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Abstract

The applicability of near-fieldscanning optical microscopy (NSOM) for optical
characterization of semiconductors is discussBie NSOM technique argbme of its properties
relevant to real-timén-situ measurements areviewed. Several optical characterizationethods
widely used inthe far-field, including reflectanceseflectance-differencepectroscopyRaman
spectroscopy, ellipsometry, anchrrier lifetime, are evaluatefbr their use with NSOM.
Experimental data are included for some of thes¢hods. Weonclude thaseveral, but not all,
of the standardoptical characterizatiomethods can be coupledth NSOM to provide higher
spatialresolution. The applicability of NSOM as a real-time-situ probe shares some of the
problems of other proximal probaethods,but offers enough newapabilities to warrant its
application.

Introduction

Powerful methodxist for the optical characterization of semiconductor materials and
devices. But the data obtained can sometimes be difficuitdgoret,especiallywhenthe sample
is inhomogeneous on a mesoscopic scale. In such cases one must searchlttonadive
technique with higher spatiaésolution. Near-field scanningptical microscopy (NSOM) offers
the possibility of performing several of theggtical techniquesvith only slight modification, but
substantially higher spatiaésolution. The application of NSOMloes entail some subtleties,
however. The purpose of thispaper is to review NSOM as it relates to semiconductor
characterization, and to point out some features which differ from the far-field counterparts.

The NSOM Technique

The NSOM technique increases spatial resolutionomtical measurements bysing
geometry to confine the optical field. An aperture is placed in close proximity sathple. This
aperture can be used to limit the extent of the itight, i.e., providing asmall lightbulb, or as a
spatial filter for detection. We will consider the former case inghjger. In this section, weill
first considerthe aperture then describe the methaged tokeep it properly positioned near the
sample as it is scanned by a piezoelectric transducer (usually a segmbejedataare acquired
for an array of points during the scanning, anelused to construct amage in acomputer. We
will not discuss methods of coarsely positioning the probe or of other featuites lndaddesign,
as these are covered in many books on scanning probe microscopes.

The aperture is the heart of the NS@iMtrument. The aperture is made by tapering the
end of an optical fiber, and coating the sides with metal a few penetration depths thicktapethe
is produced by heating the fiber and pulling[1] until the fiber breaks, a flat cleave is produced at the
tip[2]. Such aip is shown infigure 1. Thesharp corneshown here is clearly evident in the
figure. This helps irthe definition of theaperture, whictcan beproduced bytilting the flat tip
away from the evaporation source so that it is left uncoated while rotatisedstoapply metal to
all sides. In practice, surface diffusion reduttes aperture siz&om the size of the flattenetip.
The minimum aperture size Ignited by the optical penetratiodepth of light into themetal to
>~10 nm. Aluminum hasthe best figure ofmerit in this respect[3], and ialmost universally
used. Oneimportant point is that the tiphould not besmaller than thatvhich the required
resolution necessitates. The reasothas the opticathroughput decreases strongly wétherture
size"a". If the aperturavere aninfinite perfectly conducting plane with und hole init, this
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dependencevould scale as (a)é for wavelengthi
and aperture size a [4]. A moapplicable geometry
in an experiment in the microwave regisigggest a
dependence of & [5],[6]. We will not discuss it
in detailhere,but notethat thethroughput depends
on a number of factors such s shape, size, and
the modal occupation within the fibére. twisting
the fiber can changé). It is not a well-controlled
parameter.

To yield high resolutiorimages,the probe
must be held inhe near-field of thesample. Light
quickly diffracts after leaving theaperture. The
width of the optical field can be roughly estimated as
a+nz for aperture size a anakial distance z. The
distance regulation method must be independent of
the optical methodor maximum utility, and be

capable of feedback ~10 nm or less fromghmple
Figure 1. A scannlnglectron mlcrographsurface Lateral shear force microscopgias been
of an uncoated tapered optical fiber fisund to be an excellent choice, as it carubed on
shown. The fairly large (~300 nm)a very wide range of samples imany
cleave at thendwas chosen tdlustrate environments, fromambient tosuperfluid helium,
the sharp edges.These help define thdrom vacuum to withinsolution. The technlque
aperture at the tipvhen the sides areutilizes a resonant bending vibration of fhebe[7,
coated with metal. 8]. Figure 2(a) shows anamplitude-frequency
curve from which the resonant frequency and
quality (Q) factor is found. Typically, resonant frequencies 15-80 kHzareused,with Q's up
to several hundred. For a specific example, one obtains a ~50 kHz resonant frequeBoyfor
of fiber and tip extending beyond the fibmount, which correspondsell to simple non-uniform
bendingbeamcalculations [9]. The vibration amplitude at the free-spaesonant frequency
decreases as the samplejgproached. This ishown infigure 2(b) and providethe feedback
signal. Note the distance scale over which the signal decreases is a few 10's of nm, as is required.
The feedbacKoop request is set to some position on thisve, and a voltage applied to a
piezoelectric material to close the loop. The voltage required is recorded at each scan point within a
rectangular array, and is used to create a topographic image simultaneously with the optical data.

