Gate-Capacitance Extraction from RF C-V
M easurements

G.T. Sasse R. de Kort, J. SchmitZ

'MESA+ Research Institute, Chair of Semiconductomponents,
University of Twente,
Hogekamp, P.O. Box 217, 7500 AE Enschede, The Natids.
Phone: +31 (0)53 489 4394 Fax: +31 (0)53 489 1034
E-mail_g. t . sasse@it went e. nl

?Philips Research Laboratories, Eindhoven, The Nigthes.

Abstract— n thiswork a full two-port analysis of an RF C-
V measurement set-up is given. This two-port analysis
gives insight on the limitations of the commonly used gate
capacitance extraction, based on the Y; parameter of the
device. It will be shown that the parasitics of the device can
disturb the extracted gate capacitance and a new
extraction scheme, based on the Z-matrix, is introduced
that eliminates the effect of these parasitics. M easurement
results prove the validity of this new extraction scheme,
under different conditions.

Keywords—€apacitance measur ement, leakage current, p—

device modeling, RF, tunneling. Figure 1. Schematically drawn cross section of a MOS
capacitor used in S-parameter measurements with an

equivalent circuit in inversion bias. Overlap regions are

l. INTRODUCTION separated from the intrinsic oxide region. The channe

With decreasing dimensions of CMOS devices, thH@Jionismodeled by a channel resistance.
reducing oxide thickness leads to an increaseefite
oxide tunneling current [1-6]. This high leakagerent caused by the gate resistance, the well impedahee,
causes prObIemS in the characterization of the a)Xi@rainlsource series resistance and the junction
capacitance, because the quality factor of the umeds capacitance between the channel region and
capacitor can become very low. The RF C-V methagtain/source region. Ideally, devices are desigired
presented in [2] deals with this problem by measl@- such a way that these parasitics can be neglettesl.
V curves at RF frequencies, thereby minimizing th@ork will show that with increasing measurement
effect of the tunneling current in comparison t@ thfrequencies the junction capacitance can distu th
oxide capacitance. If the measurements are pertbrmgxtracted C-V curve, using the extraction metho@pf
using a two-port network analyzer, a lot of usefubr [3]. A more precise capacitance extraction pdoce
information is available. In this work full use Wwibe can relax the design and measurement guidelinéisrear
made of this two-port data to extract the gateyroposed in [4,5].
capacitance in a more accurate way. In figures 1 and 2 a MOS capacitor is illustrated a

In the RF C-V method, the capacitance is extract¢fe connections are shown that are used for RF C-V

using the Y; parameter. Besides the desired gatgneasurements; the drain and source are connected to
capacitance this )Y parameter also contains parasitics
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Figure 2. The same schematic MOS capacitor cross Figure 3. Circuit approximations of a leaky MOS
section asin figure 1, but now the equivalent circuit of the transistor. a) three-element model, b) two-port model. The
M OS capacitor biased in accumulation is given. intrinsic oxide region is separated from the overlap region

. . and the parasitics are separated as well. All impedances
port 2 and the gate terminal is connected to pothd . ¢ dependent: in inversion Zg models the channel

well contact is connected to the ground. In figliren eggance and in accumulation it models the junction
equivalent circuit for the MOS capacitor is drawhem capacitance.
it is biased in inversion and in figure 2 the eglént

circuit in accumulation bias is shown. In theS?egions and the effect of the channel impedance is

equivalent circuits the overlap regions betweendie included. In accumulation the channel impedange Z

and the drain and source terminals are separated frconsists of the junction capacitance and in ineershis

the |ntr|nS|c' oxide region between the .gate and ﬂ?r%pedance models the channel resistance. Furthermor
channel region. In figure 1 a channel resistance b=

seen that exists between the channel region and fpe gate resistance, the well resistance and the
. , egion and Hi&in/source series resistance are separately taken
drain/source regions. In the accumulation circuit

unction i is included bet the chi &ccount. The total gate capacitance that we atdrigo

Junc(l:tr? dc;‘a!oa/m ance 1s 'Inc uded between the Chanig, is the intrinsic capacitancepin parallel with the

a Er rr? . ain si)urcs rzegtj;]ons.ﬁ ¢ of th ¢ - two overlap capacitancesQ@,. In extractions based on
om figure 1 an € efiect ot the gale restan, . mnodel of figure 3a) this capacitance is eqodly.

