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Test structures consisting of shallow trench isolati8il) structures are fabricated using advanced
silicon (Si) technology. Different process parameters and geometrical features are implemented to
investigate the residual mechanical stress in the structures. A technology computer aided design
homemade tool, IMPACT, is upgraded and optimized to yield strain fields in deep submicron
complementary metal—oxide—semiconductor devices. Residual strain in the silicon substrate is
measured with micro-Raman spectroscdpyRS) and/or convergent beam electron diffraction
(CBED) for large (25 um) and medium siz€2 wm), while only CBED is used for deep submicron

STI (0.22 uwm). We propose a methodology combining CBED and technology computer aided
design (TCAD) with u-RS to assess the accuracy of the CBED measurements and TCAD
calculations on the widest structures. The method is extended to meébglEBED) and calculate

(by TCAD) the strain tensor in the smallest structures, out of the reach qi-fR8 technique. The
capability of determining, by both measurement and calculation, the strain field distribution in the
active regions of deep submicron devices is demonstrated. In particular, it is found that for these
structures an elastoplastic model for Si relaxation must be assume@d00® American Institute of
Physics. [DOI: 10.1063/1.1611287

I. INTRODUCTION Nowadays, one of the best-known methods for measur-
. . ) ~ing local process-induced mechanical strains in Si at micron

. As the scaling and the complexity of electronic devicesgimensions is micro-Raman spectroscopy. This technique
increase, mechanical stress/strain issues are becoming mgjgg applied to integrated circuit processing at the end of
and more relevant for the functionality of the whole device.qgd.2 for the measurement of stress induced by local oxi-
To understand how stresses occur during silicon processingaﬁon of silicon(LOCOS? in the Si substrate. After these
yvhat are the damage mechamsm;, and how to control therﬂrst reports, the technique rapidly found its way into the
it is necessary to correlate the design of submicron test Struc%’emiconductor research centers and microelectronics indus-
tures with the characterization of stresses in silicon, the studyry for stress measurements near nitride and oxide stripes
of thin film mechanical properties, and with the modeling/ LOCOS and alternative LOCOS such as polybuffered IocaI’
simulation of these problems. This is one of the current Chalbxidation of silicon(PBLOCOS or LOPOE and polysilicon
lenges for the semiconductor industries. L

9 encapsulated local oxidatiofPELOX),®> deep and shallow
5 trenches, near metal and silicide lines, in silicon—germanium
Now with LIMMS/CNRS-IIS, Institute of Industrial Science, The Univer- Si—Ge films and even in microelectromechanical systems
sity of Tokyo, 4-6-1 Komaba, Meguro-ku, Tokyo 153-8505 Japan; eIec-EMEMg) and complete Si chip‘%‘gAIthough the techniqze is
tronic mail: vsenez@iis.u-tokyo.ac.jp :
PNow at IMECvzw, Kapeldreef 75, 3001 Leuven, Belgium. relatively simple and offers fast qualitative information on
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local stress, it has two partial drawbacks. The spatial resoludiffusion, oxidation, silicidation, etg,. the role of TCAD is to
tion of a conventional system is limited to aboujuin and  predict the morphology of the device as well as the distribu-
one has to start from analytical or finite element models iftions of doping and mechanical stresses/strains in all materi-
the different stress/strain tensor components have to be olals during each step. Historically, the first works have con-
tained. Many studies have be performed in order to increaseentrated on the prediction of the morphology and doping
the spatial resolution, the most important being the use oflistributions, which explains why the models are currently
solid immersion lensesSIL), pioneered by Poweleit and more advanced on these aspects than on mechanical ones.
MenendeZ? and the adaptation of near-field scanning opti-Even if stress problems in Si technologies were very early
cal microscopy{NSOM) for spectroscopy The latter is still  the topic of many investigations, most of them were studied
limited by the very small throughput of incident and col- only using analytical modeling or general purpose finite ele-
lected light: low intensity Raman signals can be obtained bument (FE) software!®>~* Calculations of stresses in TCAD
only when using relatively large tip aperturé§50-200 Wwere first introduced for the modeling of Si oxidatith>®
nm).}2"% These signals are too small to be really useful forWith the improvements in the Si technologies, the other
stress measurements. SIL promises to be a good alternativgQurces of stresses and their effects became also a topic of
but there is still a significant gap between the demonstrate@reat interest for TCAY?~*° First, TCAD tools giving the
possibilities of these lenses and their practical application t@ossibility to calculate the distribution of mechanical
Raman spectroscopy. stresses/strains in all materials during all process steps ap-
However, for very advanced complementary metal-peared in the beginning of the 1996'° The calibration of
oxide—semiconductqlCMOS) devices, the spatial resolution the mechanical parameters appearing in the various numeri-
given currently by micro-Raman spectroscapyRS) is not cal models was obtained either by an indirect measurement
sufficient. The only technique that can provide informationOf stress effectge.g., on Si@ growth or doping diffusiopor
on lattice strain with a higher spatial resolution is the con-by using the wafer curvature technigtfeCurrently, with mi-
vergent beam diffraction technique of transmission electrorgrodevices having typical dimensions close to 100 nm, these
microscopy (TEM). It is a well-established technique for calibration methodologies are not adapted. To further im-
the point-to-point determination of strain in a thin fifh!®  prove the reliability of the numerical stress models, we need

