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Mapoclectronics  require the introduction of scveral new
unchameterized  matsrial(s) combinations and Dew processing
techniques. The eritical metrology and chameterization needs of
the panoelectronics induslry are being addressed with a broad
mnge of development programs &t the Maticaal Institute of
Stapdards and Technology (NIST). In this paper, we provide an
averviw of the recent advances in nanoeloctronics enabling
i :ia_nmqaﬂiﬂ._:ﬁuﬁu_z_“m,_..

o We will discuss o broad range of new technigues, cquipment
and infrastructure that arc being developed to enable atomie and
nano-scale measurements. Examples in¢lude, but are not Hmited
1 high resolution, low notse techaiques and mnfrastructure for
manoscale chemical analysis, metrolegy for chamcterizing device
‘and material intrinsic reliability; clectrical, optical and physical
characterization of novel matenals, and monitoning of processes.

Introduction

ectrunics / nanceloctronics industry  supplics vital components to the
ustry and to the globul cconomy. enabling mpid improvcments in
‘the emergence of new high tochnology growth industrics such as
& commerse and biotechnology. NIST in fulfilling its musion of sirenglhening
works with industry 1o develop and apply technology, measurements
5, and applies substantial efforts on behalf of the cemiconductor industry and
cture. This report describes some of the many projects being conducled st
liTiie that effort.
9804, the National Bureau of Standards (NI3S, now NIST) recognised
ductor industry was applying a much wider range of science and
chnology than the existing NBS program wis designed to cover. The
erliso cxisted at Ni3s, bul spread over many parts of the orgamization. At
: ...u%.%i%& by the US. Semiconductor Industry Association
aily identificd the broad technological coverage and growing industrial
conductor metrology  development.  The Wational Semiconductor
SMP) was created as a result of US Congressional action. In 1958,
od the name from NIS to NIST and in 1991, NIST established the
e Programs (OMP) to coordinate and fund metrological reseanch

3 the agency, and to provide the industry with casy single point
pcad projects.
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The NSMP has stimulated a greater interest in semiconductor metrology, motivaling
most of NIST's labomlories to launch additional projects of their own and to cost-share
OMP-funded projects. The eurrent NSMP portfolio comprises of & collection of projects
under the following broad topics of interest to the mueroclectromies / nanaclecironic
industries:

s Lithography Metrology
Critical Dimension atd Overlay Metrology
Front End Processing Metrology
Interconnect and Packaging Metrology
Process Metrology
Analysis Tools and Technigues
Device Design and Characienzation
System Design and Test Melrology
Manufacturing Suppon

Most, but not all, of these projecis sre partially funded by the OMP. which is
providing a $12 million budget in fiscal year 2007 Furthermore, 5 support ..“___. the
development of nanoclectromcs, the President’s American Competitivencss Initiative
{ACI) enabled by NIST to issuc & grant for S2.76M 1o the MNapotechnology Research
Initiative, under the Semiconductor Research Corporation (SRC) for “Beyond CMOS”
research, to identify the materials and device archite¢ture to replace CMOS in the 2012
{ime lrame.

Nanoscicnee involves atomic and molecular level systems and processes that require

fundamental undemstanding of the various physical phenomena associated i.E very small
systems, which behave very differently than systems contumng bulk materials with well

charactetized properties. To complicate matters, nanotechnology entails the imegrationof

nanoscale materials and sirectures into larger materials components, syslems, amd

architectures. This involves the creation and use of structures, devices, and systems .,.WE_ 3
have novel propertics and fimetions, much different from the bulk properties which ©

depend entically on the size. Thus, control of matter and processes at the atormic and
molecular level is essential. For us to have any idea of what is going on in these
nanosystems, we need to rely on “measurcments” (henee the emphasis on metrology —
the science of meastrements),

