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Accurate Determination of Ultrathin
Gate Oxide Thickness and Effective
Polysilicon Doping of CMOS Devices

Ashawant Gupta, Peng Fang, Miryeong Song, Ming-Ren Lin, Don Wollesen, Kai Chen, and Chenming Hu

Abstract—We present an efficient and accurate method to  The Fowler—Nordheim (F—N) tunneling current density
characterize the physical thickness of ultrathin gate oxides (down s given by [5]
to 25 A) and the effective polysilicon doping of advanced CMOS
devices. The method is based on the model for Fowler—Nordheim JrN = CE%X exp[—3/Eox] (1)
(F-N) tunneling current across the gate oxide with correction

in gate voltage to account for the polysilicon-gate depletion. By where Eqx is the electric field across the oxide aédand /3
fitting the model to measured data, both the gate oxide thickness 5re constants? = 9.92 x 10-7 AV —2 andj = 2.635x 108 V

and the effective poly doping are unambiguously determined. _ . . - e
Unlike the traditiongl cxo\pacri)tar?ce—voltage Cg—V) teychnique that C°M 1_[6]‘ JrN IS @ unique function ofox, which is related
overestimates thin-oxide thickness and requires large area ca- {0 oxide voltageVox. Vox is a function of the applied gate
pacitor, this approach results in true physical thickness and the Vvoltage V¢ (substrate grounded) and is given by
measurement can be performed on a standard sub-half micron
transistor. The method is suitable for oxide thickness monitoring Vox = EoxTox = Vo —Vrs — s — Vp (2)
in manufacturing environments.
where s is the Si surface potential/rg is the flat-band
voltage, andVp is the voltage drop in the polyVyg and
Vp are given by
HE gate oxide thicknes$75x) of CMOS transistors -
has been scaled down constantly with the reduction in Vip = ®uis — Qo/Cox = Puis (3)
gate length. With oxides approaching atomic dimensions, it
is imperative we formulate methodologies to monitor and _ eaxox (4)

precisely controll'ox. Additionally, for modeling purposes, it P 2qeNp

?s important to _accurately deterr_nine the electrically active doR/hereq%qs, in eV (g being electron charge), is workfunction
ing concentration of the polysilicon gaté/,>). However, the difference between poly and Si), is effective charge at

standard methods for extractifigyx from capacitance—voltageSi/SiO2 interface,Cox is oxide capacitance, ang,, ande

(€-V) measurements of large area MOS capacitors are o, hermittivities of Si@ and Si, respectively. For thin, good-
longer accurate for thin oxide§{x < 60 A) and consistently quality gate oxides@,/Cox < 0.01 V (Q,/q < 101%/cm?),

rgsult in values larger than rt_aal physical _thickne;s. Thy d is negligible compared ty;s. ®yys itself depends on the
discrepancy between the electrical and physical/optical Ch%’nduction type of both Si and poly. In this study:-poly

acterization techniques is due to the effects of finite thicknest/oseeT's and B-poly pMOSFET's are used. Substrate
of inversion/accumulation layer (including quantum eI"fect%]opmg (Nsus) for both n and pMOSFET ig x 1617/cn13

and polysilicon depletion [1]-[4]. Until device simulators CarAssuming that poly has same band structure as Si and is
incorporate these effects, there exists an urgent need to ideny enerately dopeddys = —1.0 V and +1.0 V for n

and characterize the difference between the electrical PMOSFET respeétively at'thNSUB dopiﬁg level. For
phy§|cal values offox. Eyen though t.he electricdlox can . Vp expression in (4), depletion approximation is used with
suffice for device modeling and design, for process desighyitorm Np [3]. Maximum possiblé/p is 1.12 V (Si bandgap

physical Tox is required. Here, we report an accurate ang 3n k) due to pinning of the Fermi levéd; at the band
efficient approach for determmmg physicahx and eﬁectlve edgesE. and Ey. Substituting (4) in (2), we get
Np from measured tunneling current across the oxide.
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Fig. 1. Schematics of band diagram and fitting results for a P@5At-poly NMOSFET biased under a positiig;, resulting in F-N tunneling of
electrons from the substrate. The model with poly depletion matches with the data.

in (2). UsingTpx and Np as fitting parameter&ox can be 104
calculated for the complete F—N bias range and used to predict Tox=57.0 A
or match the tunneling current. ,:“

Fig. 1 shows the schematics of band diagram and f|tt|ng
results for a nMOSFET biased with positiVe: (source, drain,
and substrate grounded) such that the substrate is mvertedb