This technique has been widely used in the last years t& validate the calculations with dire¢te., usingu-RS or
study unpatterned  structures such  as Si—Ge/SFBED) measurements of stress or strain in microstructures.
heterostructure¥."2° The application of TEM/convergent
beam electron diffractioGTEM/CBED) to the determination || EXPERIMENT
of local strains in microelectronic devices started about one o
decade ago. Micron-sized LOCOS structures were firsf™ Fabrication of STI structures
investigated: 23 and more recently, with the advent of the Shallow trench isolation is one of the most critical tech-
shallow trench isolatiofSTI) structures, the technique has nology modules from the point of view of stress generation
been applied to deep submicron Si active regidné’ The  in the silicon substrate. In fact, as widely reported in the
availability of microscopes equipped with field emission literature, several process parameters related to this module
guns(FEGS (FEG/TEM) has enabled the achievement of acan be strictly correlated with defect generation and, there-
spatial resolution at the nanometer sc4l¥ fore, with active device electrical behavf3®! Samples have
The coupling of these experimental techniques with nubeen prepared on 8 im;type silicon wafers with100) ori-
merical analysis is necessary and valuable. It allows us tentation. The STI fabrication starts with the growth of a sili-
optimize and to validate the numerical analysis. The latter i€on oxide thin film on bare silicon; on top of this film a thick
essential for the development of integrated circli®s). In-  silicon nitride layer is deposited at the temperature of 775 °C
deed, with technology computer aided des{@CAD), one and in the range of 120—-160 nm thickness. The stack is then
can test, at low development time and cost, many modificaexposed and patterned: the silicon active areas are masked by
tions of the process flow both in terms of process conditionsesist and the nitride/oxide stack itself, while a trench is
and/or device geometries to define the state-of-the-art tecletched by means of a reactive ion etchifRIE). Then, a
nology with respect to stress. thermal oxide is grown at high temperature on the trench
One can consider the birth of TCAD contemporary towalls. Depending on the process conditions of this oxidation
those of integrated circuits with the first pioneering works ofstep that can be optimized in order to remove the plasma
Gummel, Scharfetter, Deal, and Gré¥&®about the model- damage, a facet can be generated at the bottom corner of the
ing of the bipolar transistor and of the oxidation of Si. At the trench. Different oxide deposition techniques can then be
beginning of the 1980’s, numerical implementation of simpleused for filling of the isolation region. A possible solution is
models allowing one-dimension&lD) or two-dimensional based on a sequence of two deposition steps: the first film is
(2D) analysis of the electrical behavior of transistér€or  a high density plasmé@iDP) oxide for a thickness of 400 nm
of the microfabrication of integrated componéfits®are al-  at an estimated temperature of 300 °C, while the second ox-
ready available. With the growing power of computers andide layer is obtained by a low pressure chemical vapor depo-
the spreading of TCAD in the IC industry, the number of 2D sition (LPCVD) technique with tetra-ethoxysilan@EOS
codes grew quickBP~%° and three-dimensionaBD) solu-  reactant and is deposited for a thickness of about 500 nm at
tions appeared in the 1990°5:%* For the simulation of the a temperature of 700 °€52 Figure 1 shows a transmission
microfabrication stepéi.e., lithography, deposition, etching, electron microscope view of the 2m-wide structure after
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FIG. 3. Raman spectrum of crystalline silicon, measured using the 457.8 nm

