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Deep subsurface electronic defect image contrast and resolution
amplification in Si wafers using infrared photocarrier radiometry
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A photocarrier radiometry technique using a secondary subband-gap dc light source is introduced,
along with the applications to deep subsurface electronic defect analysis in Si wafers. It is shown
that the use of a dc light source, in addition to the modulated laser beam, drastically enhances the
potential of the technique in resolving low-level damage otherwise virtually indistinguishable by
conventional photothermal techniques. Using this methodology, the overall contrast enhancement
was about 386% for amplitude and 5586% in phase over conventional photocarrier radiometry. ©
2004 American Institute of Physid®Ol: 10.1063/1.1785289

Bulk lifetime and surface recombination velocity are the CDW travels before recombination, which is experimentally
most commonly used parameters for detection and characterentrolled through the modulation frequentyof the laser
ization of defects in Si wafers, particularly those induced bybeam, is the ac carrier diffusion length, a critical parameter
metallic contamination™ Several different methods have for semiconductor analysis, as it depends on the carrier life-
been developed to monitor either absolute values of minoritgime 7;, a physical parameter strongly sensitive to defects or
carrier lifetime and surface recombination velocity or theirimpurities. Here, L{M:(D’;Tj)l’2 stands for dc diffusion
relative changes induced by the presence of defects. Thesgngth, D}“ is the ambipolar diffusion coefficient aneEn
methods usually consist of the injection of excess carriergelectrons or j=p (holes. In the conventional PCR setup, a
and the measurement of some quantity related to the fre@om-temperature InGaAs detect@:8—1.8um bandwidth
carrier dynamics. For instance, the surface photovoltaggith integrated amplification electronics and spectrally gated
method measures the bending of the energy besrdsurface  optical filters to match the detector bandwidth is used instead
potentia) upon illumination? the photoconductance method of the liquid-nitrogen-cooled HgCdTe photodetector
measures the intensity decay of a microwave due to changgs—12 um bandwidth used in conventional photothermal
in the IR absorption coefficient after cessation of theradiometry?o The major advantage of this technique over
excitation? the ELYMAT technique measures the photocur-other photothermal techniques, such as photomodulated
rent collected by a semiconductor-metal confam, lately,  thermoreflectanc&and infrared radiometry, lies in its ability
infrared photocarrier radiometry selectively measures the into study purely electronic carrier-wave recombination kinet-
frared emission from free photoexcited carrier-density wavescs with no thermal-wave interference from synchronous
(Cow)."? Planck-mediated infrared emissions due to the concurrent

Infrared photocarrier radiometi?CR) was recently in-  |attice absorption of the incident laser beam and nonradiative
troduced as a noncontact methodology to study electronigeating. In the case of PCR with secondary light, an un-
transport properties in semiconductor materials. The physicahodulated (dc) IR laser (diode laser,\4.=1500 nm; Py,
principles of the PCR method, a form of spectrally gated=4 mw; beam radius on the sample: 1 mis coincident
near-infrared room-temperature photoluminescence emiswith, and fully overlaps, the modulated laser spot. Both la-
sion, were presented by Mandetisal,” along with the ex-  sers are incident on the same polished side of the wafer,
perimental evidence of its potential for semiconductor analywhich in this case was supported by a polished aluminum
sis. Briefly, in a photoexcited semiconductor of band-gapolder.
energy Eg, an intensity-modulated incident optical source |n this letter, we report an application of the PCR tech-
such as a laser bea(in the present case, a diode lasef;  nique using a secondary subband-gap dc light source. It is
=830 nm; P,:=30 mW; beam radius on the sample: shown that the combination of PCR and dc light enhances
0.066 mm with superband-gap energy photohe>Eg, is  drastically the potential of PCR in resolving low-contrast
absorbed and generates a CBWollowing several path- features otherwise virtually impossible to detect using pho-
ways, the free carriers will diffuse in their respective energytothermal techniques. A complete theory of PCR with sec-
bands until they recombine across the band gap or into imondary dc light is currently under development. Here, we
purity and/or defect states within the band gap. The rewill concentrate on the basic physical principles of the signal
establishment of the free carrier equilibrium is accompaniegeneration and on the discussion of some experimental re-
by emission of phonons, thus raising the temperature locallgults to demonstrate the potential of the methodology as an
(thermal nonradiative componenas well as by emission of electronic feature imaging resolution amplifier.
photons of near- or subband-gap energlrect emission The physics of the contrast mechanism for the nonther-
component The distancel, =L} /(1+iw7)*? that the mal nature of the PCR signal is based on the self-absorption

