tas 1) (7)

re[z21,12] =75 + 021,12 * Tas 2) Although values ofa;» and ap; are 0.5, as proven in Ap-
re[zoa] =75 + 74+ 7ds (3) pendix A, they can be obtained from the measurement by the
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SUMMARY OF GEOMETRICAL PARAMETERS, EX'—I'FSEZI'T'IEEDIPARASITIC RESISTANCES AND AVERAGES «v;;'S
MESFET A MESFET B HEMT
UGw 100 um 100 pm 50 pm
no. of fingers 2 2 2
Lg 1.1 pm 0.7 um 0.15 um
Lgs 0.7 um 0.6 pm 1.0 pm
Lap 1.3 um 0.7 um 1.9 um
p ~-0.7V ~-0.5V ~-0.5V
Rp 0.75 MQ 0.37MQ 0.55 MQ
7 320 450 220
1@ Vos=0V 27Q 250 300
ra@ Vas=0V 600 38Q 640
<ay> 0.310 0.293 0.290
<a> 0.499 0.502 0.505
following equations:
o1 ~ Al‘e[221]/Al‘e[T22] (8) 100
and
a2 & Arelza1]/ Are[zas]. 9)

Equations (8) and (9) are valid when condition (6) is 10

satisfied.

To obtain (1)—(3), the laterally symmetric channel-doping
profile was only assumed. The drain resistance is generally
larger than the source resistance because a smaller source
resistance is required to enhance the speed and reduce the 1 T y -

; ; . . . 1.0 -0.5 0.0 0.5 1.0
noise of the device. Simultaneously, a larger drain resistance Gate Voltage [V]
is generally adopted to satisfy the breakdown voltage require-
ment and usually it can be accomplished by increasing the gap @)
between the gate metal and drain ohmic region. The symmetric
channel-doping profile is, however, not violated in most cases
because the depletion regions out of the gate edge produced
by the gate-bias change in the cold-FET condition is narrow 100
enough not to touch the ohmic contact regions. Hence, theg
symmetric channel profile can be accepted without loss of =
generality and this gives the same gate bias dependence of
andry, i.e., Ar, = Arg.

re[z11] [Q]

10

re[z21]

I1l. M ODELING AT THE PINCHED-OFF CoLD-FET CONDITION

As shown in Appendix C, the gate resistance can be obtained
at the pinched-off cold-FET condition as a fitting parameter " N A
of the following relation: 1.0 -0.5 0.0 0.5 1.0
Gate Voltage [V]
(b)

(rp & 1as) a5 - 7 (10) Fig.3. F d bias depend f measwied;]'s for MESFET
ig. 3. Frequency and bias dependence of measufed;]’s for
[1 + 7‘5(4)2] ’ [1 + (TP + 27—‘15)2(")2] B. (a) re[z11], and (b)re[z21]. ’

re[zll] — re[221]

=rg+Ry-
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Fig. 4. Frequency dependence of resistances at the pinched-off cold-FET condition. (a) Dispersion of mepsyfsdat Vs = —1 V for MESFET B.
Solid lines represent min.—max. bound caused by the VNA calibration errorc[) ] after deembedding-pad parasitic capacitance at the pinched-off bias
condition (/zs = —1 V) for MESFET B. (c) Dispersion fitting of the measured and then pad-deembexdegl |'s of three types of FET's.

wherer, = R, - C, andrqs = R, - Cys. When the leakage 1) peak ofre[z:] near the turn-on gate voltage;
current can be ignoredR, — oo) and/or the frequency is 2) peaks near pinched-off bias are observed for all the

high enough(w — ), (10) is reduced to the original one re[z;;]'s;
[14] asry, — re[z11] — refz21]. 3) re[zs] transformed from the measured scattering param-
eters at the pinched-off bias shows appreciable frequency
IV. MEASUREMENTS AND DISCUSSSIONS dependence and negative value at high-frequency range.