FIG. 1. Cross-sectional TEM picture of theyn structure, taken after the line of an argon laser. It shows the Si Raman peak and plasma lines from the

filling of the shallow trencheéST) with the LPCVD-TEOS and HDP films.
The 160 nm silicon nitride film is labeled, whereas the thin padoxide layer is
hardly visible at this low magnification. The coordinate axg$—1,1,0])
and z ([001]) are shown, together with the=100 nmA-A’ cutline ana-

lyzed by the CBED techniquésee Fig. 9. Note that the strain analysis is Measurements have been performed before the densifi-
always performed in the crystallographic system of coordinztés100]), cation treatment by means of both the CBED and the micro-
Y ([010]), andZ=z ([001]). Raman spectroscopy technique on different structures: 25.0

um active area with pitches of 3@m, 2.0 um active area
with pitches of 4.0—8.Qum and 0.22um active area with a

the filling step. Another option is to use for the filling of the Pitch of 0.7 um.

trench a deposition of two HDP oxide films with different

deposition/sputter etching ratios. A thermal treatment conB. Micro-Raman spectroscopy
sisting of an inert annealing at a temperature higher than
1000 °C is required in order to reflow the deposited filling Ra
oxide and to bring its density and the mechanical propertiggc

close to those of the thermal oxide. Finally, the structure i%) 8 um. The sample is mounted on an automaxed stage
planarized by a chemical-mechanical polishi@1P) step. under the microscope such that Raman spectra can be re-

Before removing the nitride film by a phosphoric acid SOIUgorded at different positions along a line on the sample, with

The 458 nm light(blue) of an argon laser is used for the
man experiments. This light is focused through a micro-
ope on the sample, giving a probing spot diameter of about

tion, thg oxide is recessed With respect to th_e nitride by awe teps as small as 04m. Figure 3 shows a typical Raman
?r:ghé Flr%u\r;:i dzesgt? Yjv(itiescjggr'nt%eel%Cﬁgnsgcroi\fvgper\gsgs pectrum of crystalline Si. The frequency of the Si Raman
splitsﬁave been implemented: the first one ig.concerpned wit gak depends on mechgnl_cal strgss. In order_ 0 determlne
the thickness of the nitride fiIrﬁLZO or 160 nm, whereas in is frequency, the peak is fitted with a Lorentzian function.
The plasma lines of the laser are used as reference. Their

ElijEe ggcgrn?uﬁhﬁggng of the oxide trench is varigtDP with fre'quency is not'influence'd by stress in the Si. T'hey are fitted

' using a Gaussian function to determine their frequency.
Variations in the position of the plasma line are due to in-
strumental variationflaser, room temperature, detector tem-
perature, et¢. The Raman spectra are corrected for these
variations using the plasma lines.

The relation between the strain tensor components and
@b : : x : the Raman frequency can be obtained by solving the secular
B TIPS <o, v e (el equatior®* In general, this gives rather complex relations.

shallow : They become very simple if one assumes uniaxial sti@ss,
in the Si. The relation between the shift of the Si Raman
peak frequency as measured on th80) surface of a wafer
and this stress is then given by

< o (MPa)=—-430Aw (cm ). 1)

For biaxial stress, the relation between the Raman shift and
the stress is given by

Isolaitg )
‘f »
" \

FIG. 2. SEM picture of the sample after the CMP operation and the wet etch

Ot oyy (MPa)=—43MAw (cm™ ). 2
of STI oxide; the above top layer is a polysilicon film deposited in order to So, if tensile stress is preseat>0), the Si Raman frequency
improve the image contrast, which covers the nitride stack over the silicon™ .’ !

active area and the HDP oxide used to fill the silicon tretddrker region will shift dov'vnV\{ards. (Aw<0), whereas for CompreSSive
in the SEM picturg stress(o<<0), it will shift upwards(Aw>0).
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For more complicated stress distributions, the relation
between the stress tensor components and the measured Ra-
man shift is not so straightforward, and special modeling is
necessary if quantitative stress values are required. Using the
stress data obtained from our TCAD tdske Sec. ll), the
“theoretically expected” Raman frequency shift was calcu-
lated and then compared to the Raman spectroscopy mea-
surements. Finally, since the CBED technique provides di-
rect quantitative information on the strain tensor
components, we have used these data to calculate the corre-
sponding Raman shift, thus allowing a direct comparison be-
tween CBED and Raman spectroscopy measurements.

