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ABSTRACT

We demonstrate the ability of near-field scanning optical microscopy (NSOM) technidgtedb
inhomogeneities of the dynamics eXcess carriers in oxidized silicomafers. NSOM is used to
improve the spatial resolution of a standard IR-scattetigal technique, which is carried out in a
non contactfashion. Continuous waviafrared light isused as aletector of thdime dependent
carrier population produced by a pulsed visilalser. Wewill show high resolution images of
carrier lifetime, and discuss some aspects of the NSOM measuritiatedifferentiate ifrom its far
field counterpart.
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1. BACKGROUND

In the current trend of electronic device miniaturization reaching the nanoseté& non-
contact characterization techniquedfering high spatial resolutiorare becomingessential.
Especially desirable are those which can measure the gefgarties, aslefects can havdramatic
effects on small devicperformance. Alsaomportant is thephysics underlyingcarrier dynamics
within nanostructures, if indeed sub micron devices are to be put into large scale pradurctibis
paper we describeur efforts atlifetime measurement axcess carriers in silicosamples. The
work was performed with the implementation of near-field scanning optical microscopy (NSOM).

Carrier lifetime (t) is heuristically defined as the averdgee excess carriers exist within a
sample before they recombine and are annihilated. During that time they are available to contribute to
the conductivity of a sample or they may be collected in a device such as a photodetector. The carrier
lifetime is one of themost important parameteused tocharacterize the quality emiconductors.

A high value oft usually indicates a low concentration of impurities and defects velgichstrap or
recombination centerfor carriers. Measurements of with techniques involving conventional
optics (referred to here as far-field optics) have received preference due to their non-imedisree
However, whenvery fine lateral resolution is requiredfar-field optics encounters Emitation:
features smaller thavi2 can not be resolvédHereh is the wavelength ahe radiation beingised.
Typically wavelengths 00.5 um for green light andl-10 um for infraredight are used inthese
optical lifetime studies. NSOM can alleviate theesolution limitation while maintaining the
advantages of an optical measurement. In faetresolution of NSOM is sufficientlygigh that we
have to reconsider the definition of what we mean lmcal carrier lifetime. This will be discussed
in detail below.

The NSOM technique can achievhis high resolution byeometrically constraining thigght
within a small aperture which @aced in close proximity to theample. Resolution determined
by the physical size of the aperture and the distantieabfperturdrom the samplesurface,not by
the wavelength of the liglgmployed. (The signal intensitigpwever, isdependentiponthe light
wavelength for a given configuration, due to the variation in cdiafheterwith wavelength.) The
aperture is fabricated by coating the end of a sharpened optical fiber with Al. The sample distance is
readily controlled by oscillating this probe and using lateral force feedb&usolution of ~ 20 nm



has already been achieved wo recent examples of the power of NSOM arefttiewing. First,
measurements of fluorescence lifetime of single molecules dispersed on gidisa surfaceshave
been made byooking at the fluorescent decay while at a statioqaiynt. Second, higlateral
resolution combined with photoluminescence spectroscoggwattemperaturehas revealed the
localized nature of individual optically active emitters in quantum well heterostrudtiwsgaving
theway to studytheir corresponding dynamit&s We present here aaiternative development of
NSOM: its implementation as ammaging tool to study the dynamics ofexcess carriers in
semiconductor devices. We concentrate on obtaining infagegich the contrast mechanism is a
time-dependent property ofhe sample, andattempt to relate them to important sample
characteristics.

Specifically, visible laser light is modulated doeate a time-varyingxcesscarrier distribution.
This distribution is monitored by noting igfect oncontinuous wave infrared (IR@ser radiation
also illuminating the sample. In the experiment repdne@, both types dight are inputthrough
the same NSOMrobe aperture. This configuration insures higteral resolution, and avoids
mismatch in the sample regions illuminated by either laser light. Although heat effects on the tip are
caused by the visibleght, they produce only a backgroumchoseinfluence inour signalcan be
minimized byworking at a propemodulationfrequency. The sampleused inthese studies was
oxidized silicon. The dominant source of the contrast observed images comes frorthe time-
dependent number of carrieavailable to scatter IRadiation. Weare directingour efforts to
measure the change in the transmitséghal, Agy, in real time, but fornow we find it more
convenientfor imaging purposes taletect thesignal synchronously with lack-in amplifier. This
reduces the computational load during acquisition and improves the signal to noise ratio.

