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Mass absorption coefficient of tungsten for 16082100 eV
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The transmission of soft x rays with photon energies from 1606 eV to 2106 eV was measured for tungsten
using thin-film samples and a synchrotron source. This region includeMtheand M\, edges. The two
tungsten films had thicknesses of 10770 nm and 51.5 10 nm; the intensity of the transmitted x rays was
measured with a silicon photodiode. The values for the mass absorption coefficient reported here were deter-
mined from the ratios of the transmission through the two samples, i.e., through a net186:/2m of
tungsten, and some additional constant factors. Vhg, edges have width§10%—-90% after background
subtraction of 33+=5 eV and 2&5 eV, respectively, compared to zero width in all x-ray tables based on
atomic form factors and to 41 eV and 44 eV within a real-space multiple-scattering theory. The measurements
are relevant to microspectroscopy and microtomography of integrated circuit interconnects and may be appli-
cable to accurate measurement of the mass absorption coefficients of similar dense elements.
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[. INTRODUCTION spectral region have been limited to tie emission lines of
Al and Si at 1487 and 1739 eV, respectivEly?

Recently, thicknesses of parts of an integrated circuit in-
terconnect were measured using transmission coefficients
obtained from scanning transmission x-ray microsc¢opy
(STXM) and mass absorption coefficients from x-ray taBles. ~ Two thin films of tungsten were made by Luxel Corpora-
A similar study, comparing thickness information from trans-tion using ion-assisted deposition using 400 eV argon ions.
mission coefficients, atomic force microscopy, and tomograThe manufacturer reported a thickness of 1871® nm and
phy, was performed on a germanium test pattern with sub51.5+10 nm for the two films, as measured by profilometry.
micron features.STXM has also been used to obtain three-(All uncertainties quoted herein are total with a 95% confi-
dimensional information on integrated circuit interconnectsdence interva).The key parameter is the difference in thick-
using tomograph§-® For tomography to be efficient a trans- ness, 56.2 14 nm. The samples were floated onto Lexan
mission factor close t@ 2 is desirable’ for a sample of a substrates of thickness 22920 nm and 222520 nm,
given size and material, this indicates that the mass absorpespectively. The Z28 nm difference in the thickness of
tion coefficient should be in a certain parameter range. Ahe substrates is neglected because Lexan is a polymer, and
suitable mass absorption coefficient can be selected only byence its attenuation lendthanges from 9 to 2Jum across
adjusting the photon energy; hence, x-ray tables are a convé606—-2106 eV. The samples were held at room temperature
nient tool for designing x-ray tomography experiments. in an aluminum box wrapped in a sealed plastic bag contain-

Chantlef® suggested that there is an uncertainty of up taing desiccant for 3.5 years before the x-ray measurements.
a factor of 3 in the 1-3 keV region in the tabulated massThe samples appeared uniform when inspected visually by
absorption coefficients, in contrast to the 5% uncertainty esmicroscope just prior.
timate also given recently and 30% quoted in Ref. 1. En- The measurements were made at beamline 2-ID-B of the
ergies just below the silico edge at 1839 eV were used in Advanced Photon SourcéPS).}* The undulator beam is
STXM studies of integrated circuit interconnécts® to  monochromatized by a water-cooled spherical grating mono-
achieve near-optimal penetratiotrough several microme- chromator with a constant deviation angle of 4.5°, a
ters of silica. Among the materials commonly found in inte- rhodium-coated grating with ion-etched laminar grooves, and
grated circuit interconnects, tungsten has two absorption adjustable entrance and exit slits. Harmonics of the undulator
features in this region, th#,, at 1809 eV and théM, at  fundamental energy are effectively suppressed above 2.8
1872 e\? We were motivated to measure thé, edge to  keV by two rhodium-coated mirrors operating in tandem at a
improve the reliability of using x-ray transmission to obtain grazing incidence angle of 1.25°. Including the diffraction
depth information as well as to understand the line shape tefficiency of the grating, harmonic content is conservatively
assess the prospects for using it for microspectroscopy dastimated to be below 1%. The incident photon energy was
integrated circuit interconnect samples. We measured thecanned from 2106 eV to 1606 eV in 5 eV steps and sepa-
M, edge, the spin-orbit split partner of tiv, as well. rately from 1906 eV to 1806 eV in 1 eV steps with 1 s