C. CBED analysis

The CBED technique for strain measurement is based ORIG. 4. Experimental CBED pattern taken in undeformed silicon. Zone axis:
the strain induced shift of high order Laue zo(t¢OLZ) (230); acceleration voltage: 200 kV. A set of sharp HOLZ lines is clearly
deficiency line$s They occur in the central disk of a CBED visible in this enlarged view of the central disk of the pattern.
pattern when the incident electron beam has a suitable con-
vergence(typically of the order of 10 mradand is aligned
parallel to a zone axis. Due to their high-angle scatterinq.
origin, the position of these lines is very sensitive, amon 'Og determined. It b iiv d trated by i .
other parameters, to small variations in acceleration voltaé]E: € determined. It can be easily demonstrated by Imposing

and lattice parameters, and therefore to strain. In particulafiigthfr:e IS n(? stressd rterllaxatlon altzng TE thlnn|ngtd|r|e|:ct|on
strains of the order of 10 4 can be detected by HOLZ ), the angley an € parametera=Db are mutually

line shifts. In order to quantify the strain, it is first necessarydepencIent and follow the relatiGh:

to assess the effective acceleration voltage by matching, Aa Ab Ayl2 Ay

through aXZ—based_ minimization procedure, the pattern 3"~ o~ 1-Ay2~ 2

taken on the unstrained part of the sample with a kinemati- o .

cally simulated one. Then, the unknown lattice parameter&!Oreover, by taking into account that the deformations ana-
are determined by fitting the experimental pattern taken ofyZ€d in these devices are generally small, it can be assumed
the strained layer with a simulated one, assuming the latticf1at @=7— 8, which implies thatexz= —eyz. In this way,
constants as fitting parameters. the number of independent parameters to be determined is

In principle, all six lattice parametersa(o,c,a,B,7) reduced from 6 to 3a, ¢, and@); this generally results in a

can be deduced from a single CBED pattern. However, it i&/Nique sharp minimum in the? plots. S
presently impossible to get a unique solution keeping all To determms—:- by C_BED th_e str:_am field Q|str|but|on in the
these parameters free. STI structures investigated in this woilEigs. 1 and 2

This difficulty can be overcome when the crystal Sym_cros.s—sectional samples have been prepared by _mechanical
metry allows us to reduce the total number of independen@PPing down to 20um and then by ion beam milling to
parameters to be determined, as in the case of the STI d@erformation. They have been analyzed by a field emission
vices investigated in this article, which are patterned alondransmission electron microscope, using a spot size of 1 nm.
the[110] direction. In such samples, all the stress sources lid "® CBED patterns were taken in tH@30) orientation,
in a plane perpendicular to this crystallographic direction. [tWhich is 11.3° off the vertica(110 direction, at an acceler-
can then be easily demonstrated that the distortions appliedfing voltage of 200 kV. An example of a pattern, taken in an
along the crystallographic directionsX ([100]) and undeforme_d.S| area of a cross section, is shown in Fig. 4 the
Y ([010]) are the same, since they both form angles of 45HHOLZ deficiency lines appear as a set of straight lines,
with the[110] direction: hencea=b. The problem of stress whose _posmon in the pattern is related to the local values of
relaxation in a specimen thinned for TEM observation musthe lattice parameters of the Si cell.
be also considered; this occurs mainly at the surfaces of the
cross-sectioned sample, which consist of regions with strain|. PROCESS SIMULATOR IMPACT
gradients. A good quality CBED pattern can be obtained only .
if a sufficiently large, homogeneously strained volume ofA' Mechanical models
crystal is probed by the electron beam: this “bulk” region The mechanical stress which develops in integrated de-
increases with the specimen thickness. Then, as a genendtes during their fabrication is affected by six components:
rule, if a good quality(analyzablg pattern is recorded in (i) temperature changéij) thermal growth of materidli.e.,
sufficiently thick specimen&00—-300 nm at 200 k) it can  silicon dioxide (SiQ) and silicides, (iii) etching of materi-
be concluded that in that region the strain relaxation, alals, (iv) deposition processes which create intrinsic stresses,
though present, can be neglected. (v) implantation of doping ions, angri) structural changes