In section 2 we describe the drastic improvements we have made to the infrared detetion
sinceour previouswork®. Section 3 outlines the generation and recombingitoness of excess
carriers. We showhat arough signalestimation agrees witthe measured modification of the
transmitted infrared radiation. Section 4 includies time-resolved NSOM image of an oxidized
silicon wafer obtained undethe modality describecabove. Weinclude the corresponding
topographic and IR transmission images, &&enunderthe NSOMmodality, and highlightheir
differences. Tip heating and its influence oour measurements aralso discussed. Section 5
compares our technique to the more conventional far-field measurements, and points out some of the
gualitatively different features NSOM engenders.

2. EXPERIMENTAL TECHNIQUE

The apparatubasbeen describegreviously. In the methodology wéllow (see figure 1),
visible laser light is modulated by an acousto optic modulator. The corresponding variation in the IR
(2.15 um) transmission intensity caused the electron-holée-h) pairs isdetectedand fed into a
lock-in amplifier for synchronousdetectionwhich generate®ur signal. Notethat the sample
absorbs all of the visible light so that it acts as a filter which passes only the IR signalétetttier.

Not shown inthe figure is theimplementation ofsample-probe distance regulation. This is
accomplished in a standard fash#éfusing illumination of the fiber tifrom the side anddetection
of the nearly-forward scattered light.

The noise floor othe IR detectiorsystem had¥een drasticallyeduced. Several improvements
include a) a new two stage pre amplifler The advantage of tavo stage system ithat it gives us
the ability to optimize the combination of signal to noise and bandwidth redairéois work. The

first stagehas again of 1®. Thesecond stage is a bandwidth broadehat provides 100 kHz
bandwidth. The spectrahoise density atnoderate frequencies Isnited by theJohnsoncurrent

noise of the gain resistaombined withthe shuntresistance of the diodietector, ~30 fA/(HZ2

at 10 kHz. This is increased by 1/f noise at low frequencies, by about a factor of 3 near 200 Hz, and
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Fig. 1Schematic of th@rocess taextract information of the localynamics of excess
carriers in a semiconductor. Left side : optical path of the IR radia@emter: A timing
diagram of the process. Right : Synchronous detection of the transmitted isfgial
An image isconstructed by repeating thsocess ashe probe is scanned across the
sample.

by thebandwidth broadener at high frequencies, to 100 fAXRzt 100 kHz. Since thenoise

background is better than-#\W/ HZY/2 | detection of nanowatt powtavels from a NSOM probe
is not a problem. Also, depending on the light output power thaprobe (which is governed by
the aperture size), this value sets the contrast level we can currently detect. For a 100 nW output and

~ 2 Hz detectobandwidth, amechanism thamodifies the infrared signal to one part irf Mould
provide a signal close to the noise limit. b) The preamplsembly habeen constructed around
and adjacent to thenfrared diodeassembly, in order tgeduce the inputcapacitance of the
preamplifier. This furtheminimizes the possibility ofinwanted oscillations ithe electricakignal
and aids in the bandwidth optimization. c) The photo diod®mvs InGaAs, from EPITAXX(ETX
500T), which provides low noise performance at room temperature. This reldeceal gradients
within the microscope vicinity, which can affect reproducibilityour scanning system bgducing
thermal drift in themicroscope. Due tothese improvementghe majorsource of noise in the
measuremerprocess is no longehe detection of the IRght. Ratherthe noise islimited by the
stability of the IR lasesource. Weare currentlyworking on reducing thosévels to further
improve the system signal to noise level.

The visible (pumping) light is produced by a Heddser § = 632 nm). Care is taken to filter
any IR component of thisle-Nelaser byusing a 2 mnthick KG5 glas#? in front of the output

window. This reduces the IR component by a factor of 5*x T@e probe IRight (A = 1.15um)
is also produced by a He-Ne laser. Both lasers are coupled into a fiber optic Y. The other end of the
Y is coupled to the tapered fiber probe of the NSOM.



The sample used in this experiment is an oxidized, phosphorus doped n-typevslieon The
silicon dioxide film grown on the wafer is 60-70 nm in thicknegbe dopantevel is about4x10L4

atoms/cnd corresponding to a 10 ohm-cresistivity. The surface recombination velocity of the
oxidized n-type wafehasbeen estimated to be on tbeder of 10 cm/sec.The minority carrier
effective lifetime of this sample,1, = 1.6 ms, wasmeasured at room temperatuising a
laser/microwave methé&¥(LIFETECH-88,SEMITEX Co., Ltd). This valueshould be considered
as an average lifetime value for a macroscopic sample size

3. GENERATION AND DIFFUSION OF CARRIERS

In this section we willdiscussthe generation andiffusion of carriers. Employing a simple
theoretical model, we will perform an order of magnitadieulation of the carriedensity,sp, and
the detected signalgr/gr, wheregr is the transmitted signal. We will briefly mentitire effects of
refractive index changes.

