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Briefs

An Analysis of the Anomalous Dip in Scattering The circuit configuration, in general, is too complicated to find its
Parameter S22 of INGaP—GaAs Heterojunction outputimpedance. Nevertheless, if this circuit is viewed as a dual feed-
Bipolar Transistors (HBTS) back circuit in whichR. is the local series—series feedback element

andC', is the local shunt—shunt feedback element, then the problem be-
Hsing-Yuan Tu, Yo-Sheng Lin, Ping-Yu Chen, Shey-Shi Lu, and comes much more tractable. For simplicity, all the inductors in Fig. 1(a)
Hsuan-Yu Pan are temporarily neglected. We will refer to them in later discussions in
Section Ill. In addition, pad parasitic capacitan€gs. andC,,,. can
Abstract—The kink phenomenon in scattering parameter Sy of be neglected because thglre_ffect |§ very small. From local serl_es—senes
InGaP—GaAs heterojunction bipolar transistors (HBTs) was explained feedback theory [3], the circuit of Fig. 1(a) can be transformed into that

quantitatively for the first time. Our results show that the output  of Fig. 1(b) with some necessary circuit element modifications, which
impedance of InGaP-GaAs HBTs can be represented by a simple seriesgre also shown in Fig. 1(b).

resistance—capacitance R—C) circuit at low frequencies and a simple Since the hybride-model is very similar to the small-signal model
parallel R—C circuit at high frequencies very accurately because of the

high output resistance of HBTs. The behavior 0fS,, of HBTs isin contrast  Of FETS, the derived equations in [3] can be easily applied to case of
with that of field effect transistors (FETs), where the smaller drain—source InGaP—-GaAs HBTs with some modifications. Under the assumption

output resistance Ry, obscures the ambivalent characteristics. that(1/sC"+||7%) > R.,whichis usually the case, the intrinsic output
Index Terms—HBT, InGaP, kink phenomenon, scattering parameter.  impedance can be expressed as follows:

el roy—=1 4 1
. INTRODUCTION (sCx + Y007 + &7

- o . L+ g1 (sCL +Y5,)~!

e anomalous dip in scattering paramefes of BJTs or HBTs o S

have been seen frequently in the literatures [1], [2]. Even though qual- — 1+ 5(Cx + Cu)Zon )
itative argument has given to explain this phenomenon [3], yet up to (14 g Zo1)sCl + 2 CLCL 706,

now no quantitative analysis has been done for verification. Therefore,

in this paper, the work of [3] was extended for the quantitative explashereC;, = C= /(1 + gmR.), C), = Cyu, grn = gm /(1 + gmRe),
nation of the anomalous dip if,. of BJTs or HBTs. The concept of Zo, = Zo + Ry, andYy,, = 1/Z6, = 1/Zo1 + 1/7-. Once this
dual-feedback circuit methodology [3] was used to simplify the circuihtrinsic output impedance is known, the normal output impedance is
analysis of the hybrid-model of an InGaP-GaAs HBT and then thenothing but the parallel combination &,...,; andr;, followed by a
output impedance of the HBT was derived. The formula shows that theries combination wittR.. as follows:

output impedance of the HBT follows a constant resistance circle at low
frequencies and then a constant conductance circle at high frequencies,
which is in excellent agreement with the experimental results.

out,1 —

Zout = Zout, 1”7/0 + RC X ZLout, i + Rc- (3)

Il. EXPRESSIONS OFSCATTERING PARAMETER Sas Here, the symb_qI represents parallel combination. Ngte thatin HBT§
) ) collector-to-emitter capacitance and collector-to-emitter output resis-
The setup for the measurement of transisigparameter is shown tance can be neglected because their effect is very small. At low fre-

in Fig. 1(a), whereZo(=1/Yo) = 50 is connected to the input and q,encies, the output impedance can be simplified to a sBF€5cir-
output ports of the device-under-teS{; and.S»: can be measured by ¢ it as follows:

settingV> = 0 andV; # 0, while S3; andS12 can be measured by
settingls = 0 and12 # 0. What also shown in Fig. 1(a) was the

small-signal hybridr-model of an InGaP-GaAs HBT provided by a Zoww B Zour,i + e
commercial foundry. The circuit parameters were extracted from mea- ~ < Zoy Im « Cr +R )
suredS parameters. If the expression for the output impedahge of L4+ gnZ, (Yo +g)? " CL 0 7
this circuit has been found, théfi, is given by + 1
Jo(l+ g Z5)Ch
Zout - ZO
2= g T o @ S e *)

