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1.0 INTRODUCTION with extremelyhigh depthandspatialresolution. Tech-
niquesinclude secondary ion massspectrometry (SIMS);
Auger electron spectroscopy (AES); scanning Auger

1.1 Introduction microscopy (SAM); X-ray photoelectron spectroscopy
(XPS); electron energy loss spectroscopy (EELS);elec-
tron-stimulated desorption spectroscopy (ESD); elec-

The Measurements and Characterization Branch actively tron-beam-inducedcurrentandvoltage(EBICand EBIV);
suppolts the advancement of DOE/NREL goals for the Auger voltage contrast (AVC); high-resolution elemen-
development and implementation of the solar photovoltaic tal and ionic mapping, including volume-indexing;
technology. The primary focus of the laboratories is to cooperative soft x-ray synchrotron-source analysis;
provide state-of-the-art analytical capabilities for materials scanning tunneling microscopy (STM); and molecular
and device characterization and fabrication. The branch beam epitaxy (MBE).
housesa comprehensive facilitythat iscapable of providing
information on the full range of photovoltaic components. Materials Characterization
A major objective of the branch is to aggressively pursue
collaborative researchwith other government laboratories, ,, This group employs advanced microscopy and mi-
universities, and industrial firms for the advancement of croanalytical techniques in the determination of crys-
photovoltaic technologies. Members of the branch dis- tallographic, defect topographic, compositional, and
seminate research findings to the technical community in microelectrical properties of photovoltaic materials
publications and presentations. Along with detailed ac- and devices.Theseinclude electronprobe microanalysis
counts of the individual group's accomplishments over the (EPMA) with energy dispersive and wavelength disper-
pas*_year, this report contains five appendicesthat detail the sive spectroscopy (EDS and WDS); scanning electron
following information: the capabilities and technical quail- microscopy(SEM)to liquid helium temperatures; scan-
fications of the staff (Appendix A); the outside laboratories ningtransmission electron microscopy (TEM and STEM);
with which members of the branch have collaborated in the voltage contrast; electron-beam-induced current and
past year (Appendix B); technical publications that have voltage characterization; electron diffraction; electron
emanated from the branch in the past fiscal year (Appendix channeling; image analysis; X-ray diffraction; X-ray
C); major equipment and capabilities of the various groups fluorescence; micro-cathodoluminescence; coopera-
(Appendix D); and a partial list of acronyms used in this rive high-resolution interface analysis using high-volt-
report (Appendix E). age electron microscopy; and complete sample prepa-

ration facilities, including ion etching with integral

1.2 Organization SiMS analysis.

Device Development
• The Branch has undergone one organizational change

sincethe previous reporting period. The Device Devel- • This group provides modeling and fabrication support
opment Group and the MBE facility were moved into a for the development of cell structures, including diag-
new branch that was created in the new Photovoltaics nostic device preparation, optical conducting film fab-
Division. The new branch is entitled the PV Device rication and studies, thin-film and space cells, and
Development Branch and it i_:'_ludesthe MBE facility, computer analysis and design. Capabilities include
This group is included in this report as part of the precision sputtering equipment for deposition of opti-
Measurements and Characterization Branch.. cal films, antireflection coatings, metallizations, trans-

parent conductors, etc.; research clean room facilities;
• The Measurements and Characterization Branch en- III-Vcell-processingcapabilities;photolithographyand

compasses nine coordinated researchgroups, provid- mask design and fabrication; InP-alloy metal-organic
ing integrated researchand development that coversall chemical vapor deposition (MOCVD); optical and elec-
aspectsof photovoltaic materials/devicescharacteriza- trical characterization for films and coatings; plasma
tion, fabrication, and modeling. A summary of the deposition; photoconductivity and ellipsometry; con-
capabilities of each group isgiven in Appendix D. The tact resistancedeterminations; and computer modeling
support research and services available are explained programs for optical coatings and solar-cell design.
briefly in the following paragraphs.

