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Abstract

We use a near-field scanning optical microscope
(NSOM) to perform loca photo-current measurements on
strain-relaxed GeS films on Si substrates. Topographic
features and electrical activities of near surface defects are
imaged s multaneously, allowing comparison among different
sources of near-field photocurrent (NPC) contrast. We have
achieved spatia resolution better than 100 nm in the NPC
images, and can differentiate between surface and sub-surface
defects. The resolution in NSOM photoresponse images is
also examined through a two-dimensional calculation. We
find that carrier diffusion length does not limit the resolution
aspreviously thought. The ultra-high resolution achieved in
NSOM isdueto reduction of theexcitation volumeand of the
carrier lifetimenear defects.
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Introduction

With advances in optoelectronics, e.g., the use of
quantum well structures in lasers and photodetectors, the
need to better characterize these submicron devices
individually and to study single crystallographic defects is
ever greater. Whileoptical microscopesarethemost valuable
instruments in science laboratories, the diffraction-limited
resolution of far field optics has prevented us from probing
optical and optoel ectronic propertiesof materialsand devices
on nanometer scale. The recent invention of the near-field
scanning optical microscope (NSOM) (Pohl et al., 1984; Betzig
et al., 1991) hasmadeit practical to embark on such studies.
Towards this end, NSOM has been used to investigate
quantum well lasers (Buratto et al., 1994a; Goldberg et al .,
1995), to probelocal carrier dynamics (LaRosaet al., 1995),
andtoimagep-njunctions (Buratto et al., 1994b; Goldberg et
al., 1995; Unlu et al., 1995) and individual electrically-active
defects(Hsu et al., 1994, 1996).

Becausethesizesof individua crystalline defectsare
much smaller than the diffraction limit of visiblelight, defect
characterization has been limited until now to electron
microscopy techniques(Fitzgerald, 1991). Thepower of NSOM
in defect imaging has been demonstrated (Hsu et al., 1994,
1996) to achieve aten-fold increasein spatia resolution from
far-field scanning optical microscopy (Wilson et al., 1979).
Using the NSOM aperture as a localized light source, we
performed photocurrent/photovoltage measurementsto study
threading did ocation defectson strain relaxed GeSi filmswith
resol ution comparableto what was obtained viae ectron beam-
induced current (EBIC) (Leamy, 1982). While scanning force
microscopy (SFM) has sub-angstrom sensitivity in detecting
topographic changesand EBIC yieldsadirect image of local
electrical properties, NSOM uniquely providesthe capability
to ssimultaneously study surface morphology and photo-
response of the same defect structure non-destructively. In
this paper, we apply the advantage of this correlation to
differentiate among different types of defects. We aso
study the dependence of near-field photocurrent (NPC)
contrast on the sample bias and the excitation modulation
frequency. The empirical observations are compared with a
simple, analytical model to understand NSOM resolution in
NPCimaging of electrically active defects.
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Figurel: Field-emission SEM imagesof tapered fiber-optical NSOM tips. (a) Thevery end of tapered fiber without Al coating.
Thelight outlineof thetipisdueto charging effect. (b) Head-onview of the sametip after ~ 135 nm of Al coating. Thedark circle
isthe glassaperture, which isnot obstructed by the Al coating. Thesize of theflat end of the uncoated tip and that of the aperture

of the coated tip agree very well, ~ 60 nm.