Megsurements are an intcgral part of research, process development, EL i
manufacturing.  The micrelectronics industry relies very heavily on measurements 10

process control. Engineers often use the word metrology lo describe procedures, such as

eritical dimension measurements, which roulinely monitor lithography processes inside 8
the cleanroom. (thers generalive it to all in-line measurements. The characlenization
measurements address quality assurance of incoming materials, wafer sereening methods, - :

control and monitoning of equipment and manufactunng processes, &u_mzcm_.h.n and failure
analysis, and end device production in light of intended design and function. They are

best described as a wide range of interdisciplinary activities that defermine the struciure,

compasition, propertics, and performance of materials and devices, and the relutionships

among them. The extension of metrology from the microscale to nanoseale scienee and

technology is non trivial beeause of the differences in responses of the two system scales
1o external stimuli.
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The tole of the NIST in the developmen! of nanosyslems has becn to provide the

.”‘....... pasis for understanding differences and hormonizing the experimental results. This is
' gecomplished by amessing the quality of results in the public domain and predicting
- povel outcomes. For these achivilies NTIST has to:

s Develop new measurements and standards; this entails the developments of
methods, technigues, instruments and tools, reference materials and traceability

s Cntically evaluate data and understand the foundation for models and simulations
to predict propertics and function of materials, as well as produce scalcable
medels and tools for validation

In sddibion to this paper, the following eipght detaled reporls on MIST metrology

 development activilies are presented in this volume:

e The Impact of the Dhclectne/Semiconductor Interface on Microstructure and
Charge Camier Transport in Iigh-Performance Polythiophene Transistors Y.
Jung, R Kline, E. Lin, D. Fischer et al.

s The Challenge of Measuring Delects in Nanoscale THelectrics K. P. Cheung and

J. Suchle
s Supercontormal Film Growth: Mechamsm and Cuantfication T. MaofTut, D,
Wheeler and D. Jasell

s In Situ Gas Phose Disgnostics for Hafnium Oxide Atomic Layer Deposition 1. E.
Maslar, W, Hurst, D Burgess, W. Kimes, N. V. Nguyven and E. Moore

» Combinatorial Methodology for the Exploration of Metal Gate Electrodes on
HID, for the Advanced (ate Stack K. Chang, M. Green, J. Suehle, J. Hattrick-
Simpers et al

¢ Interface Barrier Delerminafion by Internal Photoemission: Applications to
Metal 'Oxide/Sermiconductor Structure N V. Nguyen, O. Kirillov, W, Jiang, J.
Maslar, W. Kimes and.J. Suchle

¢ Scanning Probe Microscopy for Dhiclectne and Metal Charscterization J. JL
Kopanski

In this paper we present high level reviews of a few of the over 130 nanosystems-
related melrology activities (other than those presenfed in this volume) currenily
underway at NIST, The reviews are presented in the form of case studies.

Cuase Studles

John H. Bumett, Simen G. Kaplan, Eric L. Shirley, Deane Horowitr, and Eric Henck

- &L NIST have developed the most sccurte optical properties measurement capability in
- the world that resulted in the “rediscovery™ of an intrinsic birefringence (IBR) at short

“wavelengths in erystalline materials which were presumed to be isotropic and pon-
. birefringent (2).

Lithogmphic systemms [or nanosystems will requite lenses of Wgh-index materials,

3 . With indices greater than 1.8 at the illumination wavelength. The materials will also have
R 1o have a fow value of IBR., less than about 30 nmiem. However, as shown by NIST
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Based on NIST's measurements (e Figure 1), the only cardidates thut can mect the (08
specifications are ceramie spinel and the gamets: P¥rope und htctivm aluminum Barnet
(LuAG), Consequently, lithographic malerials manuficturers have explored the
passibility of developing these matenals. 1t has been foupd that only LuAG showy
reasonable prospeet for manufacturability to lithographic material standards, arul _.E_EHJ_. =
efforts have now beeq foeused on developing LuAG as 4 lens matenal for advanced
lithography tools, ..
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Figure 1. Material screening based on intrinvic bircfringence (IBR) for high-index
Iithographic stepper lens materipls