First, let us estimate the volume of the generatamion. Since theprobe isplaced close to the
surface,the lateral size of the illuminated area is approximately the same as the aperture size for
which we will use 200 nmThe depth that the light will penetrate into the sample is determined by

the absorptioncoefficient which is ~ 3x18 cnrl for red light. Qualitatively,then, wehave a
wavefront of radiation that penetrates the sample to a depit+8tf5um. The optical fieldspreads
as it enters the sample, but the high index of silicon limits most ajgtieal beam to aarrowone.

We will take the volume of interaction, where the e-h pairs are createdatbé.0x 1013 cmd.

Next, we estimate the generation rate of e-h pairs. For 1 mW of visible rethjegited into the
fiber at the far end from therobe, arate of ¢, = 3.2 x 13° photons/sec is obtained. Assuming a
probe throughput efficiency of g = €0 and a reflection coefficient frothe siliconsurface of R =

0.3, the rate of photons entering the excitation regiog¥s2]J2 x 133 photons/s.  Ieachphoton
generates one eair, the average generation rate we obtain is G&\V1 The generation of e-h
pairs isbalanced bydiffusion andthe recombinatioprocess athe system tends towardssteady
state while the visible light is on. What is relevanbur experiment is the magnitude of the carrier
concentration along the path sensed by theatiation, which coincides witthe excitatiorregion.
To that effect, let us consider the equation governing the steady state:

D02(3p) - GBp)it + G =a(sp)/ot =0 (1)

Heresp =sn, D = 20.Dy/(DetDy) is the ambipoladiffusion coefficient (at 167 - 108 cnr3
impurity concentration D ~ 10 ¢ifs),t = 1.6 ms is the carrier lifetime.
For our estimates, will not solvethe problemfor our complicated geometriput will use a

spherically symmetric solution in which the generation region is a small hemisphere with g™ume
and radiusg The solution at the origin is

5p(0) = 23/(DAV) ra2/2 = 3.8 x 186holes/cnd (2)

for small g/(Dt)Y/2. The factor of 2 results since the carriams constrained to l@alf-plane. The
effective carrier density, n, will be twice this sirige=3n. Therefore, n = 23 carriers/crs.

With high enough concentration levels a variety of physical phenomena can lead to a measurable
modification of the IR transmission signal. In the free carrier absorptienomen#:15 carriers in



their respective bandan undergo transitions ithe sameband by absorbing IR radiation. The

absorptioncoefficient of carriers is given byic = (3.7x1018 cnm/um?) A2 n, wherex is the IR
wavelength (1.15m in our case). Fathe number otarriers, we uséhe calculatiorabove. The

corresponding absorption coefficient due to the presence of excess camiers 8.54 cml. The
corresponding relative change in the transmission signal is given by

(ber)or = afc AZ. (3)
Foraz = 3.5um we obtain £¢r)/er = -1 x 104,

Another mechanisrfor generating £¢r)/@r originates in the change of the reflection coefficient
caused by the presence of excess carri€he relative change of the reflection coefficient is given

by AR/R ~ 0.5 x @p/wir)2, Wherewy, is the population dependent plasfrequency, andog is the
angular frequency of the incident IR radiatfonNote that sincey O vn, AR/R dependdinearly on

the carrier density n. In our casg = 1.64 x 18> /s and the plasma frequencgrresponding tm

=107 cnr3is wp ~ 3 x 13251, giving AR/R ~ 1.6 x 1, which is smaller than that from tlfiee
carrier absorption process.

Currently the experimental signaky)/er, that we are observing is dme order of 1*. What
we have shown in this order ofagnitude calculation is that the visible radiatitom the probe is
sufficient to produce a population of e-h pairs whicklegectablevith the IR scatteringechnique.
Certainly the valueier)/or will be influenced by the particular environmenirroundingthe tested
location. The above calculatioassumeshat the sample isverywhere uniform. Such sample
would notrequire theuse of NSOM. Howevetthese calculations represent a starting point from
which to obtain a moraccurate model of th&tuation. For example, aearby defect acting as a
recombination center can be modeled amk in the diffusion equation, andaill effect the carrier
density in a region surrounding the defect. A trapping center defect can give rise to a different result.

4. EXPERIMENTAL RESULTS

Figure 2 shows four images from the same 7.5xih&region of the silicon sample. The upper
left showsthe topography ofthe region. Except for someisolateddust particles, wehave an
essentially flat area (the RMS noise of the shear force feedback wagmall nm). The stability of
the instrument was verified by repeating the scan fiora to timeduring the 12hour experimental
session.

The image on the upper right side is the conventional NSOM transmission infrared image, which
we take as a diagnostic to insure that no artifacts are present in the time-contrast image. The range of
the IR signalacrossthe region is 46i\W. Weobtain IR signal atll parts ofthe imagewith the
average IR signal ~ 100nW.