Electro-Optical Characterization
Surface and Interface Analysis

• The work of this group involves determination of the
• The work of this group entails determinations of the electrical and optical properties of materials and solar

chemical, compositional, and microelectrical charac- cells and laser spectroscopies, including photolumi-
teristics of materials, surfaces, and device interfaces nescence and specialized determinations of minority-



carrierproperties. Capabilitiesandtechniques include ties or dopants in samples. Techniquesinclude: high-
capacitance-voltage,conductance-voltage, and tem- resolution,mid-infrared FTIRspectroscopyin transmit-
peraturedependences;Hall effect/vander Pauw mea- tance, specular reflectance, diffuse reclectance, and
surements;laserscanning; deep-level transient spec- attenuated total reflectance (ATR) sampling modes
troscopy (DLTS); photoluminescence (PL);minority- using5 cm2,0.5cm2,andfiber optic ATRprobes,along
carrier lifetime (tothe picosecond range)anddiffusion- with environmental control for in-situ analysis and
length measurements;determination of minority-car- measurementof reaction kinetics for most sampling
tier mobility by time-of-flight (TOF) measurements; modes;FT-Ramanspectroscopyin both reflective and
picosecond laserspectroscopies;optical spectropho- refractive modes;and FTIRmicroscopy for obtaining
tometry; and ellipsometry. In addition, new facilities midinfrared transmittance or reflectance spectra of
havebeendevelopedfortheelectrical characterization sample areasas small as 10 X 10 _m, and farinfrared
of high temperature superconducting materials. This spectroscopy (650-50 cm-1) with transmittance and
includes measurementsof resistanceversustempera- diffuse reflectancesampling modes.
ture (Rvs. T), Meissnermutual inductance (MMI), and

critical current 1.3 Summary

Cell Performance
Theselaboratorieshave been establishedto supportthe

• Thework of thisgroup includescalibratingand main- U.S. PhotovoltaicProgram. Researchersinvolved in the
raining primaryphotovoltaic referencecells;perform- Program,aswell asthe photovoltaicindustryand interna-
ingefficiencymeasurementsunderstandardreporting tional researchgroups,are invited to utilize and interact
conditions; calibrating secondary referencecells for with theMeasurementsandCharacterizationBranchforthe
the photovoltaic community; evaluatingphotovoltaic advancementof their technologies.
device parameters. Capabilities and techniques in-
clude current-versus-voltage measurementsas func-
tions of temperature, spectral and total irradiance;
spectralresponseas functions of temperature,voltage
bias, and spectral and total irradiance; laser photo
response mapping; and detection of measurement-
relatedartifactspresentin othercurrent-versus-voltage
measurementsystems.

SurfaceInteractions,Modification,andStability

° The work of this group involvesthe fabrication, modi-
fication, andcharacterization of surfacesand interfaces
to better understand their properties and structures.
Capabilities include surface spectroscopies(ion scat-
tering spectrometry (ISS),XPS,SIMS, fast atom bom-
bardment (FAB), AES, and SAM); Fourier transform
infraredspectroscopy(FT-lR);and contact-anglemea-
suremer,ts, ultramicrogravimetry, and quartz crystal
microbalance measurements. The group is able to
perform reactionsin the high-pressurechamber onthe
LHS-10system,or in a solar furnace. In addition, the
group hasexperiencein thepreparation andcharacter-
ization of polymer films and organized molecular as-
semblies(OMA).

FTIRSpectroscopicand ResearchCenter

° This is an Institute-wide servicecenter providing Fou-
rier-transform infrared (FTIR)spectroscopic analysis
andexperimental designfor determination ofthe cova-
lentor lattice-bonding structureof materials,the effects
of chemical reactions on materials, as well as the
chemical composition and sub-ppm levels of impuri-



2.0 SURFACE AND used as well to study semiconductorsurfacesand inter-
faces,imagingandanalyzinggrainboundaries,andcharac-

INTERFACE ANALYSIS terizingdefectsin photovoltaic materials.

2.1 Research Staff The molecularbeam epitaxy (MBE)staff utilizesthe con-
trolled-growth environment and in-situdiagnosticsavail-
able with MBEto studyproblemsrelevantto photovoltaics.

A.J.Nelson,SeniorScientistandGroup Leader Thiswork, performedin collaborationwith both internal
P. Sheldon,SeniorScientist and externalresearchers,falls intotwo categories.Thefirst
S.E.Asher,SeniorScientist of theseisto supportthe Measurementsand Characteriza-
A.B. Swartzlander-Franz,AssociateScientist tion Branch,bydesigningandgrowingelectricalandstruc-
D.W. Niles,StaffScientist tural diagnosticdevicesfor instrumentqualification. For
L.L. Kazmerski,PrincipalScientist example:(i)to provideelectricallycharacterizedstandards

necessaryfor quantitative AESand SI/vISanalysis;(ii) to
2.2 Introduction provide preciselygrown layeredstructuresfor sputterrate

determinationand depth-resolutionqualification for AES
andSIMSanalysis;and(iii)to providespecializedstructures

Thechemical,compositional,and microelectricalproper- for instrumentdevelopment (DLTS,CV, and minority car-
tiesof photovoltaicmaterialsand devicesare analyzedin rierlifetimemeasurements).Thesecondcategoryinvolves
theselaboratories. Staff researcherssupportboth internal internal research,which over the pastyear hasfocusedon
and external researchersand provide timely analysison RHEED intensityoscillation instrumentdevelopmentand
fundamentalcompositionalproblemsthat limitthe perfor- usingnovelgrowth techniquesto optimizeminoritycarrier
manceand operating lifetime of specificmaterialsystems lifetimesin AIGaAs/GaAsDH structures.
and photovoltaiccellsand modules.