This assumption, the so-called plane strain approxima-
, leads to a further reduction of the number of unknowns
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of deposited films due to densification, hydration/
dehydration, and crystallization. These phenomena generate
a loss in the mechanical equilibrium of the system composed
of the Si substrate with a stack of thin film layers on {op.,
the microelectronic devige These mechanical solicitations
can always be expressed as a mechanical strain load using
macroscopic modeling of the phenomefeg., Deal and
Grove’s model for thermal growth, Vegard’s law for implan-
tation, Fick's equation for evaporation or absorption of wa-
ter, etc). Knowing the initial load and the residual stress due
to previous process steps, we calculate the new distribution
of the internal stress applying the equilibrium conditions for
the forces. For the accuracy of the calculations, we take into
account the complex thermomechanical thin film properties.
In the range of temperatures used in the front-end processes
([700-1100°@), and in the range of stresses measured in
thin film materials([20 MPa—2 GP}, microelectronics ma-
terials show very different mechanical behaviors, from elas-
tic (e.g., §) to viscous(e.g., highly stressed SjCat high
temperature Furthermore, at these temperatures and/or
stress levels, the amorphous materials may exhibit viscoelas-
tic behavior§’ and the(poly)-crystalline materials may have
elastoplastic behaviof§. Simple macroscopic rheological
models (i.e., Hook’s, Saint Venant's, Maxwell's, Newton’s
laws) are available in the literature to represent all of these Micron
mechanical properties. FIG. 5. 2D distributions of the trace of the strain tensor in the STI structure
before the densification of the HDP/TEOS oxides. Tensile peak&5(

%X 107%) are located at the tip of the bird’s beak and at the bottom corner of
the shallow trench. A compressive peakZ5x 10~ %) is observed at the top

Stress models have been developed for the followingorner of the active area.
materials: silicon, polysilicon, tetra-ethoxysilane, silicon di-
oxide (SiQ), HDP-SiQ, phosphosilicate glassPSG, . . . . : .
borophos;%osilicate gIa%BPgG), Fhermal SiQ, SikN, de- SI?, being half the actn(e and |solayon area width andu‘r@_
posited by LPCVD or plasma enhanced chemical vapofh'Ck' Then, the following processing s_teps have_l?een simu-
deposition(PECVD), titanium and cobalt thermal silicides, ateq. pad ox_|de(_pado>9 format|o_n, n|tr|d.e.dep03|t|on, an-
tungsten, aluminum, copper, cobalt, and titanium. In Si, th@ea}lmg of OX|.dat|on mask,'etchmg' of ”"F'de’ and padox to
anisotropy of the mechanical properties has also been incofj-efme the active area, etching of Si to define the trench, ramp

: : ; , dry oxidation of the trench and annealing, ramp down,
. Th f f
porated. The Si substrate is considered free of siress aftf: finally, filling of the trench with either HDP or HDP

strain at the beginning of all process simulations. The equa-: . .
tions of these mechanical models have been implemented i LPCVD-TEOS. All these steps contribute to the generation

our homemade 2D process simulator, IMPA®T 'The IM-  © strain in the Si substrate. Figure 5 gives the simulated
PACT software is a multidimensior’wal platform allowing morphology of this STI structure. One should note the pres-

from the process and layout description of an integrated cirence of a compressive peak at the center of the active area,

cuit to define input files for 1D and 2D processes. IMPACdeUCEd by the intrinsic tensile stress_ of the n_itride layer. One_
allows other process simulators to be plugged in rather easil an a's‘? see the appearance of a high tepsﬂe peak at the tip
and it is interfaced to device simulation. f the bird’s beak and of a high compressive peak at the top
In this software, we have adopted the FE method usingl:‘_i corner o!ue _to oxide growth on a convex angle. Th_e oppo-
the Galerkin weighted residual formulation for the solution ite behavior is generally observed at the bottom Si corner

of the equilibrium equations. The initial mesh is a Delaunay("e" tensile peak due to oxide growth on a concave cimer

triangular one. We use a single mesh for all species, anBUt which is much reduced here due to the faceting of the

linear shape functions have been chosen to approximate tFEner-
real stresses and strains. The general iterative treatment of
the mechanics for a processing step is given in Ref. 67. V. RESULTS AND DISCUSSION