Bias-dependent source resistances were determined for twirstly, the peaks ofe[~1;] near the turn-on gate voltage are
types of MESFET’s and an HEMT. They have gate |engtﬁg10wn to be caused by the distributed capacitors and small-
of 1.1, 0.7, and 0.15:m, respectively. For our conveniencevalued resistors of the gate diode [3], [11]. Concerning 2),
they are named as MESFEX, MESFET B, and HEMT, re- although not explicitly explained in the other works for the
spectively. The detailed processes and characteristics of FEF@@ks near pinched-off bias, these are caused by the distributed
have been published elsewhere [16], [17]. Other parameters @iedes and large-valued channel resistors. The peaks near the
summarized in Table |. Scattering parameters of the FETp#ched-off bias could be realized in the circuit simulator
were measured by HP8510B and HP8510C vector netwdtging a finite number of diodes and resistors. Concerning 3),
analyzers (VNA’s) for the frequencies up to 40 GHz. Ddrequency-dependent and negative source resistance from the
bias was supplied by an HP4142B. The VNA calibratiomeasured and then transformed scattering parameters is also
was done by short-open-load-thru (SOLT). Fig. 3 shows tisown in Fig. 4(a) and (b). The dispersion at the pinched cold-
real part of thez-parameters transformed from the measurdeET is also shown for the other[z;;]'s. Tayraniet al. [14]
scattering parameters at the cold-FET condition for MESFESTated that the negative source resistance may be caused by the
B. Although not shown, the frequency dependenceedf,;] calibration error. Generally it is more difficult to accurately
and re[z12] is nearly similar to that ofre[22;] in Fig. 3(b). measure higher reactance values from scattering-parameter
From the bias and frequency dependence of the real partnefasurement, thereby the effect of calibration error onsthe
the z-parameters, the following phenomena were observedto-z transformation is expected to be larger at lower frequency
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TABLE 1l 0.5
VNA CALIBRATION ERROR MESFETB
S11 S12 821 522
max. Mag,. Ang. Mag. Ang. Mag. Ang. Mag. Ang.
cal. error 0.01dB 0.2° 0.005 dB 04° 0.005 dB 0.4° 0.01dB 02°

L r, L. rq L
Go—p e Emep R Intrinsic iAAA e e ey oD

FET
T G s T M 0.2 0.0 0.2 0.4
Gate Voltage [V]
L, (@
So 8 0.55
Fig. 5. A lumped-element equivalent circuit of extrinsic parameters of an Cpg=Cpd= 25 fE HEMT
FET. — e e— .-
e __ZO_fFN T e T —
range and for the pinched-off region where the capacitive part 0.501 S
is dominant in impedance. However, as shown in Fig. 4(a), the -t T
two solid lines ofre[z2;], which are minimum and maximum g
bounds caused by the calibration error, do not show that 0.45 o
the negative source resistance at high-frequency range comes /—_\
from the calibration error. The error bounds were calculated
assuming the maximum and constant calibration errors at 0.40
all the frequencies (worst-case calculation). The calibration | 00 o1 o2 | os
errors in magnitude were determined from the open and Gate Voltage [V]
Sao, and thruSs; and Si»2. The phase error could not be (b)

determined from the calibration. Actually, the phasg er.roﬁg. 6. Gate bias dependencecf;’s for MESFET A, B, and the HEMT.
were determined from the values of [18]. The VNA calibratioRajyes ofa,, goes to 0.5 after deembedding the pad parasitic capacitance
error values used in the calculation are listed in Table Il. Cpg = Cpp = 25 and 20 fF for the MESFET’s and the HEMT, respectively.
Since the prepared FET’s for, determination are for the (@ MESFETS. (b) HEMT.
low-power application, the effect of pad parasitic capacitances
Cra, Cpp, as shown in Fig. 5, should be deembedded [19b determine the valid frequency range to avoid the effect
The dependence afe[z2:] on deembedded pad capacitancgf the calibration error, so the determined gate resistance
values at the pinched-off cold-FET conditiolis = -1V s somewhat dependent on the fitting frequency range. The
and Vps = 0 V) for MESFET B is shown in Fig. 4(b). gate-bias dependence af; for MESFET B and HEMT is
The effect of deembedding on-wafer pad capacitances @Rown in Fig. 6(a) and (b), respectively. Valuescof were
re[zy1] is appreciableRe[z;] increases as the pad parasiti¢a|cylated using (8). After deembedding the pad capacitances,
capacitance value increases. Pad capacitances were deterr‘qimgc&21 values are 0.5 within2% for the selected bias
from the measured open-pattern scattering parameters. Tgﬁges and for all the FET's. The sequences used for the