of recombination-generated IR photons emitted by the pho-
90n leave from: Departamento de Fisica, Universidade Federal ddoexcited CDW distribution throughout the wafer bllkhe
Maranh&o, S&o Luis, MA, Brazil; electronic mail: jbatista@ufma.br distribution profile is modified by enhanced recombination at
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localized or extended defects either at the wafer surface or
inside the bulk. The addition of an IR dc light source with
spectral content within the detector bandwidth of the PCR
instrument amplifies signal contrast as follows: The almost
transparent semiconductor to the subband-gap radiation acts
as a lossy multipass medium for the subband-gap radiation,
the latter being multiply reflected by the front and back sur-
faces of the sample and controlled by the effective reflectiv-
ity of the combined back surface and IR-reflecting support.
The loss factor is controlled by the modulated superband-gap
laser source-induced infrared absorption/emission depth pro-
file (in the sense of the Detailed Balance Princigl@his in

turn cross modulates the intensity of the dc radiation which
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is superposed on the direct back-propagated emission signals. 1. pPcR amplitude and phase maps obtained by scanning an area 5

from recombining carriers and is synchronously detected by 5 mn? from the front side of a Si wafer with a defect on the back side.
the PCR detector. Strong enhancement of recombination fe%a'b) A:“p"wde(PhaSQ with d‘|3 IR laser off.(c,d Amplitude (phasg with

. - e dc IR laser on. Experimental parametekg:=830 nm, P,.=30 mW; spot
tures that contribute to the IR CDW absorption/emission coy;; .35 mmf=100 Hz. \y.= 1500 nm. Py.=4 mW- spot size: 2 mm.
efficient distribution profile across the samjénd its spec-  number of data points: 400.
tral integral at the detectpoccurs by virtue of the multipass
(at least double-pagattenuation of the back-propagated IR

radiation which thus acts as an amplifier of the absorption/ 1° Show the resolution amplification of PCR by using a
emission profile within the ac CDW diffusion length and secondary dc IR laser source, a small area of the back surface

integrated over the thickness of the sample. of a p-type Si wafer (resistivity p~20{ cm, 0.675 mm

Direct emission occurs only from de-excitation of the thicknes3 was very slightly damaged through gentle rubbing

CDW, so that the IR absorption coefficient is highest whenw'th a folded optical Paper. The measurements were per-
f?rmed from the front side of the wafer. The actual size of

the ac laser is on. This component of the synchronous Sign?he defect is about 1.8 mm. Figure 1 shows amplitude and

can be called “in phase”. During the part of the cycle whenphase images with the dc laser @figs. 13 and b)] and

the modulated laser is off, the IR absorption coefficient isWith the dc laser offFigs. c) and 1d)]. The ac laser was

lowest. This amounts to the semiconductor attaining th%odulated at 100 Hz. The scanned area Wassmne. and
minimally lossy state, as far as the multipass dc radiation i$0 jata points were measured for each image. In both con-
concerned, and maximum transmission of the Crossgq, rations, the localization and geometry of the defect is
modulated intensity occurs which dominates the baCk'clearIy seen. This particular wafer was meastred have
propagated signal. Because of its timing within the modula-- ~ 1" ms andD* =12 cnt/s, which yields afl.d=1 mm.

