
Gary E. Carver

Mary L Gray

Jerome Levkoff

Blair W. Miller

Sunil B. Phatak

Non-Destructive Optical Techniques
for Characterizing Semiconductor
Materials and Devices

In the information age, communications technology depends onthe
efficient manufacture ofphotonic andelectronic devices. Optical testing pro­
motes manufacturing efficiency bycontrolling the quality ofincoming mate­
rials, providing rapid feedback for process improvements, and analyzing
why a product has failed. New, non-destructive optical techniques arebeing
used to measure keyproperties ofsemiconductor materials and devices.
Optical mapping reveals defective regions invarious types ofwafers, aswell
as in semiconductor-based lasersand detectors used inAT&T's lightwave
communication systems. New optical testing techniques include optical
beam-induced reflectance (OEIR) , whose signals are used to map silicon,
and spatially resolved photoluminescence (SRPL) , which performs high­
resolution mapping ofIII-V semiconductor materials.

Introduction
To meetthe demands ofthe infor­

mation age,complex photonic andelectronic
products mustbe manufactured with high
yield and low cost. Factories that manufacture
such devices must rapidly transfer new
designsfrom researchto manufacturing, and
create products that perform with high relia­
bility in the field. Optical testingcanhelp
manufacturers attain these goals.

Fordecades, conventional optical
microscopy has been used to inspect prod­
ucts. During "inspection," certain properties
ofa device are evaluated, but the product's
functionality is notdirectly tested. Optical
measurements ofelectronic device proper­
ties that directly relateto chargeandvoltage
cantest functionality with greater accuracy
than cansimple inspections. For photonic
devices, optical techniques are often direct
functional tests.

Testingcosts, a major component in
semiconductor manufacture, canbe mini­
mized by usingnon-destructive, rapid tech­
niquesto measure keyparameters. Optical
testingreplaces moretime-eonsuming,
destructive tests by usingnon-destructive
optical mapping to assess the quality of
incoming semiconductor wafers. (During
optical scanning, a laser spotmoves acrossa

250 x 250 micron area. Mapping sweeps the
small scanned areaovera largerarea, suchas
a wafer.) Optical mapping canalso be used to
evaluate the quality and uniformity ofthin epi­
taxiallayers grown on these wafers, providing
rapid feedback to processengineers. Non­
destructive testing early in the process also
eliminates costsassociated with the process­
ingand subsequent device-level testingof
defective material. Whenproblems do occur,
device-level tests andwafer-level maps canbe
compared to analyze reasonsforfailure..

Thispaperpresentsseveral examples
ofoptical testing, describes two newoptical
techniques developed at AT&T, andreviews
resultsincompound semiconductor and
silicon-based processing. Theseexamples
include wafer-level maps ofdefect densities
and/or polishing damage inbulkgallium
arsenide (GaAs) , epitaxial GaAs, bulkindium
phosphide (InP) , epitaxial indium gallium
arsenide phosphide (InGaAsP), epitaxial sili­
con, and silicon-on-insulator (SOl) structures.
Device-level scansin mounted semiconductor
laseranddetector structuresrevealed both
process- andoperation-induced defects. In
eachexample, processing engineers were
empowered to improve defective material­
oncetestingmethods uncovered when and
wherethe defects existed.
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Panel 1. Abbreviations, Acronyms, and Terms

APD - avalanche photodiode
CSBH - channeled-substrate buriedheterostructure
DIC - differential interference contrast
ESD - electrostatic discharge
GaAs - gallium arsenide
InGaAsP - indium gallium arsenide phosphide
InP- indium phosphide
IR- infrared
LPE -liquid-phase epitaxy
MESFET - metal-semiconductor field-effect transistor
MOS - metal-oxide semiconductor
OBIR - optical beam-induced reflectance
PIN - p-type/intrinsic/n-type
PL- photoluminescence
RF- radio-frequency
SOl- silicon on insulator
SIMOX - separation bythe implantation ofoxygen
SRPL - spatially resolved photoluminescence
TEM- transmission electron microscopy

Electro-optical Testing Hardware
AT&T has developed two newoptical systems to

evaluate the spatial uniformity ofsemiconducting materi­
alsand devices. AsFigure1shows, both systems photo­
excite samples with a focused laser beam. The energyof
this "pumping" beam,used to photo-excite samples, is
higherthan the bandgap ofthe semiconducting material
underevaluation. Asa result, absorbed photons generate
electron-hole pairsnear the conduction andvalence
bandedges.