ase Study #2-

tical 1imension ar 1 Cherlay ?un:a_mmm

New methods for entical dimension (CD) measurements are needed o engble (he
detailed charcterization of nanoscale structures produced m the semiconductor industry
and for manolechnology applications. Spl] angle x-ray seattenng (SAXS) measurementy
with synchrotron sources have shawn promise in mecting scveral grand chullenges for
CD metrology. However, 1t is not practical to depend upon X-ray synchrotron sources,
which are large national facilitics with limitations in the number of available instruments.
To address this problem, a laboratory scale SAXS instrument for critica] dimension
measurements on perodic nanoseale paticrs has beep developed, designed, installed,
und tested by Wen-1j Wu et nl(3). The SYSen possesses two confipurations, SAXS angd
ultra-small-angle X-1ay scaltering (USAXS), with a radintion target of either copper or
molybdenum, With these configurations, the instrument 15 capable of aceess; Og scatlening
angles that probe lenpth seales ranging from ca. 0.5 nm to 0.2 pum. This technigue
leverges the fuct that slicon is transparent 1o X-1ays for E = 13 gy Figure 2 below
shows the CD.SAXS instrument ot NIST jy the SANS-Ma conligumation  with

T
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gurc 4. Comparison of X-ray spectra from a microcalorimeter and a conventional X-
gure 4.

Case Study #3: High Resolution Microealorimeter %-Ray sensor of NIST K3570 selerence glass.

_Spectrometer for Chemica] -

.
Microcalorimeters are a novel altemative technology for energy-dispersive M.-&.h i1 -
speclroscopy en scanning electron microscopes (SEMs).  The energy resolution of |
microcalorimeters s 10 to 50 fimes beles than existing Si-based X-ray sensors.,
Consequently, microcalorimeters can casily resalve closely spaced Xeray lines that <
cannol presently be distinguished. The resolution of microcalorimeters is cven good 9
enough 1o distinguish chermical shifts, thus providing chemical as well as clemennl
information, .,

To move microcalorimeter technology from the laboratary to E:.::ﬂ.MMME: _ﬂ“___””ﬂ
5T is mswisting STAR Cryoclectronics, o Santa Fe New anHMa s __.._u_..m___mH Y
elop a commercial microcalorimeter specirometer. The m_u, : ﬁi?ﬂ i
wn in Fipure 5. STAR has successfully wmw_._nﬂnn. iz :
rocalonimelers and i1s preparing for a full system demonstration,

X

The improved resalution of microcalorimeters cnables the analysis of nunometer seale b
films and particles. Naposcale struclures are best probed by weakly penetrating, low
criergy electron beams that produce X-ravs mthe -1 keV mnge where there are numerous |
line overlaps, These overlaps are easily resolved by the microcalorimeter Xemay spectry
from a microcalorimeter und & conventional X-ray sensor ane S:#EE.::_HEE_"P ..

their typical operating
temperature of 0.1 K. NIST has devoted considerable effort io meke this ultralow: |

K 10 0.1 K is performed using a NIST-designed two-stage adigbatic demagnetization
wfnigerator.  Cooling from 300 Kio3tod K was vnginally perfo

liquid eryogens arc replaced by & closed-cycle cryocooler. The only consurnable for this
refrigerator is electniaity, m.mmEn 5. Commercizl Microcalorimeter Xeray spectrameter umler mmﬁ?ﬂﬂ.mﬂnﬁ _“H
STAR Cryoelecironics for use on scanning electron microseopes. The microcale
Sensors are located at the end of the cold finger at bottom right.

- Case Study 4; __Speciioscopic n_._uE.