tion cycle, this component of the synchronous signal can b&herefore, the carrier-wave centroid lies well beyond the
called “out of phase” and it clearly lags the direct PCR signaknickness of the wafer and only a small phase shift can be
component by 180°, assuming instantaneous relaxation of 8lpserved with the dc laser off. However, the cross-modulated
recombination processggenerally valid at low modulation  component of the IR laser produced an amplified phase con-
frequencies such thairj <1). Depending on the intensity of trast(see below. Figure 2 shows the same set of measure-
the dc IR laser beam, the combined PCR amplitude rangegents performed at 100 kHz. At this frequency, the ac carrier
from some value dominated by pure PQ& laser off to  diffusion length|L,d is only 0.044 mm, and despite the fact
some other value, usually higher, which is transmittancehat the ac carrier-wave centroid lies very far from the defect,
dominated. For some intermediate dc laser intensity, thégnhe PCR amplitude still shows contrdfig. 2a)], accompa-
combined PCR signal reaches a minimum explained by th@jed by a very small phase shjffig. 2b)]. Nevertheless, the
vectorial interplay between the in-phase and out-of-phase
components. In the case whepe;>1, an additional phase
shift due to the finite relaxation rate of the carrier-wave will
broaden the phase, so that the combined phase will be a
function of the carrier lifetimgranging between 0 and 9})1’
Therefore, the maximum phase shift allowed for the com-
bined PCR signal between fully in-phase recombination,
w7;<1, and fully delayedwr;> 1, recombination is 270°. A
similar behavior was observed by Dietzetl al*? in their
broadband IR transmittance experiment, using conventional
photothermal radiometry and a HgCdTe detector in the
pump—probe configuration. In that case, a heater at 650 K
was used as an IR probe emitter, and the wafer was placed in
between the heater and the detector. The intrinsic disadvan-
tage of this configuration comes from the fact that the sec-
ondery IR source i  boadband planck eriter, which peaidle ” 5% i s, phse mare e by ot % e
around_4Mm, !nvc_)lvmg the therma_ll mfrared contrlbutl_ons to (a.b Amplitude (phase with dc IR laser off.(c.d) Amplitude (phase with
the radiometric signal and complicating data analysis, albe'&c IR laser on. The experimental narameters were the same as in Fig. 1, but
to a lesser extent than conventionai photothermal radiometry=100 kHz.
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presence of the IR laser increased drastically the contrast faninished direct recombination emission within the actual de-
both amplitudgFig. 2(c)] and phasgFig. 2d)] channels, as fect region increase the relative contribution of the former
a result of a diminished diregin-phas¢ PCR component mechanism to the overall PCR signal. This contribution is
compared to the out-of-phase multipass contribution. Definnon-diffusive and thus not limited by the ac diffusion length.
ing contrast aC=(Shax— Snin)/ (Snax* Smin)» We see that the The diminished direct recombination emissions in, and
contrast of the PCR amplitude at 100 Hz was about 21.8%round, the defect region are, of course, diffusion-length-
(dc offy and 39%(dc on), and that the phase difference was limited. The resulting superposition generates mainly cross-
1.75°(dc off) and 3°(dc on. The relative contrast enhance- modulated optical transmission images close to the actual
ment was about 179% in amplitude and 171% in phase. It igjze of the defect when the dc beam is on. With the dc beam
worth noting that the conditiomr; <1 is fulfilled, so that the  off only diffusion-limited broadened images are possible.
PCR phase with the dc laser ¢fh phasgis close to 0°, and  The phase exhibits greater resolution over the actual size of
with the dc laser orfout of phasgis close to —180°. In the  the defect, however, it retains a diminished resolution of the
latter case, the transmission component dominates the PC&,rrounding features. At 100 kHz, the images for both am-
signal, as expected. Some subtler features appear, especigiitude and phase using the dc IR laser show a much im-
in the phase image, which were otherwise invisible withoutyyeq delineation of the defect as separate from its sur-
the dc light. At 100 kHz, the contrast of the PCR amplitude ,nging damage region and much better detail and clearer
was 6.67%(dc off) and 25.77%dc on, and the phase dif- g4 cyyre of the complexity of the damage than without the

ference was 0.7{dc off) and 39.1°(dc on_). The relative dc IR light. With the dc laser off, one would have to com-
contrast enhancement was 386% for amplitude and 5586% iy, ise the lateral resolution in order to discern deep de-

phas.e. At this frequency, th_e condltmmT_j<1 IS not fu!- fects. Nevertheless, the presence of the secondary light
filled; consequently, the maximum combmgd pha;e shift be'source enhances the imaging resolution, with both the ampli-

tweenwr <1 andw7>1 conditions, for this particular IR\ [Fig. 2¢)] and phaseFig. Ad)] basically showing a
gzg)s]s-modulated intensity, was 23fsee Figs. () and geometric projection of the deep subsurface defect on the
éne advantage of this contrast amplification methodol_front surface of the wafer. Based on the experimental evi-
(aence discussed above, there are excellent prospects for PCR

ogy comes from the fact that the contrast between good an

defective regions of the wafer can be controlled, at least ir\JNIth a secondary dc IR light as a high-sensitivity defect-

principle, by controlling the intensity of the secondary dClmaging tool for wafer characterization. Work currently un-

light. During the measurements, the dc IR laser power wa; er way 1S eéxamining thg appl|f:at|on of this contrast ampli-
ication method to the industrially relevant case of heavy

kept constant. However, the increase of the back-surface r

combination velocity decreased the free-carrier density neziin'ataI contamination imaging, insofar as the presence of such

the defect, thus decreasing the infrared absorption coeffions can disturb the carrier-density wave, thus affecting PCR

cient. As a result, the transmitted component of the IR mulcontrast.

tipass laser increased, and so did the image contrast. It i The aythors wish to acknowledge the continuing support
important to mention that neither conventional PGR IR ¢ \aterials and Manufacturing Ontar@®MO) and Photo-
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