In compound semiconductors likeGaAs andInP,
a directbandgap leadsto radiative recombination ofthe
electron-hole pairs. This radiative process, or photolumi­
nescence (PL) , is less efficient near defects that provide
non-radiative recombination paths.' (A non-radiative
recombination pathis a pathway inenergythat allows
electrons to recombine with holeswithout emitting a
photon. These pathways reducecarrierlifetime and,
therefore, our signals.) The absence ofnon-radiative
recombination paths leadsto higher carrierlifetime and
a strongerPLsignal. Scanning the pumping beamacross

the sample produces a map ofthe defect density.
In elemental semiconductors likesilicon andger­

manium, an indirect bandgap weakens the radiative
recombination processat room temperature. Before
non-radiative recombination occurs, however, the
electron-hole pairssignificantly alterthe infrared optical
properties ofthe sample. Specifically, theyreducethe
realpart,and increase the imaginary part, ofthe refrac­
tive index.! Asa result, the infrared reflectance is
changed whena pumping beamis absorbed bythe sam­
ple. The magnitude ofthis changeis influenced by
defects that reducecarrierlifetime. Again, scanning the
pumping beamacrossthe sample produces a map ofthe
defect density.

Bothsystems detectsignals whose intensity
increases in proportion to carrierlifetime and, therefore,
theyapproximate tests ofdevice functionality. The spa­
tialscansare usedforwafer mapping and device testing.
In wafer mapping, the scanned area is swept acrossa
wafer while an image-processing system identifies and
countsdefects. This datacanbe used to generate color­
coded maps ofdefect density. In device testing, the ras­
ter scanis positioned overcritical portions ofa device
structure, as shown in Figure 2.The scansare spatially
registered to the gate region ofa metal-semiconductor
field-effect transistor (MESFET), the absorbing region ofa
p-type/intrinsic/n-type (PIN) detector, andthe active
mesaofa semiconductor laser.

The SRPL System. The SRPL system uses a
focused argon or near-infrared laserbeamto pump the
sample, while detecting broadband PLradiated from the
surface. Asthe beamis scanned overa wafer, the SRPL
systemsearchesforchangesin PLintensity, which indi­
catethe presence ofdefects.3

The pumping beamis scanned inandoutofthe
plane ofFigure 1byan acousto-optic deflector, and
within the plane bya scanning mirror. The beamis then
focused to a 1- to 2-micron scanning spoton the sample.
Aresolution elementon the surface is exposed to a
power density of105 watts (W) per centimeter squared
(cm'') duringa dwell timeofaboutone microsecond. A
field of250 x 250 microns is scanned in roughly 33mil­
liseconds. Framerates are compatible with video pro­
cessing andvideo-cassette recorder (VCR) storage. Con­
ventional spectral PLis usually measured at considerably
lower excitation conditions. High-power density creates
high signal-to-noise ratios, whereas the low dwell time
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Figure 1. Schematics
of the (a) SRPL and
(b) OBIR spatial scan­

ning systems. Both
techniques scan a
1-mlcron spot within

a 250 x 250 micron
field of view.
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associated with video scanning allows fornon-destructive
testing. Video frame rates also makewafer mapping pos­
sible in practical periods oftime.
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The PLbeamis collected bythe laser'sfocusing
lens,passedthrougha dichroic beamsplitter, and
detected by anavalanche photodiode (APD). Asilicon



APD detectsPL emitted from InP,andan InGaAs APD
detectsPL emitted from InGaAsP. Additional filters reject
the pumping beamandconfine the PL spectral rangeto
wavelengths emitted from critical layers within a device
structure. Avideo processing boardsynchronizes the
scanners, digitizes the signal, displays video frames, and
analyzes the data. Localized defects (suchas disloca­
tions) are separated from elongated (polishing-related)
defects usingan image-processing algorithm developed
for that purpose.