A. 25.0- and 2.0- um-wide STI structures

—
o
.
k=3
k=3
ks
—
-4
e
1
-
i
Ee
=

Micron

B. Numerical implementation

C. Simulation of the STI structure The above outlined procedures have been applied to de-

To determine by calculation the strain field distribution termine the strain in the STI structures shown in Fig. 1.
in the STI structures investigated in this wdFkgs. 1 and 2, Raman spectroscopy experiments were performed across
we have used the symmetry of the structure and defined a&0- and 25.0um-wide active lines isolated by shallow
initial simulation domain, composed of one materigé., trenches, as shown in Fig. 6. The Raman frequency of the Si
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Raman scan ST 0.5 y g T T 7 T T
2 25 25 \ 2 —e— Experiment
« 0.4 —O— Simulation
4.2 35 4.2
0.3
FIG. 6. Schematic picture of the sample used for Raman spectroscopy ex- /‘
periments. It consists of 2- and 2Bn-wide Si lines isolated by shallow 02 »
trencheqSTI). The arrow indicates the region scanned by Raman spectros- = /
copy. It crosses first a gzm-wide Si line and next a 2@m-Si line. The g
results of this measurement are shown in Fig. 7. ‘8’ 0.1
< /
0 ¢
peak is measured during a scan across these structures. We ¢
first discuss the results for the 25.0n line. As can be seen o1 W
in Fig. 7, a negative Raman frequency sliifegativeAw) is
measured just outside the edges of the active area, indicating
. . . . . . -0.2 .
tensile stress. This stress might be present either in the Si at o 1 2 3 4 5 6 7 8
the vertical wall of the active region that is in contact with Position (um)

t_he oxide, or JUSt_ at the edge in j[he S_I underneath the ISOI"J‘EIG. 8. Calculated and measured Raman frequency shift as a function of the
tion. The resolutloh of the te_Chmque IS n(?t good en_OUQh tQateral position in the 2sm-wide device of the structure shown in Fig. 6.
make any conclusions on this. Compresswe stress Is seen at

the edge of the active argpositive Aw), fast decreasing

away from the edge towards the center of the active area. F@formation on the vertical gradient of the stress in these STI
the 2.0um-wide active line(left part of the curve in Fig. ¥ structures can be obtained through the CBED technique.
the picture is somewhat different. The compressive stresses A number of CBED patterns have been taken along a
present at the right and left edge of the active area, as Ohiine parallel to the padoxide/substrate interface in the active
served in the 25.qum active line, now overlap giving rise to regions of the 2um-wide structure AA’ cutline in Fig. 2.

a compressive stress in this narrow line which is larger thairigure 9 shows the plots of the strain distributions obtained
the one seen at the edge of the wide line. The tensile streggong this cutline taken at a depth 100 nm below the pad

near the edgetnegativeAw) is smaller in this structure. In oxige/substrate interface. The three independent components
order to obtain quantitative data on these stresses, the Raman

spectroscopy results are compared with CBED and/or FE
data.

u-RS emulatiof* has been implemented in IMPACT in 3 101
order to convert the calculated stress tensors into Raman fre- =l o) \‘ Aa
qguency shifts. Figure 8 presents the evolution of the calcu- © % g 3~ e - A o
lated and measured Raman shift as a function of the lateral z %10' J ~
position for the 2.0um active line. For the simulations, we g Stzo{
have assumed that Si behaves elastically while,S@d I —a—Trace "
. . . . -304 —® -¢
Si;N, are viscoelastic materials. One can see that the calcu- . A \
lations can predict accurately the variation of the stress in -404 # :
these structures. The agreement is worse around the trench 1000 750 500 -250° O 230 500 750 1000
wall where several tensile and compressive peaks are located (a) x (nm)
at the same coordinate. Indeed, since the absorption depth
of the laser used i@RS is around the depth of the trench, all 4- .
these peaks are integrated in the Raman signal. The missing /\
2+ [ ] | | "
2 N N
T T T T T E, 01 T \/
031 - wu -2 /
~ 02r -
§ k— »/'/\ R |
£ 01 - I
g 6 -
« LYWLy Guprees | - T T T T T T T T T
00 M\} TR -1000 -750 -500 -250 0 250 500 750 1000
Q1P 7 (b) x (nm)
| | 1 1 | | | |

0 5 1 15 20 25 30 35 FIG. 9. Components of the strain tensor in therd ST structure along the
Position (um) AA’ line in Fig. 1 (cut line atz=100 nm), as obtained from the CBED
analysis.(a) Diagonal components and trace of the tengby; XZ shear
FIG. 7. Raman frequency shift measured during a scan across the structusérain component. The trace is symmetric with respect to the center of the
shown in Fig. 6. structure, whereas the shear strain is asymmetric, as expected.
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0.1 SL,N, l ] [ 08
) f [ —— Simulation p-RS (457.9 nm)
| \ 0.6 —+— Simulation u-RS (deep UV) i
| f ‘ 0.4 —o— Experiment CBED (z=100nm)
0 /‘ - - Y —m— Experiment u-RS (457.9 nm)
J \ IS
| Thermal oxide\_14 g,/ /7@7/ / ”/; 02
=] ‘0.1_— //( ;/((2 g’ 0
g ‘T Y / ,/ e ( 7 g < o2
b 7 -7 1
sl J o 04
] / / / 0.6 112 Active
i p / 0 e Area Isolation Region
T Ssilicon / / / 08 - -
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- / / / Position (micron)
] y / | \
‘0 LR PR AR (A RRRA A A Y ll(il‘ FIG. 12. Comparison between the Raman shifts obtained ft@msimu-
’ : Microﬁ g lated uRS experimen{457.9 nm, no symbg| (2) simulateduRS experi-

