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We have developed a method of cross-sectioning silicon wafers with high placement precision. It is
implemented by using optical lithography and deep plasma high aspect ratio etching of a thin line,
which is used as the breaking axis. This technique is then applied to cross-sectional scanning
electron microscopy (SEM) studies of sub-50 nm electron beam lithography in
(poly)methylmethacrylate resist. We also report the development of a process for protecting the
resist during SEM examination. @002 American Vacuum SocietyDOI: 10.1116/1.1518020

[. INTRODUCTION Il. METHOD PROCEDURE

Cross-sectional scanning electron microscG$EM) is The precise breaking of wafers or small samples was ac-
widely used as fast and efficient feedback for diagnosingomplished by deep plasma etching of a 5+if@-wide line
very large scale integrated circyiLSl) failure and process in an inductively coupled plasma etcher using the Bosch pro-
problems! It is also a powerful tool to study materials, fillns cess(Alcatel 601H. The wafers used were 200 and 50t
and nanofabrication processkkn particular, XSEM of elec- thick and were broken along the etched scribe lines with
tron beam lithographyEBL) structures in organic resists is proper allowances for nanometer EBL regions. The follow-
widely used to study and optimize the whole EBL processjng process is illustrated in Fig(d): Design a photomask for
which has been intensively used in mask making, Coulomioptical lithography. The line pattern is throughout the whole
blockade devicés’ and nanotechnology fabricatiSmAs the  sample with opened areas of interest in the middle. The line
fabrication resolution scales down to the nanometer regioris 10 um wide and 1 mm to several cm long, depending on
XSEM study of the processes requires higher quality and lessample size. Alignment marks are used there for EBL or
contamination to the cross section and top surface of thdevice fabrication. In Figs.(b) and Xc), after optical lithog-
specimens. How to obtain high quality, site-specific crosgaphy of the line with 10Qum unexposed sections, the pat-
sections for XSEM becomes an important issue. tern is etched to a depth of 9@m or more using the Bosch

There are several cross-section preparation methods raigh aspect ratio etching technique withu®a-thick AZ5214
ported and widely used: scribing and cleaving, precision mitesist as etch mask. After removing the AZ re§iEy. 1(d)],
crocleaving, wedge polishintf and focused ion beaiIB) 60-200 nm thick, 950000 D(poly)methylmethacrylate
techniques. Most of these methods involve direct cleaving (PMMA) is applied to the surface, and EBL is performed on
or polishing, which will damage the very edge of cross secthe unetched area in the line. In Figeela simple fixture
tions and introduce contamination. Also, some of them haveonsisting of two glass plates is used to break precisely along
precision limitations. FIB techniques are capable of sitethe line. A mini metal bender can make the breaking easier to
specific precision cleavin'! but are sophisticated and operate. We found that a 5Q@m-thick wafer can be broken
highly equipment dependent. Also, the incident ions can inwith a 100um-deep etched line at 90% success rate, but the
troduce damage and contamination to the sample. It is re200 um wafer is easier to break and gives more consistent
ported that the 20 nm top layer of sample surface or sideresults. If using a 20@sm-thick Si wafer, the lattice direction
walls is damaged by Gaions!? This is a vital problem for  will affect the breaking axis significantly. When doing opti-
nanoscale, thin, cross-section studies such as the study cél lithography, the breaking lines should be aligned roughly
nanoscale EBL in organic resists. However, the cross-sectioparallel to the Si wafer lattice directigd00]. In Fig. 1(f) the
preparation method we have developed has overcome thebeoken etched line interface with PMMA pattern was imaged
drawbacks. It enables us to break our samples along the desth our Hitachi S-4500 cold cathode field emission SEM
sired axis(site specifi¢ with micron precision and gives (FESEM. The original pattern and broken line interface is
complete cross sections allowing perfect edge-on viewinghown in Fig. 2. This technique is especially useful for high-
with the SEM, at any angle, without introducing chemical resolution lithography over small scan fields where large pat-
contamination or physical damage to the edges. It is espderns with long exposure times are not practical. For general
cially useful for XSEM studies of EBL structures because ofwafer or sample breaking, one can replace the EBL step with
the ability to prepare cross sections through tiny areas. It isn associated fabrication process, accordingly.
also applicable to general wafer precision breaking for pro- The deep plasma etching of the silicon substrate is a key
totyping traditional semiconductor devices or investigatingprocess in this technique. The etcher we used is an Alcatel

associated fabrication processes. 601E. Its inductively coupled plasma source utilizes the
Bosch process aha 2 KW, 13.45 MHz rf source. Clamping
3Electronic mail: whu@nd.edu of the wafer on the chuck allows backside cooling as well as
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Fic. 1. Schematic illustration of our precise wafer breaking technigo¢
drawn to scalg (a) Mask design of a 1Qem-wide line with 200um broken
area for EBL.(b) Optical lithography using 2em-thick AZ5214 resist(c)
exposed line was etched down by 1@@n, (d) after removing AZ5214,
60-nm-thick PMMA layer is spanned on and EBL was done in the interest . .
area.(e) Sample was broken along desired axis by pressing one end with the Cross-section view 2
other fixed.(f) Cross sections were imaged by FESEM in any angle.