The OBIR System. The OBIR systempumps the
sample with a focused argonlaser beam, and then
probesthe resulting photo-induced changein the
reflectance ofa CO2 laserbeam. Asthe beamsare
scanned overa wafer, stronginfrared (IR) modulation
suggeststhat the material is defect free; weak IR modula­
tionindicates electrically active defects.4

AsFigure 1shows, the pumping beamis
chopped (i.e., turned on/oft) at 3D-50 kilohertz (kHz) by
anacousto-optic modulator, reflected from a scanning
mirror, and then focused to a 1-micron spoton the sam­
ple. About 5 milliwatts ofpower reachthe sample, creat­
ingpower density in the 105WIem2 range- well below
the damage thresholdfor silicon.

The CO2 probing beam, directed towards the
wafer near the Brewster angle, is detected bya mercury
cadmium tellurium (HgCdTe) detector. About 1Wof
CO2 radiation reachesthe sample, creating a power den­
sityin the 102WI cm2 range. An amplifier locked to the
frequency ofthe acousto-optic cellprocessesthe signal
from the HgCdTe detector. Processing only the portion
ofthe reflected probing beamthat becomes modulated at
the chopping rate ofthe pumping beamproduces a spa­
tialresolution of1 micron.

Scanning the pumping spotalong the longaxis
ofthe elliptical probing spot, while moving a stagethat
supports the sample in the orthogonal direction, gener­
ates a scanned patternon the sample. Asthe beamsare
scanned overthe sample, an analogidigital boardpro­
cesses signals from the lock-in amplifier so theycanbe
displayed on a video monitor. The 250 x 250 micron scan
occursin 30seconds. OBIR scanning at video rates is
underevaluation.

Even thoughthe probepenetrates the sample,
allphotomodulation and, therefore, alldetected defects
are located near the surface, wherethe pump is
absorbed. The penetration ofthe probe, however, can

havean adverse effect on the signal. Scattering from the
roughbacksurface oflow-doped silicon imprints a dis­
ruptive speckle patternon the display. Samples doped
below about7x1017I em" canbe effectively scanned if
the backsurface ofthe wafer is polished. Standard
metal-oxide semiconductor (MOS) wafers donotpresent
this problem. Low-doped epitaxial films on high-doped
wafers canexhibit occasional signal nulls resulting from
destructive interference between reflections from the
air/filmandfilm/wafer interfaces.

Applications in Compound Semiconductors
The SRPL systemmaps III-V semiconductors,

such as GaAs, InP,andtheir alloys. The nexttwo sec­
tionsdescribe resultsobtained usingthe SRPL system on
wafers and in devices.

III-V Wafer Mapping. Wafers canbe scanned after
theyare polished, and again afterepitaxial deposition.
SRPL scansin Czochralski, semi-insulating GaAs reveal a
cellular network ofdislocations. 5 These cellscanassem­
ble intoso-called lineage boundaries, which are sheetsof
defective material extending along the growth axisofa
crystal.3

Figure 3ashows a SRPL scancontaining two dis­
continuous lineage boundaries andtwo continuous arcs
ofresidual polishing damage. The wafer map shown in
Figure3b contains 5620 scans. Acolor-coded resolution
elementwithin the maprepresentsthe numberof
defects ina specific scan. Generated inabout15minutes
usingnear-real-time image processing, the map shows
the four-fold symmetry typical ofCzochralski GaAs.

Selective etching studies on experimental wafers
delineate pitsin the samesitesthat appear defective in
the scans. Transmission electron microscopy (TEM)
detectsarsenic decoration in the dislocations, consistent
with the factthat semi-insulating GaAs isAs-rich.' The
presenceofhigh densities ofdecorated dislocations ina
polished GaAs wafer influences the manufacture ofMES­
FETs byallowing electrically active defects to reside
within the ion-implanted channel region ofa transistor.6

These effects havebeen quantified byspatially register­
ingthe SRPL frame to a MESFET, as shown Figure 1.
Defects within the gate region appear to reduce radio­
frequency (RF) transconductance." The impact ofsub­
strate defects canbe reduced byforming devices in epi­
taxial GaAs layers deposited on the polished wafer. The
SRPL systemhas also uncovered four-fold symmetry in

AT&TTECHNICALJOURNAL. MARCH/APRIL1994 69



Rgure 2. Examples of SRPL scanning In
(a) MESFETs, (b) PIN detectors, and
(c) semiconductor lasers. Mlcron-slzed defects
can be detected within the gate region of a MESo
FET, the absorbing region of a PIN detector, or
the active mesa of a semiconductor laser.