#
IR -trapsparent substrates a

It is eritical that the refrigerator used to cool the microcalonimeter leave SEM il
performance unchanged. I particular, vibrations from the cryocooler must not degrade 3
image quality, NIST has successfully worked to minimize the vibralion si b
eryocaoler. SEM images faken with wnd without the cryocooler in aperation show that

1ed metal/diclectric imterfaces
the eryocooler mounted on the SEM has almost no etfect on image quality,

i i i 1 ' i ials is investigating the

t impedimests in the study of novel utatenals 15 investigal
nun“ﬁhnmnﬁ”m”ﬁﬂ" Ewﬂgijm al buned interfaces, .Q..h: with the addition of a
, top metal electrode, anncaling, or other processing steps, interfacial chemical reactions
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» Lee Richter, and Cupp Richter have developed 5 Vibrationg)
spectroscopy technique that takes sdvantage of the transparcnt natyre of the silicon
substrate in the infrared to cxamine the interfucial chemical resctions (hay ooCur i
moleeular clectronic and high-k diclectric samples. This technique, unlike _EE.__..:_MEEH
oplical and electronic Spectioscopics, does not require a thin mietal top elcetrode, enablin.
e ta sty the full range of processing conditions and usc (he same samples for both
clecironic and Speclroscopic measurements with Jess sample contamination. .,..

Within molecular electronics, (he self-assembled monalayer and underlying substrae |

are very well known because they have been wiudied using a wealth of surface SCienge ¥

techniques. [owever, the structure of the arganic matiolayer is unknown afler depositign
of the top metal electrode because most surface scicnce probes lose Sensitivity when (ha o

metal layer approaches 10nm or less. Instead, researchers often assume that fhe

monolayers before and afer metallization are identia] This naive assumption j4))
fundamentally {lawed because mush chemistry oceurs duri ng the deposition of metal, thay
elten changes the structire of the malecules, creates new chemically reactive specics, and|

even results in simple mechaniea] shorting of the electronie device, Obviowsly, there 52

innunnrﬁﬂ“ﬂmunsn materials within the molccular electronic device in order 1
adequately comrelale the clectronic transport properties of molecular structures :

The vibrational spectioscopy  techique developed by rescarchers in the
Semiconductor Flectronies Division at NIST is known as P-polarized backside reflection
absorption infrared “pectroscopy (pb-RAIRS or backside FTIR, Sec Figure 6 below)

This nondestrustive techinique takes advantage of wn R tmnsparent substrate and IR
WHfOr to obtain chemica] {composition) and conformational information {atomic,

metal with molecular monolayers and high-K diclectrics(d). This work has allowed us tg
charactenize dielectrics under lull metallization and to we identical samples for FTIR and
eleciricst characterization, ey

Two examples of the type of information that has been received from pb-RATRS ©
investigation of moleculyr monolayers and high-k materials on silieon are shown below

in Figures 7 and 8. First, aliphatic chains tethered to silicon consisting of 18 Cily 4%

electrical measurements of monolayers on silicon continued tn show o molecular”
characteristics Using ph-RAIRS and Investigating the monolayers under 200 nm of
metal, we observed that the monalayers directly attached to silican were displaced with

AR 2 metal which does not form a silicide, g shown in Figure 7. I addition, a .E:
methylene mode near 2800 cm™ way observed indicative of some metal “fingering”
through the organic monoluyer, in ugreement with ghe eleetrical results an Enanu.u
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Figure 6. Schematic of a pb-RAIRS sample

introducing the novel matenials systems of high-k diclectrics u.ﬂnup_un_m_ m””u“m
.n”,,:_m._ mmizing & Tot of parameters o schieve the desired n._n_n:._ H.__-..uﬂ.._,. .H:
1...E&.am=§ rtics, such as work function, would change with hﬂ”wﬁm,_.msm i
mna:”:n_nw“ﬁmqﬁ of the onigin of these phenomena. .Z_.”__ =ﬂ nmq__,a:ﬂnmc:u_
o worked closely to comelate the ...Hﬁu.ﬁmu i1 chemica a g
with the corresponding changes in the electrical response of (hese ma :