Materialsand M ethods

Relaxed GeSi films are used to fabricate Si (Ge)
heterojunctionswith high two dimensional electron (hole) gas
mobility (Mii etal., 1991; Scheffler etal ., 1992; Xieet al., 1993)
and to integrate GaAs and InGaP light emitting diodeson Si
(Fitzgerad et al., 1992). Thus, the growth of good quality
filmshaving bulk propertieson lattice mismatched substrates
and the characterization of such filmshasbeen amajor areaof
study inmaterialsscience. Thestrained-relaxed GeSi samples
weregrown on (001) Si substratesby molecular beam epitaxy
a temperatures ~800 to 900°C. Their growth details and
physical properties were reported by Fitzgerald et al. (1991,
1992) and Xieet al. (1992). Thestructureconsstsof auniform
Ge S, caplayer of ~1 umontop of acompositionaly graded
layer onal100nm S buffer layer. Thegradingratewasvaried,
but kept below 35% Ge/um. Thefilmsare completely strain-
relaxed, exhibitingbulk Ge S, optical properties(Fitzgerad
etal., 1991; Xieet al., 1992). Thesampleshavebeenextensvely
characterized (Fitzgerald et al., 1991, 1992; Hsu et al., 1992;
Xieetal., 1992) by X-ray, Rutherford backscattering, electron
microscopy and SFM to determine the degree of relaxation,
composition, misfit dislocation network structure, threading
dislocation densities, and surface roughness. Since the
threading dislocationsare carrier recombination centers, they
are detrimental to any optoelectronic devices fabricated on
these samples. Therefore, their density is kept as low as
possible. Typically, these graded films have threading
didocation densities< 5x 10° cm2. Thiswasdetermined with
EBIC (Fitzgeradld et al., 1992) becausethedensity istoolow to
be detected by transmission electron microscopy (TEM).
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Far-field optical microscopy haslimited applications
in defect imaging because crystalline defects are typically
smdller thanthediffractionlimit of visiblelight. Sincediffraction
is afar-field phenomenon, optical resolution can be greatly
improved by operatingin thenear-field regime. Theultrahigh
resolution in near-field imaging arises because the evanescent
modes have large wave-vector components parallel to the
sample surface. Since these waves are non-propagating, the
samplemust be placed near the sub-wavelength aperture. The
spatial extent of these evanescent wavesisapproximately the
aperture size, a; thus, the resolution of aNSOM isa << A,
higher than the diffraction limit. The use of finely tapered,
metal-coated optical fibers as sub-wavelength apertures led
to arecord 12 nm resolution with 514 nm light (Betzig and
Trautman, 1992). The NSOM used in this experiment is
modifiedfromaPS (Park Scientific Instruments) BD-2 scanning
forcemicroscope (PSI, Sunnyvale, CA). Instead of thesilicon
nitride cantileversusedin SFM, we used metal -coated, tapered
optical fibersasNSOM tips. A shear forcefeed-back isadded
toregulatetip-sample separation. We usethefeed-back circuit
supplied with the SFM control electronics, but modify the
feedback loop gain to achieve optimal performancefor shear
force. Dataacquisition synchronized to scanningisperformed
using the SFM control electronics and software with
simultaneous acquisition on two signal channels.

TheNSOM tipsaretapered, snglemodeoptical fibers
made by pullingwhile heating thefiberswithaCO, laser. By
controlling thelaser power and spot sizeaswell asthepulling
force, wecan vary thefiber tip diametersfrom < 50 nmto = 200
nm, as measured by a scanning electron microscope (SEM).
The sub-wavelength apertures are defined by coating the
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sdesof thetapered fiber with Al of thickness>100nm. Figure
lashowsan SEM image of atapered, uncoated fiber tip. The
same tip with Al coating was imaged head-on and shown in
Figure 1b. The glass aperture and the Al coating are clearly
seeninthe SEM image. TheAl grainsand roughnessareaso
evident. For the tip shown on Figure 1, the aperture size is
about 60 nm; Al coating did not obstruct the aperture. The
NSOM light source is obtained by coupling laser light into
thecleaved, untapered end of thefiber tips. All coatedtipsare
inspected under a high power optical microscope for light
leskage through pinholes. Only tips without pinholes are
used for theexperiment. Thetypicd tipsusedintheexperiment
had ~150 nm apertures and optical output of ~50 nW with
input power of ~1 mW.

Inthenear-field experiment, itiscritica toregulatethe
tip-sampl e separation to prevent damaging the sampleand/or
thetipandtointerpret theNSOM resultscorrectly. Our NSOM
setup includes a non-optical feed-back mechanism based on
detecting shear force changes arising from tip-sample
interaction at nanometer separation. Thefiber tip isattached
to asmall piezo tubein order to dither the tip parallel to the
sample surface at the resonance of the tip. The dithering is
achieved by applying a small ac voltage (< 50 mV) to the
piezo. Theresonant frequencies of our tipswith ~2 mm free
length are typicaly 50 to 100 kHz. Due to the tip-sample
interaction, thedithering amplitude at afixed frequency and a
fixed drivevoltage decreases asthetip approachesthesample.
Thetip-sampleinteraction was measured by detecting changes
in the electrical impedance of the dither piezo, and the tip-
sample separation was regulated using asignal derived from
this impedance change (Hsu et al., 1995; Lee et al., 1996).
Compared to previousmeasurementswhere optica shear force
feedback was used, the non-optical method significantly
improvesthe NPC signal-to-noiseratio and increasesthe ease