The measurements presented here cover the spectral @bservation time per data point. Both the samples and the
gion continuously from 1606 to 2106 eV. Previous measurephotodiode were in air. Scans with the samples removed
ments of the mass absorption coefficient of tungsten in thifrom the beam were also made. The x-ray beam had an an-
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nular cross section with 9gm outer diameter and 4Qm 8000 ——T—T—T——T—T—T—T T T T T

inner diameter. The flux transmitted by the sample was de- 5000 | Present5ev x i
tected with an International Radiation Detectors Inc., AXUV- 5 Present 1 eF‘i/t — ’MW
100-Ti2 absolute calibrated silicon photodiode with a 180 § 4000 1= = Heinrich + .

Lublinetal. ¢

nm Ti filter. These photodiodes are known to have excellentg
response uniformity, very stable quantum efficiency, andg 3000

NIST-traceable responsivity over the 100—4000 eV photong

energy range® The monochromator resolution ranged from g .

AE=5.1 eV at 2106 eV tAE=3.0 at 1606 eV, a second ‘§ 2000 |- ¢ y

run was taken witlAE=8.6 eV at 2106 eV, becominyE s 0 X

=5.0 eV at 1606 eV, calculated for the beamline parameters g o T

with a method presented earlfér. - « T ~.
Although the thickness of the films was measured, the | 7 -

areal mass density has additional uncertainty. The bulk den too0 b — L

sity of tungsten is 19.3 g/ctnHowever, thin films may, in 1500 1600 170%,16@,}?23) 1900 2000 2100

an unusual case, have a density as low as 0.5 times the bulk

density:.” We take this factor to be 0:90.1, based on the FIG. 1. Mass absorption coefficient, as measured in present ex-
experience of the vendor in making similar samples, leadingeriment and from line source dafdiamonds(Ref. 12 and +

to the valuep=17.4+1.9 g/crﬁ. Ref. 13]. The larger error bar gives our uncertainty in the absolute

The raw photodiode current data was normalized by thé/a_lue Qf our dat_a within a 95% con_fidenc_e_inter_val; on the semilog
current in the APS storage ring. Due to the presence of Siligrlthmlc plot, this uncertainty perml.ts a rigid shlft of the data. The
con in the beamline optics and the photodiode, a pronouncel"2!€" error bar denotes the relative uncertainty for the mass ab-
SiK edge was evident in the data. We added a constant valggPto" coefficient at any given energy including both pointwise
of 6 eV to the nominal calibration of the beamline mono- - o and drifts. Two runs are presented: usingymbols for data

. . taken with 5 eV spacing over the full range and using a solid line
chromgtor to set the kr?°""” positiéd839 eV of this edge. or data taken from 1806 to 1906 eV. The dash-dotted line is a
We r_elled on a calibration of the monochromator performet%ower_law fit to the present data from 1606 to 1801 eV.
previously to set the energy scale.

We. detgrmine the transmission_coefficient of the diﬁer'wherep is the mass density artds the sample thicknessr
ence in thickness of the tungsten films from the formula  nickness difference in our case Explicitly, 7=

