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An improved method for determination of extrinsic resistances for HEMT

devices based on 110 GHz S-parameters on-wafer measurement
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Abstract: An improved method for determination of extrinsic resistances for 70 nm InP high electron mobility

transistor (HEMT) is proposed in this paper. A set of expressions have been derived from the equivalent circuit

model under operating bias points (V> V,, V,=0 V). The extrinsic resistances are iterative determined using

the discrepancy between simulated and measured S-parameters as an optimization criterion using the semi-analyti-

cal method. Good agreement between simulated and measured S-parameters under multi bias over the frequency

range up to 110 GHz verifies the effectiveness of this extraction method.
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Introduction

Accurate extrinsic resistances extraction for model-
ing InP HEMT devices is a crucial step in the design and
production of high-yield, low-cost millimeter wave cir-
cuits"’. The common used methods mainly include nu-
merical optimization method, cold FET method and cut-
off method. In optimization method, the extrinsic resis-
tances extraction result strongly depends on the initial
value and suffers from non-uniqueness and non-physical
meaning ™. In cold FET method, the large gate currents
caused by forward-biased run through the gate Schottky
junction, which leads to degradation of the gate™®. To
avoid degradation of device characteristics, some authors
proposed cutoff method to extract extrinsic resistances.
However, this method is valid only at high frequency (>
18GHz) , and the extracted resistances fluctuate widely
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over the whole frequency range of interest™".

In order to overcome these limitations, an improved
method for determination of extrinsic resistances is pro-
posed. In contrast with previous publications, this ex-
traction method offers the following advantages.

1) Under operating bias point (V_ > V,, V, =0
V), the effect of channel between source and drain can
be modeled by resistance R,,, while the capacitance will
be dominant under cutoff bias condition.

2) The semi-analytical method which is a combina-
tion of optimization method and analytical direct extrac-
tion method has been used to determine the extrinsic re-
sistances.

3) This extraction method is verified with S-parame-
ters on-wafer measurement up to 110 GHz.

Section I gives the equivalent circuit model under
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operating bias point (V_>V,, V, =0 V) as well as the
derivation of analytical expressions. Section Il gives the
procedure of intrinsic parameters extraction. The mea-
sured and simulated results are presented in Section IV .
The conclusion is given in Section V.

1

1.1 Equivalent circuit model

Fig. 1 shows the small-signal equivalent circuit mod-
el under operating bias point (V_ >V, , V,=0V). C
C,., and C  represent the extrinsic capacitances due to
the pad connections. L, L,, and L, represent the extrin-
sic inductances of the gate, drain, and source feedlines.
R, and R, represent the extrinsic resistances of the source
and drain. R, is the distributed gate resistance. C,, and
C,,. represent intrinsic gain-source and gain-drain capaci-
tances respectively. R, is the channel resistance when

Extrinsic resistances extraction

ped 2

the channel between drain and source is open at zero
drain bias and gate voltage above threshold voltage.
The intrinsic part of the equivalent circuit model,
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which exhibits a PI topology, so it is convenient to de-
scribe it by a Y matrix as:
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The Z-parameters of intrinsic part with extrinsic re-
sistances can be expressed as following:

2 >
gsa T nga )— @ Cgsa nga Ry

Z\ =R, + R, + Z{;
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R R
Zj, =R +Zj ) Zy =Ry +Rs+Zj . 9)
R Therefore, we have
Zy =R +Z5 . (8)
2
Re(ZlRl—Zle):Rg_ i 2. 2 gsaz : 2 - 2
@ Cgsa nga Rch to (Cgsa +nga) . (10)
2
o Cu, Ry (Co, +C
Re(Z)3) = R, + 4 2 gd; Cg( gsz ) 2
w Cgsa nga Ry " +o (Cgsa +nga) , (1)
2
o Cy, Ry (Coo, +C
Re(Z3y —Z8)=Ry+——5 2 °hz( = s .
@ Cgsa nga Rch to (Cgsa +nga) , (12)

By neglecting the high order term

4 2 2 2
@ Cgs ng RCh , the extrinsic resistances can be ob-

R
tained by analytical expressions from real part of 4 -pa-

rameters:
R =Re(Z{i-Z5)-aRy (13
R
Ry =Re(Z3) - B Ry, . (14)
_ R _ R
Ry=Re(Zy —Z))-(1-P)Rs . (15)
where
o= wls
(Cgs +ng) 5 (16)
g Cea
Cgs +ng . (17)

C,.and C,, can be determined at low frequencies :

o Im(i+vs)
gsa

ow—>0 . (18)

__ImX))

nga
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1.2 Extrinsic parameters extraction
The pad capacitances can be determined by measur-
ing an open test structure :

1

Cp =X 47
C =TT, +1,,)
® . (21)
Coga == Tm(Tp) == Im(Vy)
() (0] >

The extrinsic inductances L,, L,, and L_can be de-
termined from the imaginary part of Z-parameters (trans-
formed from measured S-parameters) of the short test
structure directly

1
Lg :glm(zn -Zy) . (23)
L,= lIm(Zzz —-Zy)
L = lIm(le) = lIm(Zzl)
W o . (25)

The extraction of extrinsic resistances can be based
on the semi-analytical method which is a combination of
optimization method and analytical direct extraction
method. The extraction procedure is as follows.