«— 0+ layer (40 ~ 400 nm)
Threading Dislocation

Undoped (p-)
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Figure 2: Schematic of NPC
experiment on n+/i/p struc-ture.
The carriers are photo-excited
locally by the NSOM light and
collected by the built-in p-i-n
junction in the sample. The NPC
image is created as the tip moves
with respect to the sample.

le— P type substrate

of the operation.

In thisexperiment, we photo-excite the GeSi samples
withlight fromtheNSOM tipsand messurethespatid varition
of the photoresponse as the sample is scanned benesth the
tip. Thelaser sourcewasadiodelaser of 670 nmwavelength.
Itsintensity was el ectrically modul ated before being coupled
into the fiber tip. The modulation frequency can be varied
from1kHzto 100kHz. Thesampleshavebuilt-inp-njunctions
pardld tothefilmsurface (Fig. 2). Here, wereport the study of
two samples: sample#A hasap+/n/n+ struc-tureand #B has
an+/i/p structure. Excess current due to the photo-excited
carriersisdetected using acurrent preamplifier. A dcvoltage
bias can be applied to the sample using the current preamp.
The output voltage was demodul ated using alock-in amplifier
before being sent to the computer. As the tip moves across
the sample, topographic and NPC images were built up
simultaneoudly. The topographic information was obtained
automatically because we were regulating the tip-sample
separation. The dependence of NPC on the sample bias and
the excitation modulation frequency was examined. Images
taken by detecting photovoltage changes are similar to those
of photocurrent changes. The samples were not processed
or etched prior to NSOM studies. Therefore, thetopographic
images reflect the as-grown surface morphol ogy.

Thesmal NSOM aperturelimitstheexcitation volume
and results in high spatial resolution. Asthe tip is brought
into the near-field zone of the surface, the photocurrent signal
increases by a factor of 2 to 3 due to the contribution of
evanescent modes. Near electricaly active defects, both traps
and recombination centers, photoresponse should be lower
than in defect-free regions. In these samples, the most
prevalent electrically active defectsarethreading did ocations,
which are expected to show up asdark spotsin NPC images,
smilarly tothosein EBICimages. By correlating the changes
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inthe NPC im-ageswith featuresin the topogra-phicimages,
we can learn about the electrical activities of near surface
defects. Inaddition, weshow that NSOM canreved structures
in recombination regionswithinindividual defects.

NPC Resultsand Discussion

Figure 3 shows a typical NSOM image, displaying
surface features and electrically active defects. The
topographicimage (Fig. 38) showsthat the surface morphology
isdominated by the cross-hatch pattern that is characteristic
of these compositionally graded, fully strain-relaxed GeS films
(Hsuetal., 1992). IntheNPCimage (Fig. 3b), thecross-hatch
pattern shows aweak contrast which appearsto beinversely
correlated with the topography, i.e., the NPC signal is lower
(higher) where the topography ishigher (lower). Even more
pronounced, the NPC image shows 3 dark spots. Spot #1 is
dueto a piece of debris on the surface, which showsup asa
bump in thetopographicimage (Fig. 38). Becausethedebris
shadowsthe NSOM light from exciting carriers beneath it, it
appearsasadark spot of equal dimensionsto thetopographic
bump in the NPC image. Spot #2 displays a distinct and
prominent surface pit in the topographic image; its
photoresponse has an enhanced (bright) and areduced (dark)
region, i.e., acomposition structure. The bright region to the
right of the surface pit in the topographic image is due to a
feedback circuit overshoot when a sudden topographic
change is encountered. Although the feedback overshoot
appearsto beinversely correlated with the photoresponse, it
is not the source for the NPC contrast, as will be shown
explicitly in Figure 5. The composite structure of
re-combination regions associated with these surface
threading didocations is characteristic of a sample, and is
seen on some, but not al, samples. The sample studied in
Figures3 and 4 will bereferred to as sample #A hence-forth.
Spot #3 shows alarger, but non-distinct surface topographic
feature, and alarge, fuzzy NPC dark spot. We bdlieveitisa
sub-surface defect, in contrast to the surface defect exemplified
by #2. Thesethreearethemost common featureswe observe
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Figure 3: Simultaneously acquired (a)
topographic and (b) NPC images of arelaxed
GeS film. The bars represent 1 um. The
grayscale in (a) represents 35 A in height
change and that in (b) represents 6% change
in photocurrent. Cross-hatch patterns are
evidentinbothimages. Labels1to 3represent
three different types of sources responsible
for point-likefeaturesin NPC images.