values wereCpg ~ Cpp = 25 and 20 fF for MESFET'S iaq qenendent, determination are summarized as follows:
and HEMT's, respectively. On-wafer measurement pads are

ground—signal—ground (G—S—G) types and the size of each On_1) if nec,:e.ssary, deembed pad parasitics to recalculate
wafer probing pad is 10& 100 um? for MESFET’s and 80 relzi;]'s; o

x 80 um? for HEMT’s. All the center-to-center G—S spacing 2) determinany, anday, from (8) and (9), respectively;

is 150 um. The different pad capacitances are caused by the ) determmgall from (7); . .

different pad geometry. We confirmed that the pad capacitancé?) at the pinched-off cold-FET condition, determimg
values are similar to those calculated from the electromagnetic  USing (10); _

(EM) simulator HP momentum. 5) determine bias-dependent, r4, andrys using (1)—(3).

After deembedding pad parasitics, fittingrefz,; ] to (C1b) ~ In sequence 1), pad parasitics should be deembedded for
has been performed for three types of FET's. The result BET's of the low-power application because the gate-source
fitting is shown in Fig. 4(c). In fitting some, lower frequencycapacitance’y in this case is not much larger than the pad
data were excluded to avoid the possible error caused by t@pacitances, thereby the effect of pad capacitances cannot be
low-frequency fluctuation. The fitting is somewhat inaccuratégnored. Pad capacitances can be determined by optimizing the
For example, when compared to the dc measurements, theasured scattering parameters of an open pattern, simulation
resistancesR,,’s, which reflect leakage currents, are onlypy an EM simulator, and/or calculation from the best values,
accurate within the same factor. In fitting, it is difficultwhich result in the least deviation froma s = as; = 0.5.
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Fig. 7. Bias dependence of, r;, andrqs at the cold-FET condition. (a) MESFER. (b) MESFET B. (c) HEMT.

Bias-dependent;, 4, and rys for three types of cold and HEMT, respectively). The gate resistances of MESFET’s
FET's using the above extraction procedure are shown ame inversely proportional to gate lengths with some error of
Fig. 7(@)—(c). The gate bias range shown was selected itt, i.e.,[Lg(A)/La(B))/[r,(B)/r,(A)] =~ 1.11. For r,
avoid resistance peaks caused by the distributed resistansl 4, the resistance values are not simply proportional to
and capacitors. The range was also upper bounded by the spacingd.cs and Lgp because ohmic contact resistances
condition of (6). Weak gate bias dependencerpfand r, Should also be considered. Nevertheless, the self-consistency
is observed for all the FET’s. This seems to not be consistdigtween determined source and drain resistances supports the
with the result of Sommer’s [15], which showed some gate bixglidity of this method.
dependency of source resistance. Considering that Sommer’s
result showed an appreciable bias dependence in the negative- V. CONCLUSIONS

