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Self-assembled-monolayer film islands as a self-patterned-mask for SiO 2
thickness measurement with atomic force microscopy

T. Komeda,® K. Namba, and Y. Nishioka
Texas Instruments, Tsukuba R&D Center, Tsukuba, Ibaraki 305, Japan

(Received 14 January 1997; accepted for publication 17 April 1997

A novel method for measuring ultrathi2—12 nn) SiO, film thickness is discussed. The process
consists of:(1) formation of octadecyltrichlorosilanéOTS) self-assembled-monolaydSAM)

islands on Si@ of which thickness to be measurd@) removal of the Si@ layers not covered by

the OTS-SAM islands, and3) measurement of the height difference between the etched and
nonetched areas by atomic-force-microscopy. The OTS film is good resist against HF and its islands
can be regarded as self-patterned-mask. Practical usefulness is demonstrated not only by the
compatibility of the measured values but also by the short measurement period resulting from the
directness of the method. @997 American Institute of Physids$S0003-695(97)02125-4

The shrinkage of ultralarge-scale integratiaf.Sl) cir-  for chemicalst*~1® Second, the size of SAM islands can be
cuit requires an ultrathin gate oxide as thin as 4 nm in 0.Icontrolled by the variation of time when the sample is dipped
um scale metal-oxide-semiconductdOS) devices which into solution!’” Combining these features, SAM islands can
are expected to come out in the year 2803ince oxide be used as self-patterned ma§®M) for chemical etching.
thickness Ty is one of the most important device param- Third, the growth of the SAM film is limited to a monolayer,
eters, the precise control df,, is the critical issueT,, is  beyond which no growth can proceed. This feature makes
most commonly measured by nulling ellipsometry due to itsthe height of the SAM islands uniform. These features en-
easy sample preparation and short measurementtifiosv-  able one to eliminate many complex processes of pattern
ever, in the very thin thickness regime below 5 nm, accuratéormation and removal of the mask required in the above-
measurement of ellipsometric parameters, ile,, and the  mentioned, conventional method. As shown in Fig. 1, AFM
refractive index, becomes very difficult because these paranis used to determine the height differen@ereafter repre-
eters couple each other and might be very different fronsented add) of the areas with and without the SAM masks.
those in the thick region. Although a simplified model usinglt is expected thatd will become larger with the increase of
a-quartz refractive index has been proposed, its applicabilitghe etching timet, during which the sample is dipped into
to such a thickness regime has been questioned by previol=. The time variation ofAd will be represented as
papers 8 Ad(t). Since the etching rate for Sjds much larger than

Alternative measurement techniques such as transmighat for Si, etching is considered to stop after the removal of
sion electron microscopdEM)®*? and x-ray photoelectron the SiQ layer. So theAd(t) will saturate after a certain
spectroscopyXPS)!! have a high sensitivity and can char- time, tsy. The T, can be obtained by measuring
acterizeT in the ultrathin region. However, the TEM mea- Ad(t>tsy) andAd(0), and bytaking their difference, i.e.,
surement requires an elaborate sample preparation and thex=Ad(t>ts5)-Ad(0).
nontrivial delineation of the interface such as $iSi or cap- Experimentally, we use octadecyltrichlorosila(@TS,
material/SiQ. Also, presumed values of electron mean freeCigH37SiCly), which has been shown to form the SAM film
path in the SiQ layer used in XPS analysis are still contro- on the SiQ layer and also can serve as a mask for HF
versial. etching!’ The SiQ film (~12 nm is formed on Si001)

A method conveniently using atomic force microscopy (P type, 1042 cm) by wet oxidation. Samples with various
(AFM) has been shown to be practical and useful for,SiO Tox'S are prepared by etching-back the oxide by 1% HF
thickness measuremettThe typical process in this method
is the following: (1) patterning of the mask on SjMy pho-

tolithography,(2) chemical etching of SiQlayers not cov- AFM AFM
ered by the mask3) removal of the mask and the measure- _/ '_/
ment of the height difference between the etched and the OTS Islands

nonetched areas by AFM. However, this method requires toa
many processes for the routine measurementQf In ad-
dition, modification ofT,, due to deposition and removal of
the mask may exist.

The concept of the technique presented in this paper is
schematically shown in Fig. 1. This technique utilizes sev- HF Etching
eral characteristic features of self-assembled-monolayer
(SAM) film which has been intensively studied these ddys. FiG. 1. Schematic drawing of thickness measurement of the fi® by

First, some types of SAM film are known to be good resistAFM with the use of OTS-SAM islands. Th&d(0) represents the height
difference between the top of SAM islands and the exposed substrate before
the etching of the sample by HF, and the variatiom\af as a function of
dElectronic mail: komeda@trdc.ti.com dipping time,t, into HF is expressed asd(t).