The specific types abptical measurementghich can be performed includeost of those
available in thear-field. It hasbeen operated in several contrast modes inclyatteyization in
both transmission [10] anckflection [11], magnetic[12], spectroscopid¢13], and fluorescence
[14]. Specific examples will be discussed in more detail below.

Scanning Proximal Probe Microscope Considerations

Scanning proximaprobes sharenany features in common whidre relevant to their
applicability for real-time in-situ studies. Since NSOM is a member asdhening probe family,
we present this section as an orientationtted the reader wiluinderstandhe motivations for
particular choices oprobes and design parameters. Nibtat we wish to give as accurate
assessment as is possible, that although some othe commentdelow may seemharsh,
proximal probes can contribute unique information abogrowth processes, sahat the
surmounting of these hurdles is a worthwhile venture.

Real-timeor InterruptedGrowth?

One ideallywould like to observe a growth process as it occurs. This reqseesral
abilities notalways found in probe microscope$he first consideration ismaging speed. An
image must be acquired in a time short compared to the time it tageswaoapre-defined fraction
of one monolayer. Thisan be accomplished if trgrowth rate isnot toorapid, but limits the
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number of probes to those wittufficient signal to noiseusing very shortaveragingtimes.
Another, more seriou@roblem is that th@robemay affect thegrowth, either byshadowing the
region adjacent to it on the surface, modifying surface diffusion, etc. This may or may not be easy
to detect. Theprobe may be retractedor a shortinterval of time and the resultinggrowth
compared to that while therobe wasear thesurface. More likely, comparisons to interrupted
growth will be required. Interrupted growth has problems ofoen. The surfacemay relax
before theprobe imagedt, or the interruptedsurfacemay differfrom the surface during growth
because the vapor above the surface has changed. To minimize these possible artliaeteyewe
the probe microscope is best operatetheenvironment preseduring growth. These methods
may require the possibility of a slowed growth while imaging (it may be slowétebgresence of
the probe anyway) to minimize signal constraints.

Probedmagea Small Fractionof the Samie

Probe microscopdsave very high magnification, hence thieyage smallareas. These
regions range from submicron dimensions up to hundreds of microns. ns&shanism must be
found to identify that this area is typical of the
sample,especially given the considerations in the

last paragraph. We suggeshe use of an 255103 1 00l
instrument withtwo different methods to teshis. = g 1
Thefirst is large scale motion of thgp. Images S1.6 103 L 18.5 KHz 1
can be acquired at several widely spalceations. = 3l 1
If they agree, one can assume they are typical of g2 10"+ =R
sample. The second is to ube probe to measurel 8.0 101 1
a property whicltanalso be measured by anotheg ™ - 1
probe which averages ovdarge regions of the S4.0 104 24-32*(['['{('_'2 1
sample. Onethen obtains the large picture andZ ' 1
magnified view tocompare. Since far-fieldptical £ 0.0 10 fr ANt
techniques are easily implemented inreal-time < 0O 20 40 60 80 100
system, NSOM igarticularly easy tamplement in Frequency (KHz)

this way. (@)

In-Situ HeadDesigns 0.00035 e e

Special considerations must be accounted
for if a probemicroscope is to operate while in &
growth environment. A coarsenechanism to - 0.00023
provide the opportunity to scan disparate regions of
the surface must be devised. Little other =
modification is usually requirefbr operation in an g 0.00012
ultra-high vacuum environment, but significarn®
modification is requiredfor operating in agas-

deposition system such as CVRQOCVD, etc. It %0 ‘—‘i‘O‘H‘O‘MZ‘L‘O‘ | “2‘(‘)”‘3‘6‘ | ‘4‘1‘0“ 50
is important to solve thesproblems, however, Tip-sample distance (nm)
since most semiconductomaterial growth in