(a)

(b)

(C)

CJ SRPLframe

the defect density ofsingle layersofGaAs grown by
molecular beamepitaxy, implying that defects in the
startingwafer havethreadedup throughthe epitaxial
layer. Adding buffer layerscanfurtherreducethis
threading process.

SRPL scansinbulk, iron-doped, semi-insulating
InPdetectlocalized regions ofhigh-luminescent
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efficiency." These brightspotshavedimensions in the
micron range, and a density approaching 1x105 / em".
Selective etching andmassspectrometry ofsecondary
ionshaveshown that these spotsare dislocations con­
taining excessive levels ofsilicon. These defects will
probably generateparasitic capacitance that will
adversely affect InP-based devices.
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SRPL scansin bulk, sulfur- or zinc-doped semi­
conducting InPare used to evaluate polishing quality.
Figure 3cshows a SRPL scancontaining arcs ofresidual
polishing damage inan InPwafer. This damage is not
visible with conventional differential interference con­
trast (Die) microscopy. The mapin Figure 3d shows the
spatial distribution ofthe damage, mostofwhich results
from the wafer-sawing process. Selective etching delin­
eatesmorphology in the samesites that appeardefective
in the scans. Maps ofsimilar wafers polished by different
shopsdiffer significantly. Some wafers exhibit virtually
no polishing damage, while others are covered with a
patchwork ofscratch-like damage. Asan experiment, a

Figure 3. (a) A SRPL scan and (b) a map of a three-inch
semi-InsUlating GaAs wafer. (c) A SRPL scan and (d) a map
of a two-Inch, zlnc-doped InP wafer. Both scans represent a
250 x 250 micron field of view, and have a spatial resolu­
tion of 1 micron.

semiconductor laser structurewasgrown byvapor-phase
epitaxy on a wafer with extensive polishing damage.
Mer deposition, SRPL scansweretakenbypumping the
top (epitaxial) surface ofthe wafer, while detecting PL
from the uppermost layerofthe laser structure, These
scansshow that scratch-like features in the InPwafer
growup throughthe epitaxial layers, appearing as a
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series ofdark-spot defects in the toplayer. This problem
canbe alleviated by submitting the wafers to a pre­
deposition etch.

SRPL scanshavealso revealed significant non­
uniformities in laser structuresofthe channeled sub­
strateburiedheterostructure (CSBH) type. These struc­
tures,grown usingliquid-phase epitaxy (LPE) , have been
described in a previous issue ofthe AT&TTechnical
Journal. 8 In part, the structuresare formed by sequen­
tially growing the following layers on a previously pro­
cessed InPsubstrate: an n-type InPbuffer, an intrinsic
InGaAsP active layer, a p-type InP-cladding layer, anda
ternarycapping layer. Pumping throughthe InP sub­
stratewith a near-infrared lasergenerateswafer-level
maps ofthe buriedactive layersin these samples. CSBH
structureshave two active regions: a thick, active laser
stripewithin a v-groove, and a thinnerregion (called the
field) covering the remaining area ofthe laser structure,
outside the v-groove.

Figure 4aand b shows two SRPL scans, including
onewafer with a uniform field and anotherwafer with a
defective field. The v-grooves are within the vertical
stripesseen in Figure4,and only appear as a v-shape
whenviewed in cross-section. In the defective sample,
shown in Figure 4b,the v-groove doesnot lightup,and
an asymmetric, recessedfield full ofdark-spot features is
observed. The two samples appearsimilar in top-side DlC
microscopy. Thermaldegradation or localized contami­
nantsprobably create these dark-spot defects. The den­
sityofthe dark spots is generally higher in samples
wherethe PLintensity ofthe active stripeis weak or
nonexistent. Wafer-level SRPL mapsofdefect density,
such as the example given in Figure 4c, showconsider­
able inter-wafer and intra-wafer variability. Asthe map
demonstrates, it is difficult to determine the quality ofa
full wafer basedon the destructive characterization ofa
piece from the edge ofthe wafer. In addition, the non­
destructive natureofSRPL scanning allows mapped
wafers to be processed intodevices. Asa result, wafer­
level maps canbe directly related to device-level tests.