Ad(t)
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the relative height is plotted by counting the number of pix-
els in each division of heighHD.1 nm. The result is shown in
the Fig. Zb). The two features corresponding to the substrate
and the OTS islands appear with the separation of
~1.1 nm with good reproducibility. Also, the two peaks
have almost identical peak width. Since the peak width is
correlated to the roughness of the surface, it may suggest that
the measured roughness of the OTS-SAM island surface is
governed by the roughness of the bottom SiO
The measuredd(0), ~1.1 nm, agrees with the previ-
ous report$®2223put is smaller than the expected length of
OTS molecule of~2.5 nm. The discrepancy has been attrib-
uted to the compression of the molecules by the pressure of
the cantilever of the AFM? For the purpose of this experi-
ment, however, the stability of the height is most important.
The measuredd after dipping the sample into de-ionized
water shows no variation from the one before the dipping,
FIG. 2. (uppe) AFM images of the SAM islands on the Siyer (thick- ~ suggesting that the height of the OTS-SAM islands is not
ness of~2.2 nm before (a), and after(c) the HF etching of the sample modified by the contact with water.
(area 2><h2 M'mz)tr(]lovr\:e'r).htHii;t?gtl;aTs offttt;]e roe_:_asti\'/el hzightsdin tt?et AtFMTh Figure Zc) shows the image of the surface after dipping
o o e oo slands s SbState The Sample o HRHE:H,0=1:20 by volume for 30 s
tively. during which the SiQlayers not covered by the OTS-SAM
is expected to be removed completely. The averaged size and
S . _ _ the shape of the OTS-SAM islands are practically identical
with different etching periods. Then the OTS-SAM islandsith the ones before the etching. Also there any additional
are formed by immersing the sample into a 1.0 mM solutionyig voids or any sign of peeling of the OTS-SAM cannot be
of OTS (Aldrich) in a mixture of 8% CHG+12%  seen, indicating the good resistance of the OTS-SAM islands
CCl,+80%n-hexadecanéby volume for 20 s at room tem-  against HF. Even for the thicker samplé&,{>10 nm), the
perature. Subsequently, the 3i0f nonmasked portion is  appearance of the OTS-SAM islands does not show big
etched by HRHF:H,0=1:20 by volume. change after the etching process, suggesting the capability of
The height difference between the etched and nonetchegis technique for the SiQin the thicker film thickness re-
area is measured by the AFM, Nanoscope [[agital In- gime.
struments, USAwith a 10 um scanner. The height calibra- The etching of the SiQlayers can be quantitatively seen
tion is carried out by measuring the step heigh0.31 nm  in the height profile shown in Fig.(8). The two features
of the wet-treated, atomically flat @il1) surface’®* The  corresponding to the substrate and the OTS-SAM islands are
measured surface is imaged with the AFM tapping modenuch more separated than those in Fitp)2as a result of
where the modulation amplitude and the frequency of thehe etching of the SiQlayers. However, the widths of both
cantilever oscillation are 100 mV and 300 kHz, respectively features do not show any significant change from the ones in
The reference thicknesd §;i;) is measured by ellipsometry Fig. 2(b), indicating no degradation of the OTS-SAM is-
with AutoEL Il (Rudolph Research, USAvith fixed refrac-  lands. From Figs. ®) and 2d), T, can be determined as
tive index of 1.46. Identical wafers are also characterized bnd(t>t.,)-Ad(0)=3.2-1.E=2.1 nm.
TEM with poly-Si capping. Figure 3 shows the observetid(t) for samples with
Figure 2Za) shows a typical AFM image of the OTS- three differentT,, as a function of etching time, into HF.
SAM formed on the sample of ,~2.2 nm. Islands of The Ad(t) varies very smoothly as a function tf and it
OTS-SAM with a dendrite shape can be clearly seen, andaturates beyond a certain etching time20 s). The fluc-
SiO, bare surface is still visible between the islands. The sizeuation of Ad(t) after the saturation is within 0.1 nm, indi-
and the shape of the islands show strong dependence on tbating a high reproducibility of this technigue and the stabil-
SiO, surface treatment prior to the OTS-SAM formation. ity of the OTS-SAM film. The three curves are on the
This is consistent with the previous reports which showeddentical straight line for the first 10 s. This is reasonable
that the existence of the substrate-bound water is necessasince HF etching should proceed with an identical rate for
to obtain high density filn$>% the three surfaces of the SiCHowever, the apparent etching
The height of the island in any area of the image can beate, 0.12 nm/s, is much slower than the one expected from
evaluated by taking a single cross-sectional profile of thehe usual etching rate by HF of this concentration, 0.25
topography. However, in the present letter, we focus on meaam/s?* After this stage, an acceleration of etching rate in all
suring the averaged height of the entire islands with the folcurves can be seen. Although the origin of those phenomena
lowing method to see the compatibility with other thickness-are not perfectly understood at this point, it may suggest that
measurement techniques. First the background level of thihis technique is useful not only foF,, determination but
AFM image is determined for all the areas which are notalso for revealing the properties of Si@ear the SiQSi
covered by SAM films. Second, after subtracting the backinterface.
ground from the entire image, a histogram as a function of  Finally, we will show comparison of ,, measured with

o 1 2 3 0o 1 2 3
Height (nm) Height (nm)
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In summary, we have shown the feasibility of the use of
s OTS-SAM for the direct and precise measurement of,SiO
JTan " ta munn thickness. It was found that the OTS-SAM on Giforms
- islands which can be a good resist against HF etching. Thus,
. it is possible to form one area where $if3 removed and
- o 6060°%%9%0 another where SiQremains unperturbed after the etching.
4l . o°°°°° °e° Since the OTS islands have a uniform thicknesd(0), the
0° + -+ height difference of these two aredsd(t), subtracted from
-T-++++++++++++ et Ad(0), indicates the thickness of SjOThe measured SiO
thickness showed good agreement with the ellipsometry
measurement for the range of 2—12 nm. It was shown that
+ 29nm this technique can be a good tool not only for the thickness
) measurement in the ultrathin film but also for the Si@op-
2.8 nm erty investigation near the interface.
4.4 nm The authors appreciate Satoshi Hashimoto for TEM

: . : : , : measurement.
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