" _ ved Aol 26. 2002 revised June 18. 2002. Thi . On the other hand, at high frequencies, the output admittance can be
anuscript received April 26, ; revised June 18, . This work w. i P .
supported by the National Science Council, Taiwan, R.O.C., under Contra%?rsnplmed to a parallel?—C" circuit as follows:
NSC90-2219-E-002-009 and NSC90-2218-E-260-007. The review of this brief
was arranged by Editor C.-P. Lee. . 1 1
H.-Y. Tu, P.-Y. Chen, S.-S. Lu, and H.-Y. Pan are with the Department of Elec- fout = Tt ~ Tont s
trical Engineering, National Taiwan University, Taipei, Taiwan, R.O.C. (e-mail: o ont
sslu@cc.ee.ntu.edu.tw). o o o, ) CcrC,
Y.-S. Lin is with the Department of Electrical Engineering, National Chi-Nan ~ |You CryCr t9m Cr4Cr +jw CrtC!
University, Puli, Taiwan, R.O.C. (e-mail: stephenlin@ncnu.edu.tw). T K o K i K

Publisher Item Identifier 10.1109/TED.2002.802658. ~ g+ sCp. (5)

0018-9383/02$17.00 © 2002 IEEE



1832 IEEE TRANSACTIONS ON ELECTRON DEVICES, VOL. 49, NO. 10, OCTOBER 2002

Zo= Ly= Rp=
108pH 1220

16Q 30pH C 500

Cpee =38 fF

V2
= 1 Vo2
225x10°Q 4

i
| gamgmexpion) |
| gmo=14S i
i =195 ps '
1

]

] Vo2
=

o (1 + ngRe)

En = 8o EXP(-jT)

®

Fig. 1.

] 1
] ]
: o !
: 8o = Emo /(1+gm0Re) :
| i
] ]

Setup for the measurement of InGaP-GaAs HBJsarameters. (a) Complete circuit including small-signahodel and extracted equivalent circuit

parameters. (b) Simplified circuit with the local series—series feedback eleRgnalsorbed.

Ill. RESULTS AND DISCUSSIONS

The HBTs studied in this paper was fabricated byr-InGaP—
GaAs HBT technology. There were two connected emitter fingers
within the device and the width and length of each emitter mesa are
2 um and 20um, respectively. The dc operation point was chosen
atVer = 3 VandIp = 210uA. The correspondindc equals
17.7 mA. The frequency depende$itparameters were measured by
HP8510C network analyzer with on-wafer SLOT calibration. The pad
parasitic effect can be modeled by an equiva&momponent parallel
to a series LR circuit. This setup together with Cascade air coplanar
ground-signal—-ground probes can provide reliable RF measurement.

Fig. 2 shows that the measurédparameters of our InGaP—-GaAs
HBTs range from 100 MHz to 20 GHz. Note that the kink phenomenon
appears at about 7.5 GHz, as pointed in Fig. 2. Fkgarameters gen-
erated by the small-signal hybridmodel were also shown in Fig. 2.
Note that the model data are almost identical with the experimental data
and the kink phenomenon also appears at about 7.5 GHz.
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Fig. 2. Comparison of the experimental and calculategparameters of
InGaP-GaAs HBTs. Dashed line (- - -): experimental data (from 100 MHz to

The asterisks shown in Fig. 3 was the calculafed data based on 20 GHz), squared): calculated values (from 100 MHz to 20 GHz) based on
the simplified small-signak-model shown in Fig. 1(b). The effect of the -model shown in Fig. 1(a).
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A New 50-nm nMOSFET With Side-Gates for Virtual
Fig. 3. Comparison of the experimental and calculated scattering parameters Source-Drain Extensions
Sao of INGaP-GaAs HBTSs. Solid line (—): Experimental data (from 100 MHz

to 20 GHz). Squares(). Calculated values (from 100 MHz to 20 GHz) based onYoung Jin Choi, Byung Yong Choi, Kyung Rok Kim, Jong Duk Lee,
the small-signafr-model shown in Fig. 1(a). Starsk(): calculated values (from and Byung-Gook Park