Scans in Devices. The SRPL systemcanalsoscan
discrete devices. Asshown in Figure 2,scansin PIN
detectors are spatially registered to the absorbing region
ofthe device. These detectors, described ina previous
edition oftheJournal, 9 are processed byforming the fol­
lowing layers on an InPsubstrate: an n-type InPbuffer,
an intrinsic InGaAs absorber, and a p-type InGaAs
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region. In somepackaged detectors, the end ofan optical
fiberis positioned near the backsurface ofthe InPsub­
strate so that lightfrom the fiber propagates throughthe
substrateand is absorbed by the InGaAs layer. SRPL scans
ofthese devices are performed by inserting the pumping
beamwherethe fiberis normally positioned. Scans have
been takenonthe ten devices represented in Figure 5.
Currentversusvoltage plotsindicate highdarkcurrent
(microamperes to milliamperes) infive devices
(Figure Sa), and low darkcurrent (less than nanoam­
peres) in five other devices (Figure 5b). SRPL frames show
uniform material in the samples represented in Figure 5b,
and severerecombination centersin allfive samples rep­
resentedin Figure Sa. Selective etching has confirmed the
existence ofdefects in the devices with highleakage. The
defects are probably the resultofthe wire-bonding pro­
cess,an example ofprocessing-induced defects.

The SRPL systemcanlocate operation-induced
defects in PINdetectors. Defects induced byelectrostatic
discharge (ESD) appear as dark recombination centers
within the active areaofa PINdetector. Thesefeatures
are notvisible instandard DlCmicroscopy.

In addition, the SRPL system candetectpurge­
induced effects in CSBH laserchips. Laser chips are
scanned by eitherpumping througha window in
substrate-side metallization, or by stripping the ternary
capping layerandpumping throughthe p-cladding layer.
Purgedlaserswith small changesin threshold current
appearsimilar to the active stripeshown inFigure 4a,
while thosewith largeincreases in threshold current
exhibit less intense, discontinuous active stripes. These
observations indicate that a correlation canbe estab­
lishedbetween wafer-level maps and threshold current
shiftsduringpurgetests.SRPL may eventually provide
rapid feedback to the growth systems. Further, SRPL
maps canbe used to rejectheavily defective chipsbefore
manual pre-bond chiptest, resulting in substantial sav­
ingsin test time.

Applications in Silicon
The OBIR system mapsgroupIV semiconductors,

such as Siand Ge. The next two sections describe
resultsobtained on MOS andSOlwafers.

Silicon Wafer Mapping. Asthe dimensions ofMOS
chipsexpand in response to increasing electronic func­
tionality, the requirements formaterial quality become
morestringent. 10 MOS ICprocessing generally is per-
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formed on highly doped silicon wafers (lxl018 Boron
atoms per crrr') coated with epitaxial silicon (lx10 15

Boron atoms per ern"). These IT/P+ wafers canbecome
defective if metallic contamination is introduced during
polishing or epitaxial growth processes. The OBIR system
can detectmicron-sized metallic precipitates, or s-pits, in
these wafers.' If compared at the samelocations on a

wafer, OBIR scansand selective etching reveal the identi­
caldefect distribution. In production, selective etching is
used to assess whetherwafers contain defects. Asthe
industry moves from 5-inch to 8-inch wafers and
beyond.l'' the costofeachwafer will make destructive
tests prohibitive. At30seconds per frame, the OBIR sys­
tem requiresseveral hours to mapthese large-diameter
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wafers. Avideo OBIR capability is under evaluation for
this application. Because oftimeconstraints, the OBIR
system is often used to scanonly 14sites on a 5-inch
wafer. Even with this low sampling density, OBIR
identifies 40percentofthosewafers inwhich destructive
etching reveals defects.