2.3 Equipment/Analysis Development
TheSurfaceand InterfaceAnalysisLaboratoriesspecialize
in analyzing individual layersof a photovoltaicmaterial,

device,or module. Examiningmaterialsa monolayerat a (ECR)PlasmaModificationwith in-situAnalytical
time, researchersdeterminethetypesof impuritiespresent, Capabilities
theirchemicalorelectricalmakeup,and/ortheirrelativeor
absoluteconcentrationand location. Thestaff correlates

the presenceof impuritieswith the electricalpropertiesand • A largepreparationchamberhasbeen assembledand
performanceof the cell or module, attachedto the PHI 550 XPSsystem. This chamber

housestwoeffusioncell sourceson a 15.24 cmconflat
UsingsophisticatedsurfacemicroD'obeandepitaxial-growth flange, an ECRplasma source, and a small metal
systems,the staff can conduct com_nlementarycomposi- evaporator.Thesubstratescanbeheatedupto 1,000°C
tional and electricalanalyses,with multiple techniques duringgrowthand/orplasmaprocessing.Thechamber
applied concurrentlyor consecutivelyto the samearea,as wasdesignedto allow the grown/processedsamplesto
well as grow diagnostic device structures. Additionally, be transferedin vacuum for in-situ analysis(XPS,UPS,
researchscientistshave extensiveexperience in photovol- AES,EELS).
talc devicephysics,epitaxial growth, and surfaceanalysis,
providing unique capabilities in the areaof device charac- • Excitation of the Compact ECRsource is by 2.45 GHz
terization, microwave energy (10-250 watts) coupled into the

sourcethrough a vacuum window. There are no ilia-
Recentactivities in this researcharea include continued ments,cathodes,or grids to contaminate the systemor
development of Auger line-shapeanalysisfor determining process. A strong axial magnetic field (875 gauss)is
chemical bonding at surfaces and grain boundaries in used to create electron cyclotron resonance,to pro-
photovoltaic materials. In addition to the in-house-photo- moteefficientcoupl ingofthe microwavestotheplasma,
emissionactivities, severalexperimentswerecompleted at and to minimize plasmacontactwith the interior stain-
the SynchrotronRadiationCenter. Specifically, (i)the band less-steelwalls of the source. Plasmadensitiesof 1011
diagram for the Cd(In)S/CulnSe2 heterojunction and (ii) to 1012cm"3areobtained, giving high ion currentsand
contact formation on CulnSe2 were directly determined good gas efficiency. The ions produced by an ECR
from these photoemission measurements. Additionally, plasmahaveenergiesof 10to 25 eV, at pressuresin the
photoemissioninvestigationsof ECRplasma-modifiedsur- 10-3to 10-4torr range,which ismuch lessthanthe ion
facesof semiconductorswas initiated. SIMSwas used to energiesproducedby an RFplasma. Furtherreduction
characterizethe light-induced diffusion of H in a-Si:Hfilms, of these ion energies is possible through substrate
Atomic-level scanning tunneling microscopy (STM)was biasing.



peak scan, or peak monitor mode. In the massscan
• The primary application of this preparation chamber mode, the system acquires a full atomic mass unit

will befor the growth of ordered/disorderedII-VIsemi- (AMU) scan,collecting upto eight decadesof informa-
conductor materials (CdTe, CdS,ZnTe, CdZnTe) and tion in 1/10 the time previously required. In the peak
interfaces(e.g. heterojunctions, contacts)and for fun- scan mode, the systemcan identify the intensity of
damentalstudieson plasmaprocessedsurfacesof Ill-V, preselectedpeaksanddisplaythem in a histogramplot
II-VI and I-III-VI2semiconductorsfor improving device with tabular data. Finally, in the peak-monitor mode,
performance, the systemcan monitor the peak intensities of up to 8