(WA/em

and emits electrons. The positiig; results in depletion of  Z

poly and its extent depends dr;. The maximum possible & 10 i

Vp = 1.12 V is shown. For F-N tunneling bias ranggs is a §

constant sincé/r at the Si surface is pinned &i-, as shown. ‘;‘ R

For Nsyp = 2 x 10*7/cm?, 45 = +1 V which is equal to < 4, ’. . 3.0x10% fem®
—Vrg. In fact, for n-poly nMOSFET, ifEr at the Si surface 3 :  3.5x 101 /em3
is pinned atE~ and@,/Cox is negligible, then)s = — Vg, © 4.0 x 1019 fem?
regardless ofNsyg. Thus, from (2),Vox = Vo — Vp. As

seen,Jpy predicted by the model with poly depletion matches %' e

well with data. Fitting was first performed for the range of 5.5 6.0 6.5 7.0 7.5
Ve where Vp is saturated andox is the only variable. A Gate Voltage (V)

difference of O. 5A was dIStmnghable and for the devic ig. 2. Sensitivity of the F-N tunneling current model to variation in
shown, the best fit is obtained fiit,x = 57.0 A. Then, fixing polysilicon doping in the low currenti{- < 1.12 V) range. The oxide
Tox and varyingNp, fitting was performed for loweF; as thickness is kept constant at the value f7obtained from fitting the model
shown in Fig. 2. A difference af.5x 101%/cr? in Np is easily © the high currenti(;> = 1.12 V) range.

discernible. The best fit is realized fofp = 3.5 x 101%/cm?.

Fig. 3 shows that with the samé&x model and constant used atEox = 2.5 MV/cm. To reduce the direct-tunneling
Np = 3.5 x 101%cm?, good match is obtained with data forleakage current, the substrate was floating during the mea-
devices feolbricated owith same process and taf@st ranging surement and the source and drain were grounded. It should
from 60 A to 25 A. The oscillations in data foffox = be noted that the optical measurements were performed on test
36.5 A are due to electron wave interference whichlisx wafers and hence, there is an inherent process variation. Still,
dependent [7], [8]. Recently, these oscillations have been usgysical values obtained fronfpy match well with optical
to extractlpx [8]. However, the technique proposed in thisneasurement results, whereas the electrical values obtained
letter is simpler and can be used to monii@sx variation in from C'—V consistently overestimate the thickness.
manufacturingZox characterization results by three different The case of a pMOSFET biased with positije (substrate
methods are compared in Fig. 4. For optical measuremergmission) is different from the nMOSFET. The PositivVe
Therma-Wave’s Opti-Probe 6131 measurement system, whiesults in accumulation of thetppoly, andVp = 0 since Ep
uses a Beam Profile Ellipsometer to measure ultrathin filim pinned atEy-. ConsequentlyNp is not a fitting parameter.
thickness, was used. For tlié—V data, inversion value is Si substrate is also in accumulation wiffy, = Er at the
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The results so far indicate thdty model for a nMOSFET
substrate emission can be used to accurately characi&ize
and Np. We further developed this method into a wafer level
electrical test technique to monit@px during manufacturing.
This technique can work even with bdtlyx and Np varying,
as is expected in a manufacturing environment, if a sufficiently
high fixed current is chosen (for example 1 Afmsuch
that £ on the n-poly side is pinned atFy.. The Vg
corresponding to this fixed high current is measurédx
is then calculated from the measurég using (2) as band
bending in poly is saturated with fixddr = 1.12 V and poly
doping is no longer required for the calculation. This technique
was used to monitdlhx variation at different die locations on
a wafer. The sensitivity was found to be Gland maximum
error due to the oscillations in data was.5 A [9]..

Fig. 3. Substrate emission F-N tunneling current density characteristics for|n summary, theJ/pxy model has been shown to accurately

0.35 um nt-poly NMOSFET's fabricated with same process but different

oxide thickness. With constant poly doping concentratidi ¢ 10'°/cnt),
model matches with data for all the thickness.
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characterize true physical thickness of ultrathin gate oxides (60
A to 25 A) after correction is made i to account for poly
depletion. Also, the electrically active poly doping concen-
tration is obtained by fitting the model to-mpoly NMOSFET
substrate emission data. A single point measuremeritof=

1 Alcm? results in Vg being linearly proportional tdlox

and has been used to monitByx variation on a wafer. The
sensitivity is 0.1A, with a maximum error oft1.5 A.
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