The OBIR systemcan also helpidentify metals
within the defects byoptically locating clustersofhigh­
defect density. Asa result, a thinned sample canbe pre­
paredwith a precipitate density high enoughforTEM
analysis. Subsequent TEM measurements cancapture an
image ofthe precipitates and,usingenergy-dispersive
x-ray analysis, can determine which metals are present.
Assoonas the metals are identified, processing engineers
canpinpoint and eliminate the sourceofcontamination.

SlIIcon-oftolnsulator Mapping. High-voltage res are
manufactured on dielectrically isolated silicon. OBIR has
been successfully applied to two typesofSOl structures:
wafer-bonded SOl, andSOl formed by implantation. Fig­
ure 6 shows the basicbuilding blocks ofwafer-bonded
SOl, along with an OBIR scantakenon an SOl wafer.
Wafer-bonded SOl is formed byoxidizing a wafer, placing
a second wafer on the oxidized surface, bonding the

wafers togetherwith an annealing process, and, finally,
polishing the topwafer to a few microns thickness. The
annealing processcan, however, expose the SOl wafers to
heavy metalcontamination. The OBIR scanin Figure 6
reveals metallic precipitates, which TEM analysis subse­
quently identified as iron. This information allows pro­
cessingengineers to expedite efforts to remove the con­
tamination.

Researchers in SOl technology are striving to
makethe topsilicon layerin SOl structuresas thinas pos­
sible. Selective etching fordefect delineation is difficult, or
evenimpossible, in these structures. OBIR scanning pro­
vides a convenient, non-destructive method forassessing
SOl quality. Because SOl wafers are notheavily doped, the
backsurfaces mustbe polished for OBIR scanning.

Implanted SOl is called SIMOX (separation bythe
implantation ofoxygen). 11 SIMox-based SOl is formed by
implanting oxygen into silicon wafers, andthen perform­
ingan annealing process. After the anneal, SIMOX still
contains high densities ofdislocations. OBIR scansin
SIMOX reveal few defects, implying that the dislocations
are notelectrically active. Exposure ofclean SIMOX to a
sourceofmetallic contamination canactivate the defects,
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based semiconductor laser structures matchesthe image
quality ofelectroluminescence, yet functions at both the
waferand device levels. Finally, OBIR scanning in silicon
and SOl wafers is equivalent to electron-bearn-induced
current scanningsystems.

The anticipated impact ofthese techniques is
reflected in current andfuturework. SRPL mapscan
ensure that onlyoptimally polished InPwafers are sub­
mittedfor processing. SRPL mapsand scanscan also
track material used in laser manufacture, from epitaxial
deposition steps to pre-bond chiptesting, and, finally, to
chip performance duringpurging. Workreportedhere
for the CSBH laser has alsobeen applied to bothwafer­
level and device-level testingofcapped mesa-buried het­
erostructure (CMBH) lasers.AsFigure2c shows, the
mesas in CMBH lasers are analogous to the v-grooves in
CSBH lasers.SRPL scans reveal non-uniformities in both
the mesas and the v-grooves. Device-level SRPL scansin
PIN detectorshaveidentified ESD-induced darnage. This
workcan be extendedto ESD-sensitive APD structures.
Finally, OBIR mapsand scanscanhelp ensure the quality
oflarge-diameter bulksilicon and SOl wafers.

(b)

Figure 6. (a) Basic building blocks of wafer-bonded 501
materials. (b) This OBIR scan covers a 60 x 60 micron field,
and reveals micron-sized metallic defects, later Identified as
iron, In the top silicon layer.

making them visible in OBIR scans.Thus, OBIR can track
the quality ofthese materials through a processing
sequence,and identify anydefective steps.

Conclusions
Research and development laboratories havecre­

ated a vast arrayofelectronic and photonic productsthat
fuel the information age, productswhosemanufacture
can be made more efficient by usingoptical testing. Opti­
caltestingcan improve both the quality control ofincom­
ing wafers and the epitaxial processes that produce
device structures, and help to analyze device failures.
The SRPL systemand the OBIR systemaddress these
goals in a non-eontact, non-destructive manner. SRPL
scanning in GaAs exhibitsspatial resolution and contrast
that rivals cathodoluminescence. SRPL scanning in InP-
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