700 W0 00 MO M

- g x00 A
o l!.c___.u!_ﬂn.u

wavenumber {cm) )
: 1 1 ihcon (left) and silicon oxide
: IRS tra of aliphatic monolayers on sl 1 oxid
._.._,m J,.__&.Mw. ﬂ_ﬂ" ﬂ.ﬂ metal clotrodes. 13) pb-RAIRS spectra .u._.. .___ﬁuﬁ,
: <) :.m_u.nn_: {aldehyde, aleohol, alkene) and silicon oxide n.HH.E_.E # :m.”:n_ et
i nh“w_.wﬁ stom. OTS, aldchyde, and aleahol species bond via a $1-0-C

ene functional group attaches through a 5i-C covalent bomd.

m..-m___.—w. 8 below shows the ph-RAIRS G_uunw____.u_.wuﬂ of & chemical reaction at the HIN-
X interface as a function of annealing conditions (7).
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Figure & pb-RAIRS spectra of silicon-HISIO-HIN samples (prepared by Sematech) asa
function of anncaling temperature. The data show removal of wilicon oxide with &
annealing in agreement with electrical duta,

ure 9. Phase-locking of the dymamic magnetic properties of two spin-transfer
Nators located S00uM apart.

The rescarchess have also developed methods to directly probe the microwave
smics that s induced by the spin transfer interaction. This effect has led to the

Bill Rippard, Matt Pufall, Shehzaad Kaka, Stephen Russck, and Tom Silva at NIST- 448 eafizalion of a new spectrometer that is tunable from a few hundred megahertz to over
Boulder have developed metrology to measure and understand spin-based deviee B840 gigahertz, depending on the applicd de current and magnetic ficld, and is only S0nM
behuviors at microwave frequencics and nanomeler length seales (8). The deviees are’ 8 : dinmeter. The developed metrologies have allowed them to probe the details of the
based on the concepts of spin-moementum transfer, where the coherent transfer of angular. = . gretic cxcitations and design devices (hat have the highest Q-values reported.
momentum between spin polarized clectrons and a ferromagnetic metal has led to i ding on thesc techniques, they have shown that groups of magretic oscillators
entirely new way lo control and mampulate magnetism, namely one which does not’' getimnize e indiadigl 1MW m_m,.ﬁ._m M tnes u_m_.ﬁ_ sheagthis cqual Yo [he Aquanc
involve a magnetic ficld, The spin transfer effect has been used to switeh the states of = i mumber of devices _au_..__“__f..nn. Ihile FEprEacals direet avenue E@..E_u e
nanoseale storage clements, such as those used for magnetic random access memory o er output of the devices to commereially viable levels and additionally improve
(MRAM) applications, as well as to induce coherent magnelization precession (having 18 the spectral punity of the output, as shown in Figure &
quality factors, Q@ values, greater than 10,000) in these devices. The patential [uture
applications of this technique include reference oscillators, directional transmitters and
receivers in cell phoncs and radar systems, nano-wircless communications within o
between chips, high-frequency signal processors, on-chip microwave spectfoscopy, &
switching of MRAM structurcs, and new spin-based logic concepls. i

T .L

In terms of switching in magnetic storage devices, the spin transfer cffect is very
promising in future applications since the strength of the interaction becomes stronger & b
device dimensions are decreased. ‘The magnitude of a magnetic ficld generally sealcs 88 8
the inverse of the device dimension. However, the magnitude of the spin transfer effect’™
scales as the inverse of the square of the device dimension, since it is proportional to the :
current density. Becausc of this sealing, it is expected thal spin transfer switching B
MRAM devices will be more efficient than conventional (field based) switching belowis - Albso, the following generie metrology-related issues must be addressed in order o
the 75 nm node. The metrologics developed al NIST arc focused on comparing the $8ke full advantage of the available measurement technologics:
theoretical models for switching in these devices to the experimentally __._ﬁnﬂﬁi ~Improved signal to noise miio
switching behaviors, As a metrology institution, partieular attention is being paid 1008 o Reduced or no measurement induced sample damage
devising new methods to measure the parameters that are theoretically expected 108 - Elimination of surfece contantipation or denaturing from sample handling,
determine switching threshalds and then to compare the measured thresholds to thoseis ambient contamination, eie,
predicted. In this regard they have explicitly confirmed aspects of the methods used 85 ~Eliminate or minimize sample preparation.
compare theorctical work considered only at zero femperature to measurements .
performed at room temperature as well as pointed out the shortcomings in doing so.