ment (deep UV, diamong (3) CBED experiment(cut line atz=100 nm

FIG. 10. 2D calculated distribution of the trace of the strain tensor in theunder the Si/Si@interface, circlg, and(4) real uRS experiment457.9 nm,
2-um-device of the structure shown in Fig. 6. Strain values are divided bysquarg in the 2um-wide STI structure.
1x10°4.

of the strain tensor dxx=eyy, €77, and ex;= —eyy) are
shown, together with the trace of the tengdir(e)= exx
+eyyt €22=2€exxt €77]. This last parameter, which repre-
sents the local volume variation of the unit cell, has proved
to be more useful than the single strain components in th
comparison between the CBED values and those comput

in mind that, according to the simulatidifig. 10), within

this Si region the distribution of the strain is expected to be

very complex, showing large gradients.

In order to assess the results given by both the CBED

measurements and the FEM calculations, we compare them

dgq the measurements performed WitRS. For this purpose,

by the IMPACT process simulator. It is evident that the trace/V€ have converted the data given by the CBED technique
is generally negative, which indicates a compressive strain; ft-€-» the strain componentito Raman shifts. From CBED

is more marked at the edges of the active regiams, closer

to the trenches

Figure 10 gives the calculated 2D distribution of the

measurements, the values of the three strain components are
obtained at different positions along the structures and at
different depths. These values are filled into the secular

. 64 . . . .
trace of the strain tensor for the corresponding structures. ffauation;” and this equation is then solved for eigenvalues

we compare these calculations with the measurements pré
sented abovérig. 11), the agreement is pretty good, bearing

Tensor Trace (x 10‘4)

10 -

fuy
(=]
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(V83
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w
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1
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-50

___ Simulation (Z=100nm)
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T T T T T T T T T
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Position (micron)

nd eigenvectors. From these values, the Raman frequency
shift and intensity can be calculated. This allows a direct
comparison of CBED data and Raman spectroscopy data.
The results from this “CBED to Raman” conversion are
compared to the measured Raman spectroscopy data in Fig.
12. We observed some discrepancies between these two
types of experimental data, in terms of magnitude as well as
variation along thex coordinate. The CBED datésolid
circles in Fig. 12 show a reduction of the compressive peak
in the center of the active area while the measurements ob-
tained byuRS (solid squares in Fig. 22do not show this.
Both measurements exhibit a reduction of the compressive
peak towards the border of the active area. The CBED mea-
surements show also a second, smaller, compressive peak at
the edge of the active area while this peak is not observed in
the uRS data. There are two reasons for these discrepancies.
First, Raman spectroscopy measures a weighted value with
depth, while CBED does not. Second, Raman spectroscopy
has a spot size of about Am while CBED had a much
smaller spot size. The calculations of the Raman shifts from
the simulated stress tensors taking into account the properties
(i.e., beam diameter and depth of absorptiohthe 457.9

nm argon lasefsolid line in Fig. 12 show a good agreement

FIG. 11. Comparison between the calculated and measured trace of thgith the Raman measurements. If we perform the same cal-

strain tensor as a function of the lateral position in therg-wide STI o 1ations but considering an extremely small depth of ab-
structure along a cut line a&=100 nm below the silicon/silicon dioxide

interface. The numerical calculations are performed with an elastic model oPOrPtioN (100 nm and an extremely small diameter of the
the rheological behavior of silicon. laser beam(20 nm), one can observe an even better agree-
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ior of Si. As a consequence, the distribution of the strain is
completely modified in this area and, expectedly, does not
match the results given by the CBED techniqselid tri-
angles in Fig. 18 Therefore, we have performed the calcu-
lations introducing an elastoplastic model for &olid
squares in Fig. 13 We have only considered an isotropic
plasticity criterion, the von Mises criteriof.It is very simi-

lar to the Tresca criteridit"*but has as an advantage that it
is continuous, which is better for numerical implementation.
In the simulation, this yield stress is fixed at 1.5 GPa. Thanks
to the work performed on the 2Zm-wide structure assessing
the accuracy of the CBED measurements and FEM calcula-
tions against the well-establish@edRS, we can conclude that

it is mandatory to use elastoplastic modeling for Si in me-
chanical analysis of deep submicron structures involving
thermal oxidation of Si. However, for the most compact