AMUs asa function of time. In ali modes,the data can

RHEEDIntensityOscillationFrequencyDomainFlux be acquired with the electron multiplier or Faraday

TransientAnalysis cup,smoothed,displayedin a Io_or linearformat,and
rescaled.Priorto the development of this system,the
UTI 100C could only operate in the massscanmode

• Significantprogresshasbeenmade in thedevelopment witha fixed range. Theadditionofthls softwaregreatly
of NREL's reflection high energy electron diffraction enhancesthe capabilitiesof the UT1100C and will be
(RHEED)intensity oscillation hardware and RHEED- an invaluable addition to the MBE. This hardware/
frequencydomainanalysissoftware(initially described softwarepackagehasresulted in a record of invention
in the FY1990 annual report). This system is usedto and is being pursuedby a commercial company inter-
measuregrowth rateandalloy composition in-situwith estedin licensingthis technology.
extreme accuracy on a near-real-time basis. Earlier
versionsofthissystemwereonlycapableofmonitoring 2.4 Major Accomplishments: Photovoltaics
flux ratesfor the first100 ,_ofgrown material. Themost
recent generation of the design has successfullymea-
sured the flux rate for as much as 7,500 A of grown SynchrotronRadiationPhotoemissionStudyon the
material. Thisrepresentsa significantimprovementin Effectof In Dopingon Cd(In)S/CulnSe_Heterojunction
the technique and makes it useful for monitoring Formation[46,47]
heterojunctionformationaswell asthegrowthof ultra-
shortperiodsuperlattices.Thiswork hasresultedin a
record of invention and hasgeneratedsignificant in- • SynchrotronradiationsoftX-ray photoemissionspec-
dustrialinterest.A cooperativeresearchand develop- troscopywas usedto investigatethe development of
ment agreemtn(CRADA) ispresentlybeing negotiated the electronic structure at the CdS(In)/CulnSe2
to commercializethis system, heterojunc-tion interface. In-doped CdS overlayers

weredepositedinstepson single-crystaln-typeCulnSe2
° Hardware andsoftwaremodifications to the MBE/MEE at 250°C.Photoemissionmeasurementswere acquired

control systemwill now allow for simultaneousshutter after each growth in order to observe changes in the
control and RHEED-intensityoscillation data acquisi- valence bandelectronic structureaswell as changesin
tion. Theaddition ofthis featureissignificant, because the In4d, Se3d, Cd4d andS2p core lines. The valence
it will allow for in-situ observation and recording of band discontinuity for this heterojunction was experi-
surfaceand interfacecharacteristics.Bymonitoringthe mentally determined as a function of In-dopant con-
intensity of the specularly reflected diffraction beam, centration and a heterojunction-band diagram for
during heterointerface growth, both qualitative and CdS(In)on single-crystalCuinSe2wasconstructed,thus
quantitative information on surface/interface rough- explaining numerousfactorsaffectingthe ultimate per-
hesscan be obtained. This information can then be formance of these single-crystal devices (Figure 2.1).
used to tune growth parameters(i.e., growth tempera- The results again showthat the Katnani-Margaritondo
ture, growth interrupts, alloy composition, etc.) to method is unreliable in determining offsets for
optimize interface quality. The design for the MBE/ heterojunctions where significant Fermi level pinning
MEE-sourceflangeandcontrol systemhasbeendistrib- mayoccur andwherethe local structureand chemistry
uted to several researchgroups that have expressed of the interface depends strongly on the specific
interest, heterojunction.

QuadrapoleMassSpectrometerData AcquistionSystem PhotoemissionStudyonthe Formationof Mo Contacts
to CulnSe2 [44]

° Hardwareand softwaredevelopmentiscompletefor a
computer controlled quadrupole mass spectrometer • Synchrotronradiation softX-ray photoemissionspec-
data acquisitionsystemfor the UTI 100C. With this troscopywas usedto investigatethe development of
system,the quadrupolecan operate in a massscan, the electronicstructureat the Mo/CulnSe2 interface.



Mo overlayers were e-beam deposited in steps on
single-crystaln-type CulnSe2 at ambient temperature.