industry is or will be by the use of vapor deposition (b)

systems.  Probescan be modified for this Figure 2. (a)The amplitude of lateral tip
environment, whereas it severely restricts someibration is shown as afunction of
types ofelectron beammeasurements.The major  frequency. The tipresonant frequency is
problems forthe probe microscopare deposition shown at18.5 kHz asare some of the
on the instrument anproblemsrelated to the high driving piezo resonances, which only vary
voltage needed to drive the piezoelecsmanner. slightly with disparatetips. (b) An
Shielding the instrument reduces tleemer. The approach curve, dip vibration amplitude
latter stemfrom arcs or plasma discharges whichas a function of the tip-sample separation

are likely for pressures from ~#torr to several is shown. This setsthe scale of thexial
positioning.
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hundred torr. The piezoshould either be near atmosphenressure or in a high vacuum.
Unfortunately, growth in a vapor depositiohamber is usually in neither of thelgmits. One
solution is toplace thescanning mechanism awértain otheparts ofthe microscope in a sealed
container, which is pressurized to near atmosphgressure. The other alternative -- to
differentially pumpthe region to aow enough pressure, &Eso possible with amdentical head
design.

ProbeArtifacts

Any proximal probe is susceptible to problems due to interactiontheprobe with the
sample or artifacts from a damaged probe. The formest be considered faach type oprobe
and samplesituation. The latter are eliminated bysing avariety of contrasmodes which are
related enough that their correlation can be used as an indication of probe reliability.

Although this section on probe considerations appliealltdypes of proximal probe
microscopes, wepecializefor the rest of this subsection tilhe NSOMcase, which is ofnore
interest here. NSOM data consists of a topograptageand at least onepticalimage. Several
optical images utilizing different contrast mechanisms can help idertifacts. In thissense,
NSOM provides more diagnostic abilities than most other probe microscopies. It is also interesting
to note that damaged probes can produce reproducible images, blitnitgthusefulness. Probe
crashescan producedamage, so must be avoided. BI8OM tip crashes will increase the
aperture size and so theserwill note an increase in the opticsignal. Thisincrease signals
trouble. Less drastic crashesn damage the metabatingwhich canhurt resolution, modify the
polarization properties of the light emitted by the tip, and cause the force feedback system to exhibit
strange behavior.

ResolutiomandSignalLevels

It is useful at this point to consider whidhds of simultaneous temporal, spatial, and
spectroscopic resolutiothat can beachieved. The energy-time uncertainty principle limits the
combined temporal and spectrakolution, andcan be reached some ultrafasstudies. Spatial
resolution does not present such a hard or straightforward baR@her the signal intensity
decreases rapidly as a function of the resolution (aperture size) divided wgvibkength, as we
havediscussed beforeOnemust thentake into account statisticahd electronimoise, for the
signal and background, tietermine if a signal can be identified witliometime duration,i.e.,
we must define an averaging timigye The maximunmity,emay be limited by either the desirable
time sampling intervale.g., invideo-rate imaging) or by the instrumestability, whichever is
more restrictive. Recall thatfor imaging applicationsthe measurememhust be repeated aach
point in theimage(usually aminimum of severathousand) whilehe microscopelrifts lessthan
the resolution. The choice ofataye depends uporthe probe in terms ofthe number of
photons/second it delivers (depends upon spatial resolution), the experimentakctiosgor the
process under studythe collection efficiency, the time interval (time resolution), and the
wavelength interval (spectraedsolution). These considerations can bged toestimate the signal
levels required and/or measurement modes possible for a given growth process.

PossiblePeculiaritiesof Proximally-Performe®ptical Semiconducto€haracterization

We have seen severabptical techniques applicable to the characterization of
semiconductors within this volume. Many of these techniques can be adapted for ié$8Oh
They will be discussedqualitatively below, with examples fronour laboratory inserted where
applicable.

Reflectancévieasurements

Reflectance can be measured in sevedilemes depending upon whetliee light is
incident, collected, or both with passage throtighprobe tip. Thefirst thing to note ighat the
intensity of light emanatindgrom the aperture is not a well-controlled parametghich can
complicate quantitative analysis. The throughput fraction depends upon the particular pisdoe in
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the coupling of light into the fiber (the mode dengitpduced).and theway the fiber is twisted
andbent. One mightthink that thesgproblemscan be overcome by measuring the light output
from the fiber without a sample in place, then comparing to those with a santipénear-field.
This method is not exact, since evanesdgit can couplefrom the tip to thesample, thus
changing the effective input intensity.