on the relaxed GeSi samples. Surface defects of a different
nature might have similar topographic features (Chen et al.,
1995). Although, SFM has high sensitivity in detecting
topographic changes, it cannot measure electrical properties.
NSOM offers a unique capability to measure topographic
changes and photoresponse at the same sample position with
high sengitivitiesin both measurements, and thereforeenables
us to differentiate among different sources responsible for
photocurrent variations.

The resolving power of NSOM in NPC images is
demonstrated in Figure 4. Figures4aand 4b aretopographic
and NPC images of three close-by defects. At the center of
Figure 4a, thereisasurface pit (#1) which hasastrong NPC
contrast associated with it in Figure 4b. Similar to what is
shown in Figure 3, the recombination region of this surface
defect is not simply a reduction in photoresponse, but aso
includesan enhanced photoresponseregion. Thelessdistinct
surface topographic feature (#2) amost directly below this
defect is a sub-surface defect. Even though the separation
between these defects#1 and #2 isonly ~1.2 um, NSOM is
able to distinguish between them, both topographically and
electrically. A smaller defect (#3) is seen to the upper left of
the center defect in Figure 4a. 1t does have a NPC contrast
associated with it, though much wesker, which displays the
composite (bright and dark) NPC contrast of surface defects
on this sample. Figures 4c¢ and 4d are zoom-in images of a
surface defect, showing the detailsof recombination structures
withinit. Onthelower |eft part of theimages, thereisapiece
of debriswithareductionin NPC signal clearly seeninFigure
4d. There is no enhanced NPC signal associated with the
debris. The threading dislocation defect in the center of the
image showsabright region inthe NPC image, which almost
coincides with the surface topographic depression. The
reduced photoresponse region is to the upper right of the
bright spot where the topography is not changing. The full
width half maximurm/minimum (FWHM) of theNPC reduction
(dark spot) is~200 nm, much closer to the aperture size than
the carrier diffusion length.

As mentioned above, the shear force feedback tends
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Figure 4: Simultaneously acquired (a)
topographicand (b) NPCimagesof arelaxed
GeSi film. Thegrayscalein (a) represents
35 A height changes and that in (b)
represents 12% changein photocurrent. (c)
Topographicand (d) NPCimagesof another
defect, showing the enhanced and reduced
photocurrent regions associated with a
single defect. The grayscale in (c)
represents 50 A height changesand that in
(d) represents 12% changein photocurrent.

Figure 5: Images of a defect taken in
orthogonal scan directions. (a, c)
Topographic (grayscale= 65 A) and (b, d)
near-field photo-voltageimages(grayscae
=10% signal change). The scan direction
isfromlefttorightin(a, b), andfromtopto
bottomin (c, d). Thefeedback overshoots
are evident asthe bright spot to theright of
thepitin (a) and that below the pitin (c).
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Figure6: Frequency dependence of NPC signal. Circles represent data taken on sample #1 and squares represent sample #2.
Solid symbolsarefor reverse bias (see text) and open symbolsarefor zero bias.