1) De-embedding the pad capacitances and feedline
inductances.

2) Set the initial value of the channel resistance
R, .

3) Calculate the extrinsic resistances R,, R,, and R,
using (13)-(15) which can be expressed as functions of
R, as well as frequency.

4) Set error criteria as follows :

2 2 N

‘9(Rch):ZZZqu

p=lg=1i=1

2
S;q (wl"RCh) - Slr)nq (wl)

. (26)

c
Where Spq(a)i’RCh) represents the calculated S-param-

m
eters, and Spq(a)i) represents the measured S-parame-

ters. &(Ryp,) represents the discrepancy between simu-
lated and measured S-parameters. W, are the weighting
factors.

5) If error criteria are small enough, the iterative
process will be end.
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Fig. 2 Flow chart of the algorithm
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2 Intrinsic parameters extraction

The small-signal circuit model of intrinsic part of
InP HEMT devices is illustrated in Fig. 3 after de-em-
bedding the extrinsic parameters, and the intrinsic Y-pa-
rameters are described as":

RCp0” C

==t o PG
Ky =—joCy . (28)

jint _ Bm efp(—Jwr) — joCy
1+]a)Rngs . (29)

anzlt =8gds +jw(cgd +Cgs) , (30)

2~2 p2

From the analytical expressions (27)-(30), the in-
trinsic element values can be obtained directly.

with

Go I I o))
gme—jwf &ds Cds
Ri
So oS

Fig. 3 The small-signal circuit model of intrinsic part
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3 Results and discussion

In this paper, 70 nm InP HEMT devices have been
used with 2X30 wm gate width (number of gate fingersx
unit gate width). The S-paremeters on-wafer measure-
ment up to 110 GHz using N5247 network analyzer with

DC bias by an Agilent B15S00A.
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Fig. 4 Extracted extrinsic resistances using the proposed semi-
analytical method and cutoff method
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Fig. 4 shows the plot of extracted extrinsic resistanc-
es versus frequency using the presented semi-analytical
method and cutoff method”’. As can be seen from Fig.
4, the extracted R, and R, using semi-analytical method
are nearly constant versus frequency, while extracted
R,and R_ using cutoff method fluctuate widely versus fre-
quency. These results verify that the proposed extraction
method is better than cutoff method "',

Table 1 gives the values of extrinsic resistances ex-
tracted using semi-analytical method. The values of ex-
trinsic capacitances and inductances are given in Table
2. The extracted intrinsic parameters in Section III are
shown in Table 3.

Table 1 The values of extrinsic resistances

x1 FHEBEBHE

Element Value
Rg [Q] 2.66
Ry[Q] 4.18
R[] 3.80

Table 2 The values of extrinsic capacitance and induc-

tance
*k 2 FEBRNFEBBEE
Capacitance Values Inductance Values
CpgltF] 13.26 L,[pH] 22.7
CpaltF] 13.19 L4[pH] 28.5
Cpaa[1F] 0.416 L [pH] 3.25

Table 3 The values of intrinsic parameters

&3 AKETHHE

Element Value Element Value
Cos [fF] 46.97 g [mS] 82.2
Coa[fF] 9.69 8as[mS] 5.20
Culf] s | RIQ]  a

The intrinsic elements listed in Table 2 are substitut-
ed into the equivalent circuit model for simulation. Fig.
5 shows the comparison between simulated and measured
S-parameters under multi bias. Good agreement between
simulated and measured S-parameters are observed in the
frequency range of 1 GHz to 110 GHz, which verifies the
validity of this developed method to determine the extrin-
sic resistances.

Table 4 outlines a selection of the accuracy of S-pa-
rameters for four different bias points. As can been seen

Bias: V,=0.1V, V,=2V

Fig. 5 Comparison between simulated (lines) and measured

(squares) S-parameters over the frequency range going: from 1 GHz
to 110 GHz under multi bias

5 1 GHz ~110 GHz #5022 0 & AR 48 AN & S 2
Bout e 2k

from this table, S, and S, maintain an accuracy of
around 5%, S,, has an accuracy of less than 5%, and S,,
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Table 4 Accuracy of S—parameters
x4 SBHBEE
Bias Condition S, S, S, S,

Vas =1V, Ve =0V 5450 1550 4.37% 2.59%
Vis =1V, Vg =0.1V 5469 1.46% 4.26% 2.45%
Vas =2V, Ve =0V 4099 1.85% 4.80% 2.74%
Vis =2V, Vg =01V 5800 1.97% 4.97% 4.04%

has an accuracy of between 2%~5%.
4 Conclusion

An approach for determination of extrinsic resistanc-
es for 70 nm InP HEMT devices is proposed in this pa-
per. Extrinsic resistances are described as functions of
the intrinsic channel resistance, and optimum values can
be obtained using semi-analytical method under operat-
ing bias point (V_ >V, V, =0 V). Verification of this
extraction method is presented by the good agreement be-
tween the simulated and measured S-parameters under
multi bias over the frequency range up to 110 GHz.
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