Rs, the well resistance g, the drain/source serieSg b the RE C.V method in 2] and the two-frequency

resistance B and the channel impedancey, Zon Y method of [3] use this three-element model. I

can clearly be seen. It is obvious that if thesagitics . .
N <<1/(j~ +
become too large, the extracted gate-capacitaniog usRS U(olCortgs) the capacitance can be extracted

only Y; can become erroneous. using: [2]
cC = Ci. [21C,, _ Im(Y,,) )
Il. MOS CAPACITOR MODEL *TC +2rC,, "

In order to analyze the limitations of the,¥xtraction

method, the correctness of the commonly used threeFor the two-frequency method to be applicable only
element model of a leaky gate dielectric will bém(RS) must be negligible compared to
investigated. This model is shown in figure 3a)eThim(1/(j-olCox+gox)). The two-port model shows that
tunneling current is represented by, gnd R models the actual series resistance consists of two pé#nes:
the behavior of the gate, well and source/draiseries resistance that is seen by the signal flpwin
resistances. The model is based on a 1-port maasate through the intrinsic oxide region and the series
set-up with the source and drain connected to gtouresistance of the signal that flows through therlage
while the effect of Rameiand G is neglected. This regions. These series resistances can be derioed fr
three-element model is a simplification of the tpart figure 3b) and two conditions can be set up thastmu
model shown in figure 3b). In this two-port modket hold if the capacitance can be correctly extracisitg
intrinsic oxide region is separated from the oyerla the two-frequency method in combination with the
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Figure 4. Equivalent circuit of the two-port model from
figure 3b after aII-T transformation.

three-element model:

Ruei (Zo ¥Ry R
Im( well ch well SD +RGJ<<Im(Zintr) (2)
RweII +Zch +RSD
Ry (Z4 Ry R
Im( SD ch SD well + RGJ<<Im(ZOV) (3)
RweII +Zch +RSD

Since the imaginary part of,Z and Z, can become
very small at increasing frequencies (it has a @/
dependence), it is not trivial to assume that the t
conditions of (2) and (3) are met. In order to tise
extraction of (1) the conditions are even morengeit,
the following two conditions must also hold:

Re RweII
R

[Zch +Rwell (R

+ Zch +RSD

SD 4 RGJ << Re(zintr) (4)

well

Re(RSD |:zch +RSD R

2 well RGJ <<Re(z,,) (5)

well + Zch + RSD

[ll. TWO-PORTEXTRACTION METHOD

If the two conditions in (2) and (3) are not metisi
not possible to extract the gate-capacitance udieg
three-element model of figure 3a). In this situattbe

two-port model of figure 3b) needs to be used. Tﬁvo-frequency method or, if R<Z

simplify the analysis of this model it can be conted

into the circuit shown in figure 4, making use oflal
transformation. In figure 3b) H network consisting of
Znr, Zov @and Zp can be recognised. The transformed
model shows three new impedances, namegd Z, iny
and Zn o Z o« is the impedance that we are looking for,
under the assumption that.€<Z.w+Z,, it can be
derived that

= Zintr [Zov — 1

=- (6)
> Zintr + Zov J ny |:ﬂcintr +2 [Cov ) + gintr +2 @ov

The assumption made is acceptable because typically
C>>CiCod (CiiutCov ) and the channel resistance is
generally very small. Expression (6) shows thag, Z’
models the parallel impedance of the overlap amd th
intrinsic oxide region. The two other new impedance
that can be seen in figure 4 are the channel inmuesga
Zey inrand Zp o« They can be derived to be:

Z.,Z
Zch_intr = 7 _:VZ c+hZ (7)
intr ov ch
Z [Z
Zch_ov - 7 -:nrz TZ (8)
intr ov ch

If we look at the Y11 parameter derived from figdre
we get:
1

(Zch_intr + RSD)[(Zch_ov + Rwell)

Rg +Z,, +
¢ T Z e T Zen 0w FRuer T Rep

9)
11 ch_intr ch_ov well
In this expression we recognise,lz'OX and the series

impedance originating fromR, Rsp, Zeh inr aNd Z oy
If Rsp and R, are not negligible and the transistor is
biased in accumulation (a junction capacitancetgxis
can be seen that this;;Yparameter cannot be used to
extract the gate capacitance. If we look at theafrx

however, we get:

— RG +Zlo>< +Zchfov +R
Zz +R

Z
Rgp +2Z

+Rwe||
+Z +R

ch_ov

well ch_ov

z (10)

ch_ov well ch_intr well

Based on this Z-matrix we can derive the following
expression:

Rg + Zlox =Zy,-Zy (11)
Now the gate capacitance can be extracted using the
ox the following
expression, similar to (1) can be used
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Figure 5. Capacitance extracted for type A devices, Figure 6. Capacitance extracted for type B devices, the
extracted at 810 MHz. Yy, extraction is compared to the capacitance is extracted at 1 GHz. Y, extraction is
new two-port extraction scheme. C,q, is extracted using compared to the new two-port extraction scheme. C,q, is
Z11-Z1, extraction in accumulation bias and using Y;; extracted using Z;-Zy, extraction in all biasing regions.

extraction in inversion. .
pum and a width of 4Qm. Measurements were done

using a HP 8510C network analyzer. Figure 5 shiws t
1 normalized extracted capacitance of the type A absvi
C=lm ————— a2 . . -
Z,-Z,) W with the new two-port extraction method compared to
the Y;; extraction. Ge, was extracted using theZZ;,

From this two-port analysis it can be concluded thgxtractmn of (12) in accumulation bias and the, ¥

. . extraction of (1) in inversion bias. In the inversi
the gate capacitance can be extracted in a motgatec . . . .
o . o regime the well impedance of this device becomes to
way if it is done using #-Z;, extraction instead of Y

. " large compared to Z, so that a proper extraction of,Z
extraction. In the case that the conditions of (3), (4) is not possible. The limitations given in sectiofoPthe

and (5) are not met, a noticeable difference can k);

expected between 27y, extraction and ¥, extraction 11 extraction show that this method can still be used
it should be noted that although the two-port maslel when both the channel impedance and the drain/sourc

based on a configuration with the source and dr series resistance are small, since the conditibr(®)p

a . : X L
connected together, it is easy to see that thibodedlso t ), (4) and (5) are r'net.'ln InNversion bias thithis case

] | and therefore in this situation the most accuraté¢ C
holds for devices with a common source structure.

curve can be obtained using a combination of the Y
extraction and #-Z;, extraction. This is typical for
IV. MEASUREMENTRESULTS devices that have such a very high well resistaificee

] well resistance is moderately high,Z,, extraction can
To compare the conventional;;Yand the new two be used under all biasing conditions

port extraction method, measurements taken on twoIn Figure 6 the normalized C-V curves of the type B

types of devices were analyzed: devices that Rvices are shown. For this devicg.LOwas extracted

optimized fqr RF C,:'V measurements (gated diodeg ty%sing Z41-Z1, extraction under all biasing conditions.
A) and devices with a common source structure (ty, ., was extracted using (1). From figure 5 and 6 iit ca

B). The two devices were processed in two differerﬁte seen that the newly extracted capacitances thave
research process flows, based on H8CMOS for the t