Case Studv #5 Spin-Tmpsfer Microwave MNano-Oseillalogs and Me

o 8
- n4

Concluding Reinarks

Looking forward, significant metrology development will be required to further
ble nanosystems. Specifically, the following metralogics are nesdsd (9

'+ Nondestructive 313 imaging of embedded interface, nanostructure and alonme
¢ seale matnx proportics

Optical properties of isolated and integrated low dimensional malerials

Integrated melrology and modeling  tools that deconvolve probe-sample
interactions

Nanopoarticle monitors for ES&H including size, dose and composition.

g
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The goals of many of the metrology progmms at MIST are to provide these
capabilities. The ohjective of this collection of presentation 15 10 inform  the
nanoclectronines industry about these programs. We would also welcome feedback,
where appropriate, from the industry. Submit your feedback on WIST's semiconductor
panoelectronics projects ot litfpe drwnarw gec ] st govigImp snrvey pif

Acknowledgements

This paper, includimg all 1t figures, i3 based on mzterials extracted from a number of
NIST publications. The authors are indebted to Dr. David Seiler, Herbert Bennett, John
Suehle, Jobn Burnett, Honald Jenes, 13ill Rippand, Christina Hacker, Wen-1.1 Wu, and
mamy vther NIST researchers for their contrbutions lo this paper.

References

{1} A contributan from the U5, Natonal Insttute of Standards and Toechnakgy, nat subject 1o
copyright. Afl views ax prossad in this paper are whese of the authors and of others to whom
attribution is gheen and ate not nocessardy thosa of NIST nar of any of the instifutions cited
tharein. Certain commercial eguipment, instruments, of materiaks are Kentified in this paper 1o
specity experimantal of thearetical procedures. Such antfication does not imply
recommendation by NIST nor tha authors, nef doed it imply that the equipme nt of malenals am
recessatily the bast avaitable for the intended purpase.

(2} John H, Burmet, Fachary H. Levine and Eric L. Shirky, Prys, Rev. B &4, 241102(R) 2001)

(3} Derek L. Ho, Chenggm) Vwang, Erc K- Lin, Ronald L. Jones and WeorLi Wu in "Frontars of
Charactarization and Metrology tor Hanoelsctronkes 20077, D, G. Seiler et gl Editors, pp 392-386,
AP Conferance Prececdings 831, (2007}

(&) C. A Hacker, et al, J. Phys Chem. €, 111, gs4-8397; G, A Richter, &t sl J. Phys. Chem. B,
2005, 109, 21838, (2007)

{5} ©. A Richigr, . A Hackar and L. J. Rchtar, J. Phys. Chem. B, 10345, 21835-21841
{2005)

(6) G. A Hacker, C. A Richter, M. Gergar-Hackatt and L J. Richtat, J, Phys. Chem C, 111(28).

E384.6392, (2007)

(7} ©. A Hacker, unpublished dat

(BN R, Pufat, W H Rippard, 5. E. Russei, . Foka and E. Katine, Physecal Ravew Latiers, |

a7(8), atticie # 082706 (2008).

(5} M.Gamet, D. Her, Eresentod at the I[TRS Winter Conforence 2007
bt e LTS Eﬂ.._rﬁru.uooq_._ﬁzz.dnau VWinter ProsentgongfO7 ERM._2007 JPodf
Accassed February 13, 2008,

B