The choice of measurement geometlso involves several considerations.thié light is
coupled through the probe in both directioing reflected light will have gery large background
comprised of light reflected from the inside of tig  Thiscan be avoided by collecting the light
reflected outside therobe inthe far-field or by oscillating the tip vertically and detecting in
phase [11]. The latter complicates the measurement and is nouséi@nThe former introduces
a newcomplication -- the lighimust makeits way aroundhe probe. Although only crucially
important for metallic samples for which the close proximity of the metal coating on the tip and the
sample produce aarrow wave guide, ihevertheless can effect imaging on otlsamples.
Shadowingeffects can occur if reflected light is collecteddne side ofthe sample/probe by
inserting a lens fronthe side. Weminimize these effects imur lab by mounting therobe in a
hole drilledthrough a few-mm-focal-length, high-numerical-apertieres. It allowssymmetric
collection of a large solid angle of light.

Reflectanc&ComparisorMethods

In thesespectroscopieshe reflectance R ofwo surfacesare compared. The surfaces
could have different surface preparations as in differential reflesjpmcttroscopy, be from
different areas of theurface (especially wittNSOM), or bethe same sample aresth the
comparison betweetwo polarizations of the input light as in reflectance-differeapectroscopy
(RDS). The latterprobably is most suitableor NSOM. The far-field measurement technique
gatherazR/R as a function of photon energy. NSOM isiraaging techniquevhich couldenable
one to gather the sam&/R as a function of photon energy at every poirth@two dimensional
spatial image. The 3-d data set could be analyzed to yield, for example, the magnitude or energy of
a dimer absorption as a function of position. Alternatively, it may be desireall¢ot lessdata at
each point tspeed imaging. Ithat caseone maychoose tamage AR/R at onlyone or a few
energies for each point, and sweep energy only at a few points.

Polarization is maintained through the NSOM probe tip if it is symme®ice cancontrol
the polarization by rotating the polarization of the light before coupling to the fiber. If short lengths
(<~0.5m) of optical fiber are used for the probes, then it appears not to matter what type of fiber is
used. One does not need to use polarization preserving fiber, although it appears to batse no
and probably will be necessary if long lengths of fiber are used. The quatiy ofetallic coating
at the end of the tip is much mareportant. Adamaged or improperly manufacturprbbe tip
may pass elliptically polarized light and/or it may not be possible to aaltefiections of linearly
polarized light at the output of th@robe. Problems in probeanufacture can be relatednetal
grain sizes whichare toolarge. Thiscan create @ouldered or crowrike appearancevhen
observed with a scanninglectronmicroscope. The lack of symmetry changes the output at
different linear polarizations. A crashed tip can also lose symmetry. One must beaextud, as
the tip can be damaged for polarization purposes before the light intensity increases eggh to
the userthe usualindication that it istime to changetips. There is one othedetail of using
polarization with NSOM. It is that, due to the metal at the tip, a single linear polarized state is only
an approximation. The polarization time lateral xand y directions can be quitedependent, but
there is usually a small amount of light polarized in dx&l (z) direction! This is observed
experimentally when imaging the fluorescence of single molecules [15] -- which really corresponds
to using the molecular dipole &t as goint andimage the fieldrom the probe tip. The axially
polarized light drops rapidly in intensity as the tip is retracted from the surféee,vehich can be
used togain insightsinto the polarization properties of surface inall 3 directions. The
polarization, including that in thaxial direction, ismodeled well by the early theory of Bethe [4,
15].

Since the wavelength is usually varied in this experiment, we must consider the wavelength
dependence of the probe. As mentioned above, the resolution is indepenithentvai/elength of
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the light, being determined by the aperture size if good distance regulation is used. The intensity of
the light will depend upon the wavelength. The simplest dependence comdleftansmission
characteristics of thBber, whichcan be quitegood overthe entire optical rangtr the ~meter

lengths of fiberused. There are othesources ofwavelength dependenceOne ofthese stems

from the coupling of lighthroughthe smallaperture. Asnentionedabove,the amount of light

which passes througthe aperture is &trong function ofthe wavelength and apertuseze:

(ah)40r 6 Another, less obvious, dependence results from the modal propetigist thveling

down an optical fiber. These modes travel in a dielectric waveguide until theyoateofthe way

down the taper at the probe end of the fiber. By then, the waveguidensaidhat the mode has
become spatiallyarge, andhe metalcoating becomes important in guiding tight. Cylindrical

metal waveguides do not support any modes when the diameter of the waveguide isdaelaiw a
critical size called theut-off diameter. Fronthat point to theend of theprobe, the light is
evanescent, so the coupling efficiency falls exponentially. The culiasffeterdepends upon the
wavelength of the light and the mode of the light. The lowest order mode is cut-off at a diameter of
0.293vn, for nthe index of theglass. The mode distribution will dependpon the distribution

input to the fiber and any redistributievhich may occur. Since these quantities are difficult to
calculate, it will probably be most convenient to measheewavelength dependence in the far-
field with no sample in place. This may not give an exact calibration due to evanescent coupling to
the sample once it is brought into the near-field ofpitede, but one must awatheoreticalefforts

to determine if these effects have a strong wavelength dependence.

The choice of optical fiber from which to fabricate the probe is also important. Fiber can be
broadly divided intotwo types: multi-mode and single mode (at a particulaavelength).
Obviously, if a single mode fiber is chosen, then the wavelengths used should betishotteit
for which the fiber is singlenode. Otherwise the light will bestrongly attenuated. Biie fiber
will be few-mode for a range of wavelengths shorter thabhfor which it was designed asngle
mode. The number of modes present caadtienatedrom the modal volume as can beund in
standard optics texts [16]. The problem with using few-mode fibers is that the mode distribution is
notoriously environmentallgependent. This is ifact thebasis forseveral fiber opticsensors
(e.g. temperature, flexing). But fISOM it is notgoodsince the intensity of light output from
the probe depends updhe modal distribution in théber. Environmentally sensitivéibers can
make a very noisy NSOM signal even before a sample is insévtalti-mode fibers offer such a
high density of modeghat the distribution is not changed in any importafashion by
environmental effects. One may be slightly concerned that the overall throughput may be lower for

these fibers in comparison with a
similarly-shaped single mode fiber

250.00 [17].
-2 200.00r - RamanSpectroscopy
3 The signal level from
© 150.00~ ] spontaneousRaman spectroscopy
5 is small.  Therefore real-time
E measurements with  Raman
¢ 100.00- spectroscopyare difficult.  This
problem is compounded with
50.00 : NSOM as the light intensity ismall

| |
200.00 350.00 500.00 650.00 800.0&8nd decreases strongly as the
aperture size is reduced to improve
, WaveNumber (cm-1) spatial resolution. The small
Figure 3. Anano-Raman spectra taken from part sh@ll Raman cross section and the
Rubidium doped region of KTP (KTiO2PQy) sample. dispersion of the spectrometer
The acquisitiortime for the spectravas approximately 2reduce the intensity at a given
hours. Few-hundredanometer resolutiowas verified wavelength to very smallevels.

by comparing to the thermal drift of topograplsicans Although Ramanspectroscopy is
before and after and/lother Raman inges.
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Figure 4. Schematic of the process to extract information of the local dynamics of excess
carriers in a semiconductoteft side :optical path of the IRadiation. Center: A
timing diagram of therocess. Right : Synchronousdetection of the transmitted
infrared signal. Animage isconstructed by repeating thisocess ashe probe is
scanned across the sample.

possible with NSOM, as is shown time spectra of figure 3 taken @ur laboratory as well as in
Raman images nathown,the averaging times of sevefaburs required prohibit its use ireal
time. It may be possible during interrupted growth if the surfaces are stable.

There are some interesting properties of the nano-Raman spectra vab$awed to date.
Thefirst is that thereappears to be an enhancement in the magnitude of the spectratipsighe
brought intothe neaffield. This is probably due ttihe coupling of evanescent light or theld
enhancement which occurs near the metal optbe coating.Another interesting observation is
that the nano-Raman spectra differ slightly from micro-Raman (far-field) spectra taken on the same
sample,even thoughhe nano-Raman spectra taken at diffeparts of this non-unifornsample
are consistentith one anothershowing onlydifferences relating to the sampd@n-uniformity.
These interesting results will be the subject of a future publication [18].