to overcompensate when sudden topographic changes are
encountered. Since the evanescent modes exist near the
gpertureonly, one might be concerned that adistanceregulation
error could cause erroneous NPC contrast. To address this
concern, we haveimaged the same defectswith a90° rotation
inthescandirection. TheresultsareshowninFigure5. Figure
5ashowsathreading did ocation pit in the center of theimage
and adebristo its upper left and two towards its lower right.
Thenear-field photovoltage contrast in Figure 5b showsdark
spots of the same dimensions as the debris, but the
recombinati on region associ ated with the threading did ocation
displaysan asymmetric structure. Sincethe scandirectionis
horizontal and from left toright in Figure 5a, thereisabright
spot to the right of the surface pit. To deconvolve the
topographic effect, weimaged the same defectswith thescan
directionrotated 90° clockwise. Figures5c¢ and 5d show images
taken with the scan direction vertical from top to bottom.
Therefore, the feedback overshoot results in a bright spot
below thepitin Figure5c. Asisclearly seenfrom Figure 5d,
theregion of reduced photovoltage signa hasthe same shape
and same relationship with respect to the topographic pit as
in Figure 5b. Therefore, the photoresponse contrasts
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associated with defects are unaffected by the scan direction
and feedback overshoots. We believe the composite NPC
contrasts observed above reflect structures of recombination
regions within a defect, and are not an artifact of feedback
errors.

Voltage bias applied to p-n junctions changes the
depletionregion width, and thereforethejunction depth. EBIC
measurements (Grillot et al., 1995) found dramatic differences
in resolution and contrast between images taken under
different bias conditions. The changes for different defects
provideinformation on their depth-dependent recombination
activities. Following the EBIC study, we performed NPC
studiesunder different biasconditions. Reversebiasincreases
the photocurrent signal (Fig. 6) and, in most cases, enhances
thesignal-to-noiseratiointhe NPC images. Forward biashas
theoppositeeffect. Figures3, 4 and 5weretaken under optimal
reverse bias conditions: -1.0 V and +0.9 V to thetop contract
for sample #A and #B, respectively. However, thereislittle
biaseffect inthe NPC imageresol ution or contrast. Theweak
bias dependence in the NPC imagesisintrinsic to near-field
photoresponse. Since the evanescent modesonly exist within
approximately a from the sub-wavel ength aperture, the near-
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field experiment is much more surface sensitive than EBIC.
Only defectsnear the surface can beresolved with submicron
resolution. Sub-surface defects appear larger and fuzzier
because the excitation spot size is larger at the depth of
recombination activities (Hsu et al., 1996). Defects located
deep beneath the surface will contribute only to background
signd but will not appear as well-defined NPC features. To
confirm the surface sensitivity of NSOM, we & so performed
NPC experiment by scanning over the same defect but with
thetip ~ A away from the surface. Theresulting NPC image
shows a gradua variation in signal, but does not show any
submicron contrast associated with the defect. Therefore, al
defects shown above, including the sub-surface defects, have
depthsof recombination activities< A fromthesurface. Unlike
EBIC, we cannot determine the depth of recombination
activitiesby varyingbias. InNPCimaging, itisthecorrelation
between surface topographic features and the size of the
photoresponse that differentiate between surface and sub-
surface defects.

Varying themodul ation frequency of thelaser intensity
providesameansto probethe carrier dynamicsinthesample.
Modulation frequency dependence of infrared transmission
wasshowntoberelatedtolocal carrier lifetime(LaRosaet al.,
1995). Figure 6 shows the frequency dependence of the
photocurrent signal for two samples. All dataweretakenwith
the tip on the surface, i.e,, feedback active. Open symbols
represent data taken at zero bias and solid symbols represent
data taken with reverse bias (-1.0 V and +0.9 V to the top
contract for sample#A and #B, respectively). TheNPC signd
decreases at high frequenciesfor both samples, regardless of
bias, athough thefrequency dependenceisdifferent between
them. Unlike the infrared experiment, NPC measurements
require making electrical contacts to the sample. Currently,
we do not know whether this frequency dependence of the
NPC signd isdueto carrier life-time or contact capacitance.
Thestriking featurein Figure 6 isthe bias dependence at low
frequencies. Inthecaseof zerobias, the NPC signal increases
below acertain frequency while under reverse bias, the NPC
signal is only weakly dependent on frequency at low
frequencies. We a so measured the frequency dependence of
thelaser intensity modulation depth and found that it varies
< 6% between 1 and 100 kHz. Therefore, the observed
frequency dependence of the signal magnitude is a sample
property, not a systematic error. In addition, frequency
dependence of theNPC signal with thetip placed on the defect
and on a defect-free region is the same. Despite the signal
magnitude variation, NPC images taken with different
modulation frequencies show little differencein contrast and
resolution. Weplan to make better contactsto minimize contact
resi stance/capacitancethat might obscurethe high frequency
results. We also will test more samplesto study the origin of
low frequency bias dependence.
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Two-Dimensional Analytical M odel