—(InT)/(pt). The figures below are presented on a semilog
L thick/ | ring-thick arithmic scale so that the reader may easily assess the affect
TN T of a constant factofe.g., due to uncertainties ipt) by a
rigid shift. The quantitypt has an uncertainty of-27%.
Despite the dramatic change in the responsivity of the system
at the siliconK edge, there is no hint of an artifact at this

corded separately for eacl s interval; similar definitions edge in the transmission coefficient data. We note that the

hold for the thin sample. This method has the advantage oﬁma” W fluorescen_ce background Wh?C.h will ha_ve _been
correcting for the beamline, air path, and detector efficienPresent in the experiment posed a negligible contribution to

cies. The incident x-ray intensity was proportional to the ringthese uncertainties, pnmgrlly due to t.he. low ylgldmﬁluo-

current, which was nearly constant during our observatiorl SS¢€NCc€ at these ene_rgles_and the limited SOI'.d angle of our

period ,The only difference between thin and the thiCkdetector. In the following discussion, we consider only the

samples was thimterior tungsten in the thicker sample. The data t?"e” at the higher-energy r.esolu'uon. The Igwer_—

substrates were negligibly different, as argued above; morE(_esolutlon data were only used to estimate the uncertainty in
; " ) ' 9

over, the two materials had nearly identical surface propertheI folr:mer,lnamelé/,t 10%. d . |

ties (oxides, etg, so the experiment was reasonably immune n Fig. 1, our data are compared to experimental mass

to surface effects. Also, there were no unexpected x-ra bsorption data on tungsten in this spectral region which we

lines, which rules out contamination from 23 eleme(8§ ere aple to fin.d. in the !iterature. O_ur va'lug for the mass
Se-Y, Sm-Iy. Gullikson and co-workers have made a Sim”(,iral;)sorptlon coeff|0|ent is higher, agreeing within uncertainties
argument for a related measurem#hthe reproducibility of ~ With One experiment, but not the second.

the measurement is 10% in the worst case; this figure is

taken as the uncertainty. Consistent with the literature, we  lll. COEFFICIENT BELOW THE ABSORPTION

present values for the mass absorption coefficigitonven- THRESHOLD

tionally [ 1/p] (Ref. 8] in cn/g, taking the atomii:z\iveight In the absence of an absorption threshold, the mass ab-
of W o be 183.84 amu (1 ‘?‘W-?GO =38 73< 10 9)- sorption coefficienty usually decreases with the photon en-
The mass absorption coefficient is determined from Beer’%rgyE as7(E) = 7,E~“ wherey, is a material-specific con-
law stant anda, to a certain extent, a universal const&hThe
present data obey such a relationship, as shown in Figs. 1
T=e ", and 2. An exponent may be derived from the two previous

Ithin/I ring-thin

where I,k is photodiode current with the thick sample in
place andl ng.mick is the corresponding ring currerite-
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transition. IPA is the independent particle approximation and RT-
DLDA includes screening of the external x ray with the relativistic
time-dependent local density approximation.

2500 T T T T T T T TABLE I. Two parameters related to the mass absorption coef-
‘x-i‘.,ex,x‘ ficient of W: the exponend relating the mass absorption coefficient

& ""*;;Qf_ XX and the energy yia;: E™~“ below the threshold and jump ratioof
£ 2000 Present X XX, i i the My, contribution to theM,,, contribution of the mass absorption
= Heimigg . *5?“’&*;&,’? - coefficient of W. “General values” refers to averages over many
2 Lublin etal. < x5 XX elements from experiments performed in the early days of quantum
g Herkeetal. - mechanics. “Statistical ratio” is the ratio of the number of electrons
© FEFF solid -=--- in the 3ds, and 35, orbitals. The symbolAE,, andAE,, refer
S 1500 |- Chantler wwm * . o2 e My Miv :
i e to the energy difference between the 10% and 90% values in the
2
<
[}
&
=