Fic. 2. FESEM of cross-section interface.

biasing during etching by a 500 W LF 50-460 KHz rf source.
Before we start the standard Bosch process, the chamber liam with diameter less than 2 nm at 30 kV. The resist used
turbo-pumped to 3.5E-5 Pa and a delay of 5 min ensuress PMMA with molecular weight 950 000 D and 60—200 nm
constant substrate temperature of 20 °C. The standard Bosthick on a Si substrate. The developer used was isopropyl
process consists of alternatingSier etching and ¢F; for  alcohol:methyl isobutyl keton€3:1) with 1.5% methyl ethyl
passivation in pulse mode, which means in one consecutivieetoné?® in an ultrasonic bat for high resolution.
etching cycle the Sfgas flows at a rate of 300 sccm for 7 s
with the GFg gas valve closed and then thgRg gas flows
at a rate of 130 sccm f@® s with the Sk gas valve closed. lll. CROSS-SECTION STUDY OF EBL IN PMMA
The rf source power in this process is set to 1800 W, and the As a sample application of this method, we have per-
backside biasing during etch is 80 W. We found that 20 minformed a XSEM study of EBL in PMMA resist. These cross-
etching gave us 100m depth of the 1Qum-wide thin linein  section studies of EBL can provide improved information on
silicon. The aspect ratio of this process is at least 10. We cathe nanometer scale about profiles of PMMA resist after de-
easily achieve 6Qsm-deep and Gtm-wide lines, which re- velopment, the attainment of development contrast, and the
sults in high precision and a high success rate for our breakmetal or molecular lift-off procesS. All this information is
ing technique. With further improvement of this high aspectvery valuable feedback for fabrication process evaluations,
ratio etching process, we expect to be able to place the crossionitoring and resist system investigation. For example, our
section area to better thanun accuracy. cross-section results of EBL in PMMA tell us directly the
High-resolution EBL was performed using the same Hita-EBL depths in different line doses at 30 kV. This information
chi S-4500 FESEM controlled by a custom pattern generatois critical for us to design appropriate PMMA thickness for
This system is capable of ultrahigh resolution patterning withsuccessful metal or molecular lift-off, which requires clean
accelerating voltage at 30 kV. A cold field emitter as thetrench bottoms. Also, the quality of the EBL profiles can be
electron source generates a high current density electratetermined for optimizing the lift-off process.
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Fic. 3. Electron beam damage to PMMA trenchés. Scan-once SEM
image of PMMA trenches. Beam current is 15 pA. Scan time is about 1 s.
(b) Multiple-scan SEM image of the same area. Scan time is about 5 s.

. e . Fic. 5. SEM of PMMA trenchesfa) 10-nm-thick AuPd film was deposited
However, it is difficult to obtain unadulterated PMMA irectly using plasma sputter coater, which damaged the trench cofigrs,

profiles of EBL, especially on the nanometer scale, for sevi0-nm-thick AuPd film was deposited using our optimized process, which
eral reasonsi(1l) Cross sections are mostly imaged with protected the trench corner and resulted in original cross sections.
SEM, which will quickly and heavily damage the PMMA

resist and cause significant change to the profiles. Figure 3

EBL trenches in PMMA illustrates how quickly and significantly the electron beam
changed the PMMA trenche&) Most cross-section sample
preparation techniques will physically damage the very edge
or the top surface of PMMA trenches or introduce contami-
nation. (3) Plasma sputter coating, which is used to cover
samples with thin metal fiimgsuch as AuPd 60:40for
XSEM, will often damage the very corners of sharp PMMA

: EBL trenches. We developed an optimized process that en-
Si Substrate ables us to see nearly the original PMMA EBL profiles on
the nanometer scale. The following process is illustrated in
Fig. 4: First, after the EBL process on PMMA, samples are
AuPd evaporated on coated with 2-5 nm AuPd60:40 film using a thermal
evaporator. Then, samples are coated with 2-5 nm AuPd
(60:40 again using a plasma sputter coater to cover trench
sidewalls. The previous AuPd film thermally evaporated pro-
tects the corners and top surface of PMMA trenches from
heavy damage by the plasma during sputtering. Now, the
PMMA trenches are fully covered by a AuPd thin film, and
are then broken along the desired axis using our sample
breaking technique with the edge and surface perfectly pro-
tected. Figure 5 compares the PMMA cross sections made
from direct sputter coating and our optimized process.

a)

IV. RESULTS AND DISCUSSION

With this site-specific, precision cross-section preparation
technique and PMMA trench-protection process, we have
studied the EBL profile of PMMA, particularly the aging
. effect of PMMA resist.

0) Si Substrate PMMA resist cross-section profiles are closely related to
e-beam exposure condition, development protgssprage

Fic. 4. Optimized process to protect the original PMMA EBL profiles. After temperature and humldlty’ We performed a prellmlnary In-

() EBL and development of PMMA(b) 5 nm AuPd was deposited using VeStigation of the time evolution of PMMA after lithography
thermal evaporation, thes) 5 nm AuPd was deposited using sputter coater. and before development, which to our knowledge has not
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V. CONCLUSIONS

We have developed a cross-section preparation technique
and an optimized cross-section protection process for XSEM
imaging. These techniques enabled us to obtain sub-50 nm,
clearly resolved cross sections of EBL in PMMA. Also, we
have shown some examples of cross-section studies of EBL
in PMMA resists. The results for a variety of resists besides
PMMA will be studied later. All these studies are believed
valuable for a better understanding and improvement of EBL
fabrication. The precise breaking technique can be applied to
general wafer cross-section preparation, especially useful for
SEM cross-sectional studies of EBL related fabrication, thin
films, semiconductor devices, and metal or molecular lift-off
techniques.
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