T T | T T T
-100 -80 -60 -40 -20 O 20 40 60 80 100

- structures, the comparison between calculated and measured
Position (nm)

results is presently difficult. Indeed, in these small active
FIG. 13. Comparison between the calculated and measured trace of tt@reas, the gradient of the strain is much more important
strain tensor as a function of the lateral position in the Qu&2wide STI (>8e-4/nm than in the 2,um-wide structure and the errors
structure along a cut line a=100 nm below the silicon/silicon dioxide . _
interface. The center of the active area is locateat=aD nm. Numerical on the location of the mea_su'@bom 20, nm aré non
calculations are performed either with an elagtircle) or elastoplastic negl!glble compared to the size of the active area. Methqd'
(squarg model of the rheological behavior of silicon. ological developments of the CBED procedure for strain

analysis are presently in progress to overcome these difficul-

] ) ties. They include(i) the investigation of zone axes with

ment between the Raman shifts obtained from the CBEQgqyced sample tilt angle&<10°), which will reduce the
data and these simulatiofsolid squares in Fig. 2In par-  roped volume at each point, afit) the measurement of 2D
tlpular, the simulations show the.reduct|on of the compressyrain maps through a digital beam positioning and a faster
sive peak at the center of the active area and the appearangg,cedure for the extraction of the strain tensor. The com-

of a second compressive peak at its edge. This result is in5aison between experimental and simulated 2D strain maps
teresting for three reason§) it shows that both techniques \yqyid allow in the near future a better assessment of the
give the same informatiorii ) the numerical model is able to accuracy of the models.

predict the fine details measured by the CBED technique,
and (iii) Raman spectroscopy measurements using the so-
called “deep UV Raman” technique, giving a smaller pen-V. CONCLUSIONS
etration depth and smaller spot size, would open, when avail-

able, perspectives for stress measurements using Raman Strain data_have been meas.ured |n.test structur.es consist-
spectroscopy. ing of a few microns and submicron wide STI devices. For

the widest structures, the measurement was made using both
uRS and CBED techniques, while for the narrowest one,
only CBED was performed. These data were used to assess
For these very compact structurgsiRS could not be the accuracy of numerical models implemented in a TCAD
used since we are far from its best spatial resolution. Theoftware(IMPACT). On the other hand, the numerical simu-
CBED technique is the only choice, although the measurelation was useful for the measurements by understanding
ment and its comparison with the calculations are rather difhow the strain is built in Si during the process and providing
ficult to carry out due to the extremely large strain gradientall components of the strain tensor. In particular, for the
in this compact structure and due to the uncertainty in th&-um-wide structure, we could show th@t CBED anduRS
localization of the probed region of the samgébout+20  measurements see the same strain in the STI structures and
nm diam, due to projection effects in ti230) orientation. (i) the numerical simulation can predict this strain. We have
According to the simulations performed on theuB+wide  converted the CBED and calculated strain components into
structure, we expected to find a tensile state of strain at thRaman shifts to perform the comparison. Thanks to the
center of the active area. Indeed, the calculated tensilagreement obtained on the widest structure, we could rely on
stresses present at the right and left edges of then2wide  the CBED data obtained for the narrowest one, and thus
active areaFigs. 5 and 1Pshould overlap in the 0.22zm  compare it with the calculations. This comparison has shown
active line. However, the first calculations predict a compresthe necessity to model Si as an elastoplastic body. This im-
sive state of strain in this area as well as unrealistic stresgortant result demonstrates that now a powerful tool is avail-
levels (>2 GPa in the top corner of the active ardsolid  able to assess the state-of-the-art technology with respect to
circles in Fig. 13. This means that for very compact struc- stress in terms of both reliability and stress-carrier mobility
tures, we overestimate the amount of energy stored in theoupling. Its benefits lie in accelerating technology develop-
active area using elastic modeling for the mechanical behavnent, process integration/optimization, and substantially re-

B. 0.22-um-wide STI structure
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ducing time to market. The future work will address the cru-
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cial issue of establishing a direct link between the stress staféD- Scharfetter and H. K. Gummel, IEEE Trans. Electron Devitést4

obtained by process simulation and the electrical failures oby,

served in the devices.
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