gate bias range, the difference may be caused by the higheg new method to determine bias-dependent source re-
pinchoff voltage of our FET's. Actuallyr, and rq of our sjstances has been introduced. The method has advantages
FET’'s show more gate-bias dependence at the negative gatehe fact that it needs only one assumption of laterally
bias region. In case of uniform doping concentration, th§ymmetric channel-doping profile and simple algebraic cal-
source and drain resistance§d can be approximated asculations. In addition, it allows one way to deembed pad
Tsd —Toq X Lasap — e/ Vi — Vs Here,rg , is the ohmic  parasitic capacitances. However, the valid gate bias range
contact resistances of source or drain, afgdis the built-in in the determination of parasitic resistances is bounded as
potential. Hence, the saturation of andr, at forward bias discussed and the error in gate resistance determination at
range is caused by the saturation of depletion region as gate pinched-off cold-FET condition may limit the accuracy
bias approaches the built-in potential. The extracted parasitic the method unless frequency range of fitting should be
resistances are summarized in Table I. As predicted in thiarefully selected. Nevertheless, seeing the accuracy and self-
paper, average values af; are 0.5 with errors smaller thanconsistency in our results, the method described in this paper
1% (0.499, 0.502, and 0.505 for MESFEA, MESFET B, is useful in characterizing GaAs FET's.
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APPENDIX A R,
The ABCD matrix for the two-port network in Fig. 1(b) G W\ D
is expressed as |-r l
C
vl (14 Are- Ay {(1+ Are - Ag)? — 1}/Ay 2
. - RP Cp CDS
115 Ay 14+ Ar. - Ay T
{ v2i } (AL) |
—12; S
After cascading the small FET'’s, the relations between tif@. 8. A lumped-element equivalent circuit of an intrinsic part of a
two-port currents and voltages are pinched-off cold-FET. Here, the prime represents the intrinsic part of the
FET.
[ﬂ:M-{U?} (A2)
11 —19
Assuming uniform channel resistivity per channel length
where the incremental resistance per unit gatewidth betweemd
A B z + dz by the gate bias change is approximated A8V /[a —
M = [O D} W (z)]?) - p - d=. Thus, the change of the out-of-gate channel
m resistance by the gate voltage is expressed as
. 1+A7. - Ay (1+Ar. - Ay)2—1)/Ay
= Jm ] A 14+Ar, - A '
i=1 4 i Args(out-of-gate)
H_ere,m is. Fhe qumber of the small FET's. qu the cold-FET . /.wows (AW /[a — W(2)]2) - p- de
bias condition, i.e.}hs = 0 V and FET’s having a laterally 0
symmetric channel profile, the following equation also holds: Wo—=Ws dz
=2.-p- AW - / —_—
{W} {m } 3) 0 (a — W, +x)
Sl =M - o A AW W, — W,
i iy —925. cpan~t [ 22—2 ), B2
P W, tan <a—Wo> (B2)

From (A2) and (A3),4 = D and A2 — BC = 1 are obtained.

USiNg vy = Vg, V2 = Vgs — Uds, 11 + %2 = iy, aNdis = —ig, APPENDIX C

(A2) and (A3) can be reformulated to the ac current-voltage a the pinched-off cold FET condition, the lumped-element
relationships among the gate-source and gate-drain oneg &gy alent circuit can be described, as shown in Fig. 8. From

follows: the current-voltage relations between the gate, source, and
A A-1. Ad drain ports, the real part of the two-pottparameters of
Ve =gl T (A% common-source FET’s can be expressed as follows:
A-1. 24-1)
Vds = %, 1y + C td- (A5) Ry[1+ (7, + 74s)? - w2
o re[z11] =7g +7s + 2,2 3,2
From (A4) and (A5), the intrinsic-parameters are (14 77w?] - [1+ (75 + 2745)°w?]
(C1a)
/
21, =A/C Ry
2901| =refz10] = 7, Cilb
2/21 =212 = (A — 1)/0 re[721] re[712] s+ 1+ (Tp —+ 27'(15)20—)2 )
/
2hy =2(A—1)/C (A6) o 2R, c1
refzo2] =7, + 74+ T+ (7 + 270)%7 (Clc)

where the prime represents the intrinsic part. From (A6), the
following condition is obtained: wherer, = R, - C, and 14, = R, - Cy,. Here, the relations
B (A7) Cgs = Cya = Cp and Ry, = Ryy = Ry, were used from the
Tlz o2l i symmetry consideration. The resistanBg comes from the
Condition (A7) has been proven in [6] when channel resistan{g@kage current. From (Cla) to (Clc), it is expected that the
is uniform. We have proven that condition (A7) is satisfied ifféauency dispersion in the real part of theparameters is
the more general case when the lateral channel-doping profifserved when the leakage current is not negligible.

is symmetric.
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