a T AEy.  AEy
1000 L L L L L L = v v
1600 1650 1700 1750 1800 Tablé® 2.17 1.49 0
Energy (eV) Tablé 2.10 1.58 0 0
FIG. 2. Mass attenuation coefficient from present experimenfEXpt'C 2.74
(X), line source datadiamonds(Ref. 12 and + (Ref. 13], two Expt.d 2.23
comprehensive x-ray tabldshort dashed linéRef. 2 and dotted ~ Present IPA 2.07 1.73 37 32
line (Ref. 9, and presenterr calculation(Refs. 21 and 2Rinclud- Present RTDLDA 2.58 1.36 36 35
ing all N shells within atomic(solid line) and solid-state(long Present FEFF 2.36 1.57 41 44
dashed lingapproximations. Error bars denote uncertainties as depresent expt. 274081 130030 335 28+5
scribed in the caption to Fig. 1. The dot-dashed line is a power-lawseneral valuds 25_3
fit to the present data. Statistical ratio 15
measurements; these values and the value of the exponefluference 2. *Reference 23.
are given in Table I. The two values measured from linebgeference 9. fReference 21 and 22.
sources are in rough agreement and both are consistent WitRaference 12. 9Reference 19.

the present value within our uncertainty. dreference 13.
There have been several comprehensive tabulations of the
X-ray s%ezgtra of many or all eIementls over broad spt_—zctral IV. COEFFICIENT ABOVE THE ABSORPTION
ranges>>?° The subject has been reviewed recently with a THRESHOLD
100-year perspectiv€. The (relatively featurelessresults
are shown in Fig. 2. It may be seen that neither tabulation is The transition widths are presented in Table |. Hrer
in agreement with our measurements to within the joint un<alculation and both variants of the RTDLDA calculation
certainty of the present measurement and the tables. give a reasonable account of the transition widths. To ensure
The mass absorption coefficient is dominated by photonhumerical accuracy, theerr results were calculated using
electric absorption, with corrections for W in this energy full multiple scattering® within 100 eV of each threshold.
regime being well below 1% Accordingly, it is appropriate  From the early days of quantum mechanics, it has been tra-
to compare the measured data to calculations of the photatitional to consider transitions at x-ray edges to be abrift
electric cross section. We have performed a calculation usinglthough it has also been known from that period that the
a popular real-space multiple-scattering magaiFr8.1021?2  transitions are continuous if resolved on a fine enough en-
which was developed as a tool for the analysis of x-ray abergy scale® Abrupt x-ray transitions are a feature of all
sorption fine structure. Nevertheless, the code produces al-ray tabulations of which we are aw&r&2°?*The models
solute values for cross sections, which are shown belovhave a zero width for x-ray transitions which arises within
threshold in Fig. Zafter division by the atomic mass of W  the Dirac-Fock atomic modélA zero width is not necessar-
The calculation includes all seven N shells; O shells arely a feature of atomic theory as exemplified by the relativ-
omitted. (A calculation we performed within the relativistic istic time-dependent local density approximatfdrin con-
time-dependent local density approximafiodicates that trast, FEFF begins with an embedded-atom model which
this is a 5% approximatiopAgain, the calculated values are includes contributions from the potentials of the neighboring
well below the present measured values. The small predicteﬁtoms?6
x-ray absorption fine structure is less than our experimental To focus on theM,,, edges, we opt to present all theory
uncertainty. and measurements above threshold with the background
We also performed an atomic calculation with the relativ-from lower-energy transitions subtractéour data and the
istic time-dependent local density approximatiiRT-  table$®) or omitted (FEFF calculation$, as appropriate. The
DLDA), with and without dielectric screening. Some of the subtraction follows the power law formula discussed above
parameters are given in Table I; agreement with the presemnd in Table |; see also Fig. 1. The results, along with a
experiment is quite good. However, the RTDLDA cross sec-calculation performed by us using tteFrF 8.10 code, are
tion is too small both above and below threshold by about &hown in Fig. 3. The results of Refs. 2 and 9 are almost
factor of 2. identical on this plot, so only one is presented. The tables
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4000