100 MHz to 20 GHz) based on the simplified small-sigrainodel shown in
Fig. 1(b). Hollow circles (O): calculated values (from 100 MHz to 20 GHz)
based on (4). Solid circles): calculated values (from 100 MHz to 20 GHz)

Abstract—\We have proposed and fabricated a novel 50-nm nMOSFET
based on (5).

with side-gates, which induce inversion layers for virtual source/drain ex-
tensions (SDE). The 50-nm nMOSFETSs show excellent suppression of the
. o ) . ) ) short channel effect and reasonable current drivability [subthreshold swing
inductors in Fig. 1(a), which we neglected previously in Section II, caif 86 mv/decade, drain-induced barrier lowering (DIBL) of 112 mV, and

be easily included by replacing,, R., andR,. with R, + jwL;, R. + maximum transconductance g,,.) of 470 uS/um at Vpp = 1.5 V], re-

jwL.,andR. + jwL., respectively. As can be seen, the asterisks ﬁtth%llting from the ultra-shallow virtual SDE junction. Since both the main
’ c < ° ' ! gate and the side-gate give good cut-off characteristics, a possible advan-

experimental data (solid line) 6k well. The calculated frequency cor- a6 of this structure in the application to multi-input NAND gates was
responding to the kink pointis about 6.8 GHz, close to the experimeni@lestigated.

data 7.5 GHz. To fL_thher verify the dual-]feedbgck circuit me.thodology, Index Terms—50-nm nMOSFET, NAND gate, side-gate, virtual source/
we have also applied the method mentioned in [3] to obtain the othgkin extension (SDE).

three S-parameters, i.e$:1, S21 andSi2, and compared them with

our experimental data. Excellent agreement between theoretical values

and experimental data was found (not shown here). What also shown . INTRODUCTION

in Fig. 3 was the calculated constant resistamgeifcle and constant | the era of sub-50-nm MOSFET, precise control of doping pro-
conductancey) circle according to (4) and (5). The calculatednd file in the channel and source/drain region is needed [1]. Intensive
C's is 70.6£2 and 0.94 pF, respectively, for the seri@sC’ circuit ac-  searches have been done for a source/drain extension layer with
cording to (4). In addition, the calculatddg andC, is 80.02 and  yjtra-shallow junction depth and reasonable resistance. However, it
0.057 pF, respectively, for the parallB-C' circuit according to (5). js difficult to implement ultrashallow junctions with a depth less
It is clear that the output impedance follows the track of a constanthgn 10 nm by ion implantation or thermal diffusion. It has been
circle at low frequencies and then a constauircle at high frequen- yeported that the electrically induced inversion layer is a candidate for
cies precisely. This is because the collector—emitter resistan@® jira-shallow source/drain extensions and short-channel effect (SCE)
InGaP-GaAs HBTSs is usually very large (in this case, it is about 2.2%3|q be suppressed by using this approach [2]-[4]. However, the re-
x 10” ©, as shown in Fig. 1). This is very different from MOSFETS 0borted works showed severe decrease of current level resulting from
GaAs FETs whose drain-source resistafige is usually small (inthe - gir;ctyral weakness. The structural weakness includes thick side-gate
range of 10-10° Q). Therefore, theS., starts at a point near the opengjqe. long side-gate length and gate-to-gate capacitance. In order to
circuit point of the Smith chart, which makes the low frequency charag;y,,ce the inversion layer at a low voltage, a device structure with
teristics ofS22 of HBTS follow a constant circle. thin side-gate oxide is required. A long side-gate results in perfor-
mance degradation due to increased series resistance, while too short
IV. CONCLUSION side-gate provides little merit in SCE suppression. The overlapped

In this brief, the concept of dual-feedback circuit methodology was
used to simplify the hybrid- model of InGaP-GaAs HBTs. The cal-

culated5s. according to simplified circuit conform perfectly to the Manuscript received March 18, 2002; revised May 28, 2002. This work was

experimental data. It is also found that the derived output impedanggnorted by the National Research Laboratory Project of the Ministry of Sci-
of HBTs can be represented by a simple sefle§’ circuit at low fre-  ence and Technology. The review of this paper was arranged by Editor T. Skot-

quencies and a simple parallB-C circuit at high frequencies. It is nicki.
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