Theoretica modeling isimportant for understanding
resolution issues in near-field optical experiments. The
resolutionin NPCimages, aswell asin EBIC images, depends
on the size of the carrier generation volume and the carrier
diffusionlength. Whileitistheoreticaly correct that diffusion
length limits the resolution of EBIC and photoconductivity
(Leamy, 1982; Wilson and Sheppard, 1984), it does not mean
that two defects cannot be distingui shed when the separation
between them is smaller than the diffusion length. For redl
materials, defect separation isoften larger than the size of the
probe and smdller than the diffusion length. Hence, thisis
oftentheregimeinwhich NSOM imaging operates. Insucha
case, how resolution should be defined is not clear.

Inthe NPC experiment, the steady-state carrier density
isgiven by

on(r) _ pO2n(r)- n(i—) +8(r)=0 @

ot ()

where n(r) isthe carrier density, D isthe diffusion constant,
1(r) is the carrier lifetime that has spatial dependence near
defects, and ) is a position-dependent source term due to
theNSOM light. Werecently solved eg. (1) intwo dimensions
(2D) bothnumericaly (Xu Q, Gray MH, Hsu JWP, unpublished)
and analytically with appropriate approximations. The
analytical solutionissummarized below. TheNSOM lightis
takentobea2D deltafunction, §r) = SRe(r -t ), whereRis
the radius of the NSOM aperture and r,; isthe position of the
light source. The lifetime is assumed to change abruptly at
thedefect, i.e,

@

wherethedefect physical sizeisbandislocated at theorigin.
Thedefect sizeisassumed to be smaler than R and diffusion
lengths (I, = VD1, and |, = VDt,). Since photocurrent
experiment measures total carriers collected and not carrier
densities, we must integrate n(r,r) to obtain N(r,), the total
carriersgenerated when the NSOM probeislocated atr . An
image ana ogousto the NPC imageisformed by plotting N as
the probe is moved with respect to the defect.

Theresult for N(x,y) near two close-by defectsisshown
inFigure7. Thefull grayscale represents 10% change. The
defects are modeled as two delta functions with radii b = 10
nm and separated by 0.5 um. Theradiusof the photoexcitation
(NSOM light) is assumed to be 50 nm and the intensity is
taken to be 1 nW. We used 32 pm as the diffusion length
(lifetime=1psand diffusion constant = 10 cm?/s) in the defect-
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Figure 7. Calculated steady state carrier distribution (see
text) near two defects 0.5 um apart.

freeregionand 32 nmwithinthedefects. Itisclear from Figure
7 that the two defects are well resolved even though the bulk
diffusion length is orders of magnitude larger. Varying the
carrier lifetime in the defect-free region changes the overall
signa but has small effect on the contrast. Increasing the
carrier lifetime within the defects, however, dramatically
reduces the defect contrast. Numerical studies, which will be
published el sewhere, alow ustorelax therestriction on defect
size being the smallest length scale in the problem and to
explore the competitive effects arising from generation,
recombination, and diffusion.

Conclusions

We used aNSOM to probe the electrical activities of
near surfacedefectsonrelaxed GeSi films. Theimagesarenot
formed by collecting light, but by performing photocurrent/
photovoltage measurements as the tip moves with respect to
the sample. In this somewhat unusual mode of NSOM
operation, thelight from the sub-wavel ength aperture excites
carriers locally and the excess carriers are collected by the
built-in p-i-njunc-tionsinthe samples. Wecan clearly observe
features in the photoresponse images localized in regions <
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200 nm. Furthermore, we observed composite structuresin
the recombination region associated with individual defects.
The advantages of NSOM over other more commonly used
techniques come from the simultaneous measurements of
topographic changes and optical properties. We show that
NPC contrast dueto debris, surface, and sub-surface defects
can be clearly distinguished. 2D calculations show that
resolutionin NPC and EBICisnot limited by carrier diffusion
length. The high resolution demonstrated inthis paper arises
from the small size of the NSOM aperture, hence restricted
excitationvolume.
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Discussion with Reviewers