dicted by the embedded atom modelrafFF as well as the
3000 | purely atomic model of RTDLDA. It is not predicted by the
5 . zero-width Dirac-Fock approximation. Indeed, above thresh-
£ 2000 [ old, FEFF gives an excellent account of the data in this re-
g i gime. To understand the origin of the widths we argue that
g the transition is broad because the lowest-level unoccupied
S 1000 states in metallic tungsten haved Scharacter; transitions
5 - from a 3d state are dipole forbidden at threshold. At some-
'<‘§ :_ FEFF atom — what higher energies the virtuaf ®rbitals yield a high den-
g 500 ok E solid ==+ sity of states with dipole-allowed transitions.
@ 400 i Present x 8 We suggest, cautiously, that the success ofttrr model
2 sl i within effective medium theoy may be suitable for the
: construction of tables. For a given atom, there is a particular
200 L R density of the electron gas which minimizes that energy. In
1800 1850 1900 vy 2000 2050 2100 hractice, this density is realized in real compounds, at least

. o . for the case of metallic alloy& Hence, for condensed-matter

FIG. 3. Mass attenuation coefficient attributable Nbshell  applications the assumption than an atom is embedded in an
emission, from present experiment) and an x-ray tabl¢short  electron gas whose density is an energetic minimum may be
dashed line(Ref. 2] after subtraction of power-law background, 5 petter assumption for universal application than the as-
and presenterF calculation(Refs. 21 and 2Rincluding only the sumption of a free atom.
My shells within atomidsolid line) and solid-statélong dashed For energies below th#l, edge, all theories and tables
line) approximations. TheerF calculation is performed within its 46 /a1ues which are substantially lower than those obtained
x-ray appearance near-edge StructitANES) version within 100 in all published experiments, especially the present one. Al-
eV of the M, and My, edges. The results of Ref. 9 are almost . -
CO . though the tables do not claim to be accurate just above
identical to those of Ref. 2 and so are omitted here. . .

absorption edges, they do claim accuracy below them. Yet

and the present experiment are in agreement within the urjfhe tables are not in agreement with ”“? published exper-
certainties after the transition is completed; they differ radi—mental dgta in this regime. It is not ennrgly clear how to
cally for the widths. The tables caution that they are not Va"dremedy this proplem. The RTDLDA gglcula’qon suggests that
near transition edges, particularly since solid-state effects ar%ynamlc screening effects'are S|'gn|f|cant if agreement well
stronger there. The data are also in agreement with the r@_elow the factor-of-2 level is de5|_red. .
sults of therEFFmodel within the experimental uncertainties, W.e were brought to the question of the mass absorption
although at higher energies a possible discrepancy is emer oefficient near the tl.mQSIEMV edge from a attempt to un-
ing. On the experimental side, this may be due either t erstand twc_)-ghmensmné:ED) and 3D x-ray images of inte-
inaccurate background subtraction below the threshold or tgrated circuit interconnects. In particular, it would be des!r-
a measurement error in the high-energy region. The fin ble to qua_qt|fy tungsten in samples using x-ray energies
structure is too small to be observed with our uncertainties: elow the siliconK edge at 1839 eV. This may, in fact, be

As remarked before, the RTDLDA modeiot plotted leads possible: for e'xample, we measure the ratio Of. the tungsten
to values about a factor of 2 too low mass absorption coefficient at 1830 eV to its value of

Also shown in Table | is the jump ratie of the M\, to 1510 eV io b? .1'44 0.20; sin_ce nearlly all other elgmer)ts
M,y transitions, using peak to trough values for the experi-WIII have a ratio jUS.t below “"!'ty fpr this par_ameter, imaging
ment and theories which yield a finite width. If one assumed! these tW(.) energies may yield images with reasonable, al-
that the only effect of spin-orbit splitting is to divide the though not ideal, contrast. . ) .
electrons into two otherwise identical groups, the statistical '_I'he results of this study are Ilkely_to find brogde_r appli-
ratio 6/4 will prevail for this quantity. We are not able to cations to other technologies depending on W thin films and

distinguish between the theories and tables by this paramet&?curate determination of the mass absorption coefficients of

other than to note the screening of the RTDLDA brings thenelghbormg elements such as tantalum.

jump ratio 7 into better agreement with the data.
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