, gpical shape of the accumulation behavior of difiia
;y:\ﬁcssdewces and on 100-nm CMOS for the type Biojectrics and inversion capacitance decreasiregtdu

. i ) gate depletion. The curves in figure 6 have theesam
Th_e typg A dewce' s a p-channel device with hape for both extraction methods: this is becdose
relatively high well reS|s'Fance (44D). It has a channel the type devices B all conditions for the extractis (1)
Iength of 0.13um and width OT 936@”,]' The type B to hold are met. The type A devices suffer fromighh
devices are n-channel devices with a low we

i ; ell resistance and it can be seen that in accuionla
resistance. The devices have a channel lengthf O.
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eliminates the junction capacitance from RF C-V
measurements. The plot of figure 6 shows thatwe t
port approach can also be used for devices having a
common source configuration. The plot of figure 5
clearly shows the difference between the new etitnac
method and the conventional 1,Y extraction in
accumulation bias, on a device with a very high-tchm
well. Usually RF C-V measurements are performed on
devices with a lower well impedance than the type A
devices used in this work however, but the new oath
is also useful on devices having a moderate well

© impedance. In this caseZZ;, extraction can be used
5 under all biasing conditions. Having a low well
impedance, the extracted C-V curves may coincide
better with each other; the well impedance is hawvev
never infinitely small, therefore a small error tme
extracted capacitance usingy;Yextraction is always
present.

Since this new extraction scheme is based on making

the C-V curves of the two different methods diffefull use of two-port data, this method is in thesffiplace
greatly. By looking at figure 3b) this differencarc intended to use in combination with a two-port rerkv
easily be explained: the signal that flows throdgly —analyzer.

does not flow through R, but through &. This means  The only limitation necessary for the new approtach

that in accumulation the junction capacitance lies hold is that Z<<Zy,+Z,. This condition is easily met.
series with the intrinsic oxide capacitance if; ¥s A situation in which the new approach cannot beluse

measured. when the channel length of the devices becomearge |
This effect is made clear in figure 7. The invecde that non-quasistatic effects start to play a réfethis
the capacitances gained from the two methods iseglo case a distributed model of the gate leakage cuaresh

and also Ci is plotted. This capacitance is defined as:the well impedance should be used [6]. The two-port
Ziwe ¥ Zoy model of figure 3b) will no longer hold and the gat

— intl . . . .
ine =C;j mrz (13) capacitance derived using the new two-port exiacti
will no longer be accurate.

0.5 1 1.5
Vgate [V]

Figure 7. The inverse of the extracted capacitances
compared to the junction capacitance of the type A
devices, extracted at 810 MHz. The series capacitance of
the junction capacitance and the extracted capacitance
using the new method isalso included.

C

ov

In words G models the effect the junction
capacitance has on only the signal flowing throdgh
This capacitance can be derived using the Z-maimik
under the assumption thagZ<Zy+Zov:

VI. CONCLUSIONS

A new capacitance extraction scheme has been
developed for measuring the capacitance of leakg ga
1 1 dielectrics. The new method makes use of a two-port
Cline =Im(ﬁJE—I— model of a MOS capacitance and thereby elimindttes t
27%n) W effect of the junction capacitance between the ban
and the drain/source region if the transistor &séd in
Figure 7 clearly shows that the difference betwthen accumulation. Measurement results have showrttieat
Z11-Z1, extraction method and theyyextraction method effect of the junction capacitance can be quitgdaif
can be completely explained by the effect of theefion  the well impedance of the device is not negligifilae
capacitance on the signal flowing through,.ZIn the new method can completely eliminate this junction
new two-port approach this effect is eliminated. capacitance. The new method holds if the channetle
is sufficiently small so that it does not suffeorft NQS
effects.

(14)

V. DISCUSSION

The plots in figure 5 and figure 7 show that thevne
two-port extraction method, described in this work,
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