M.S. Unlu: Authorssuggest that the near-field photocurrent
data displaying FWHM in the order of 200 nm indicate that
thediffusionlength doesnot limit theresolution. Thesamples
usedinthisstudy haveap-njunctionvery closetothesurface.
Therefore, the photogenerated carriers are collected by the
built-infield at the p-n junction before they can diffusein the
lateral dimension and be captured by nearby defects. The
presence of this boundary with the underneath depletion
region effectively reducesthediffusion length to gpproximately
thethicknessof thetop n+ layer. For thick (or bulk) epilayers,
thediffusion length of the photogenerated carrierswill remain
asalimitation on theresolution for excitation mode NSOM.
Authors. We agreewith the refereethat the p-njunction has
an important effect, but we disagree with him on that the
diffusion length is reduced to the thickness of the top n+
layer. Themost important consequence of using p-njunctions
to collect carriersisthat we can separate carrier motioninthe
plane of sample surface (x-y) from that perpendicular to the
surface (z). In the z direction, the carrier transport is
predominantly drift because of thebuiltineectricfield, while
diffusion dominatescarrier spread inthex-y plane. Therefore,
we can treat carrier distribution in the x-y plane, which
determines the resolution in NPC imaging, with a two-
dimensional diffusion model. Aswe showed in this paper,
two nearby defects are clearly resolved (Fig. 7) even though
their separation distance is much shorter than the diffusion
length.

Asfor the drift in the z direction, our samples have p-i-n
structures, not p-n structures.  The depletion region in the
samplesisabout the same asthethicknessof thefilm, ~4 pm.
Asthecarriers, which are generated by apoint source, travels
towardsthe contactsin thez direction in the depletion region,
they can spread laterally inthex-y plane. Itistruethat carriers
do not recombinein the depletion region, but they do diffuse.
Therefore, the “effective diffusion length” for our samples

shouldbe,/ p¢,,. , wheret, isthedrift timeacrossthedepletion

layer. This point has been discussed in our previous paper
(Hsuetal., 1996). The“effectivediffusionlength” isnot the
top n+ layer thickness because the n+ layer is so heavily
doped that theminority life-timeisextremely short there.
The high resolution we obtained in the NPC imagesisthe
result of small excitation volumeand thereduced carrier lifetime
near dislocation defects. For thick epilayers, the total
photocurrent will be reduced, but the resolution of defect
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imaging will not be limited by diffusion given high enough
signd to noiseratio.

C.K. Shih: Asmentioned by these authors, EBIC isanother
technique which alows one to probe the local electrical
characteristicsof defects. Itis, therefore, important to compare
these two techniques. What are the potentia applications
that this technique possesses that cannot be achieved by
using EBIC? If any, elaborate a little bit. Otherwise, why
should one use NPC since EBIC can be tuned to provide
depth information?

Authors: Asweshow inthispaper, we have achieved higher
resolution than EBIC with near-field photocurrent imaging. In
addition, thereisno charging effect in our measurement. Most
importantly, itiseasier tomodel and obtain quantitativeresults
(see below) with NPC data, as we begin to do in this paper.
Dueto the“ballooning” effect of electron beamin materials,
quantitativeanalysisof EBICismoredifficult. However, the
disadvantages of scanning probemicroscopy arelimited scan
size and dow scan speed.

C.K Shih: Thetwo-dimensional analytical model isaimed at
addressing the resolution issuesinthe NPC. Whilenot being
abletoandyzetheir analysisindetails, | believetheseauthors
have performed afinejob. The conclusion about theresolution
isalso convincing. | do have one question though: assuming
that the diffusion coefficient of the free carrier isknown, can
thisanaytical model berefined to apoint that onecan analyze
theNPC signdl profileacrossthedefect and estimatethecarrier
lifetimenear adefect?

Authors Yes. Giventheaveragecarrier lifetimeinthe defect-
freeregion and the source size (from SEM images), we canfit
theresultsof numerical calculationsto experimental dataand
obtain carrier lifetime in the defect. We have done such
analysis, which will be published in another paper.
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