The time-resolved image relating to free caraesorption is shown dhe bottomleft. The
signal imaged is the average variation in the IR signal théhvisible light on ooff, < Agt >, and
the observed range is 0.05 nW. The lighter regions correspond torérsterbination time. Right
after this image is recorded, we proceedetermine if the visible light is playing its expectetk:
another image isecorded withthe only difference beinghat thered lightwas blocked. This is
shown at the bottom right of the figure. No contrast is observed.



During thecourse of our experiment, weve also noticed a smdlhckground contribution to
the signal originating at the tipself. Since both IR and visible lighdre sent throughthe same
aperture, a heating effect caused by the visible pumping laser may cyclically heatbiaeip. This
can result in a change in the physical size of théhtipughthermalexpansion othe optical size of
the tip through a variety of mechanisfs Changes irthe IR throughput ofthe probe theroccurs.
This signal does nathange as the tip is rasteradrossthe sample and therefore appears as a
background signal. It also can benimized bychoosing an appropriate operatimgquency. It is
instructive to verify that this cyclic heating of theobetip does not result in eyclic heating of the
local sample region and therefore produce a signal at the operating frequency unrelated to the carrier
dynamics. Estimations of the magnitude of the temperature change fievel\fower inputshave
also been performed in studies of surfacedification by STM. It is generallyfound that the

Figure 2 NSOM images frorthe samaegion. The time-contrast image is labeled in tbhaver
left, andthe image in thdower right istakenunderidentical conditions except the red light is
blocked. ltillustrates thesystem noise level. Thedeur images argaw data,exceptfor the
application of plane subtraction.



temperature changes are muelsthan ldegree, so angffect would be farsmaller thanthat
produced by the free carriers.

5. DIFFERENCES FROM FAR-FIELD MEASUREMENTS

We haveshownthat carrierdynamics can be imaged by a non-contact optical metbitd
unprecedented spatiagsolution. What we will concentrataupon in this section are several
gualitativeconsiderations which should begpart of any heuristic explanation of tipgocess. The
first consideratiorrelates to the excitation afarriers, andemains truefor any type of NSOM
measurement. The second relates to the interpretation of a local lifetime, and results directly from the
resolution.

The proximity of the NSOMprobe tothe surface results ithe ability of NSOM to inject light
into modes withinthe samplewhich would normally be evanescent in a far-field experiment.
Specifically, as mentioned above, light with large values pérllel to thesurfacecan be injected.
Although the intensity of such light is not that great, it gtibvides an opportunity texcite carriers
with transitions which would normally not be allowed by momentum selection rules.majibe a
useful tool in, for example, studying the qualityegiitaxiallayers by excitationwith a tunable laser
source.

At the beginning of theaper, westated a heuristic meanirigr the lifetime constant for the
recombination ofexcess carriers -the exponentiatime constant of the change in IR intensity
observed. This makes sense for typical measurements which average over largetzesasnie.

It is questionabldor our measurements since carri@an, if the time constant is longenough,
diffuse relatively large distances befarecombining. Then carriers whidbcally interactwith the

IR light directly beneath the probe tip have, on average, sensed a region of the sample larigeh is
compared to theesolution. Thusthe local measuremebntains information from a weighted
average of a region of the sample large compared tlm¢hEregion. Thisweighted average is also
present in the far-field measurements, buessimportant as it hardlplurs the largerspots. One
can of course still formally define the local time constant as the constanterpibeent, as whave
done here, but must keep in mind that it is a weighted average. Near fast recombamaéos) the
carriers do not diffuse far before they recombineth@osame heuristic ideased forthe far field
measurements again apply for the NSOM measurements. Thamsatically illustrated in thaigh
resolution obtained in the imagssown here. Ware currentlyconsidering methods to model this
dependence, sthat we can be more specific abautat the 'local carrier lifetime' measurement
yields in aqualitative fashion, forsamples of interest to NSOMuch as those with regions
containing a variety of recombination center types. Here we expect different probe locations to be in
different limits of the weighted average issue.

6. CONCLUSIONS

We have demonstrated the ability of the NSOM technique to detect inhomogenditetsraf of
excess carriers in oxygen-terminated silicgafers. The order of magnitudesalculation of free
carrier scattering of the IR light is consistent wtitle experimentalesults. Wehave considered the
potential effects of tip and sample heating and have found that they are insignificant. Two aspects of
the NSOM measurement that differentiate it from its far field counterpart were disctsstdlight
in evanescent modesn be coupled into the sample resulting in a higher intensity and k values
which are unavailable in the far field. Second, the resolution is high etfmatghe term locaime
constant may need to Wedefined. Future workvill concentrate on refining this technique and
seeking new applications.
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