Ellipsometryor Spectroscopi&llipsometry
Since polarization can be controlled in the NSOM fipeobe, one might expecthat

ellipsometrywould be possible. Howeveellipsometry also requires control tfe angles of
incidence and reflection. This is not possible with NSOM. illim@inating light diffracts quickly
as it leaves the aperture, spreadinglirdirections[19]. Naively,one might thinkthat this could
be remedied by controlling the detection angle as&liming speculaeflection fromthe sample.
The small NSOMspotsize and the resulting diffractiomake this simplistic picture untenable.
Ellipsometry will not be possible with NSOM in a form similar to that performed in the far-field.
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CarrierLifetime

We haveusedNSOM to detect inhomogeneities of tlgnamics of excess carriers in
oxidized silicon wafers [20, 21]. NSOM was usedniprove the spatial resolution of a standard
IR-scattering opticalechnique, which is carried out inn@n contactfashion. Continuousvave
infrared light isused as aetector of théime dependent carrier population produced by a pulsed
visible laser. Specifically, as seen figure 4, visible laser light is modulated ¢oeate a time-
varying excesscarrier distribution. This distribution is monitored by noting kdfect on
continuous wave infrared (IR@ser radiation alsdluminating the sample. Inthe experiment
reportedhere, both types olight are inputthrough the same NSOMrobe aperture. This
configuration insures higHateral resolution, and avoidsnismatch in the sampleegions
illuminated by either laser light.

The dominantsource ofthe contrastobserved in ourimages comes fronthe time-
dependent number of carriers available to scatter IR radiation. We forond/é@nientfor imaging
purposes taletect the IRsignal synchronously witthe visible light pulsing, using dock-in
amplifier. This reduces the computational load during acquisition and impitewesgnal tanoise
ratio. A set of images is shown in figure 5. The figure shows a topographic image, recorded from
the feedback used to maintain the probe in the near field, an infrared transmission image which was
taken as a diagnostic, and the image which results from differences in time responssaaiflee
The excess carrier lifetime is found to be smaller near defeet®wd be expected. Noteat the
imagesuse a graycale rangevhich does noextendall theway to zero. There is signal on all
parts of both (b) and (c). Alsthe contrast on an absolute scale intthasmissiorimage(b) is
actually very small, since the background level is ~80 nW. The background on (c) is sub-nW.

There aresome interesting aspects tie NSOM measurement of carrier lifetimdaich
have already beetiscussed irthe literaturg21]. They stem from probé&eating by the visible
light, which gives asmall background to be considered when choosing@gratingfrequency,
and fromthe effects ofdiffusion onthe interpretation of theélata. The latter suggestthat the
effective resolution will be higher near tifest recombinatiorcenters, andhat the experimental
measurements havairpassedhe current state of theoreticalodels. It is alsonterestingthat
different operating (visible switching) frequencigen give different imagg®2] as is understood
by observingthe magnitude of IR signal variation as a function of visible ligivitching
frequency. Slower time
constant processes dominate at
low frequencies, whereas
faster processelsecome more
important at higher
frequencies. From alot of
IR variation amplitude as a
function of frequency, one can
locate thefrequency at which
the signal sharply drops. This
marks where the slower
process can no longer keep up
Figure 5: Recentresults in ourtime resolved carrier dynamicsvith the visible lightvariation.

work areshown. All three imageshowthe same 20 microrOne can estimatdrom this
square region of an oxygeerminated silicorsurface. (a) the frequency thdime constant of
topography is shown with a 100 nrartical range, withwhite the process -- hertbe lifetime
higher. Notethat due tomultiple step defects anthe plane of the excess carriers. We
subtractionthe terraces between seem tiltgth) The infrared have observed samples with
transmission (0.44 nW range) shows regions of contraste lifetime constants measured by
more intense,near some othe multiplestep defects and omther methods to be as
some terrace areas. (¢) The time-resolvedmage, of IR different as 1Qus and
amplitude change while the visible light ssvitched, reveals 1.6 ms, but have found the
regions near part ofhe multiple step defects which have saame correspondingifetimes
faster recombination rafevhite). The rage is 0.038 nW.
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at local regions of the samples with our technique.

Conclusions

Near-field scanning optical microscopy (NSOM) has been found to be applicabfeita
characterization of semiconductors is discussed. For optimum use, some prppeties to the
NSOM technique must be thoroughinderstood. Appropriate tests and procedurgsould be
followed. Of the severadptical characterizatiomethods widely used ithe far-fieldwhich were
discussed here: reflectance, reflectance-differencgpectroscopy, Raman spectroscopy,
ellipsometry, and carrier lifetime, most, but not ain be coupleaith NSOM to provide higher
spatialresolution. The applicability of NSOM as a real-time-situ probe shares some of the
problems of other proximal probe methodsdasussed irdetail above,but offers enough new
capabilities to warrant its application.
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