, Photoemissionmeasurementswereacquiredaftereach
5oot- growth in orderto observechangesin thevalence-band

electronic structureas well as changesin the In 4d, Se
3d, and Mo 4d core lines. Photoemission measure-
ments on the valence band and core lines were also

400 obtained afterannealing. Resultsindicate that the Mo
reactswith the CulnSe2 during deposition resulting in
the formation of In islands and a Mo-Se interfacial

phase(MoSe2, E_=0.2eV) Resultsalso show that the
300 Mo/n-CulnSe2 interface is essentially ohmic with a

-_=1 maximum possibleSchottky barrier height Jbof -<0.2
eV. This investigation implies that the Mo/CulnSe2

-= interfacedoesnot consistof a sharpboundarybetween
200 the metal andsemiconductor ashistorically portrayed,

but rather consistsof an extended region (---100A) of
reacted and/or interdiffused species.

o0 PhotoemissionCharacterizationof the H2Plasma-Etched
Surfaceof InP [45]

o 6 4 2 o ,, Synchrotron radiation soft X-ray photoemission spec-
8,_o,ogcn_,gy<_v_ troscopywas usedto characterizethe surfacechemis-

try of InPbeforeandafter exposureto a H 2 plasma. The
low power H 2 plasma wasgeneratedwith a commer-
cial electron cyclotron resonance(ECR)plasmasource
usinga mixtureof H 2 andAr, with the plasmaexposure,','", , i J i r j i , , , _ i r , , r i r i i r i

5ooo [CaS(_,n_,nCo,oSe_] being performedat ambient temperature. Plasmaspe-
cieswere idenified with quadrupole-basedmassspec-
trometry and optical emission spectroscopy. Photo-
emissionmeasurementswereacquiredaftereachplasma

4ooo band electronic structure,as well aschanges in the In
exposurein order to observe changesin the valence-

4d andP2p core lines. Quadrapole massspectrometry
(QMS)resultsshowedthe presenceof H+,H2 +, and H3+
speciesduringECRplasmaexposure.Thefluorescence

3o00 and from molecular hydrogen dissociation. Photo-
spectrashowedfeaturesdueto emissionfrom atomic H

r,

_- emission resultsindicate that the surfaceof this p-type
InPisactually n-typeand that theH 2 ECRplasma,in its

-ii000
presentconfiguration,totally reducesthe InPsurfaceto
metallic In (Figure2.2).

MolecularBeamEpitaxy

,, Real-timeRHEEDanalysis hasbeenusedas an in-situ
probe, to investigatethe quality of AIGaAs/GaAsinter-

oL., _,-,, ....... ,_,,,--:-_ faces grown by MBE. Double heterostructure (DH)
8 6 _ 2 o devices have been evaluated using RHEEDand time

8,o_,_gE_e,gy_ev_ resolved PLmeasurements. The DH structureswere
grown at low temperatures(= 600°C),a regime which
generally yields poor-quality AIGa&s/GaAsinterfaces

Figure 2.1 but is convenient for conventional GaAsgrowth. We
find that thick AIGaAs barrier layers, grown without
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Br2 etch doesnot havea line of sight to the substratewhen the
shutteris closed. In order to determine whether the AI
doping was adversely affecting the minority carrier
lifetime, structureswere grown in which the AI oven

34 36 38 40 42 temperature was ramped down during the growth of
K_net_cEne,gy(ev) the GaAs active layer. This resulted in a three-fold

Figure2.2 increasein the minority carrier lifetime (seeFigure2.3,
curve c). These results indicate that the AI doping
severelydegradesthe bulk lifetime of the DH structure

interruption, yield poor-quality surfacesthatareunable andshould pave theway for additional improvements.
to support RHEEDoscillations. DH structuresgrown

under these conditions have short lifetimes, on the SecondaryIon MassSpectrometry
order of 7 ns, with correspondinglyhigh interface
recombinationvelocities(see,forexample,Figure2.3,
curvea). Conversely,thin barriers(~ 100 ,_),employ- ° Secondaryion massspectrometry(SIMS)was usedto
ingshort-growthinterrupts,showstrongRHEEDoscil- study Cr diffusion in c-Si, in collaborationwith J.P.
lationsthroughoutboth AIGaAs/GaAsinterfaces,indi- Kalejsfrom theMobil SolarEnergyCorporation. Dur-
catingsuperiorsurfacequality. Time-resolvedPLmea- ing the productionof photovoltaicdevices,wafersare
surementssupport this finding, indicatingthat thir_- subjectedto solidsource-diffusionof phosphorus(P).
barrierDH structureshave improvedinterfaces,with Thisprocessmay havethe ability to gettersomeimpu-
significantly longer lifetimes (~ 90 ns),and reduced ritiesfromthe Siduringthe in-diffusionofthe P-richn-

layer. Siliconwafers were implanted with 52Cr at ainterface recombination velocities(see,for example,
Figure2.3, curveb). Theseinitial resultsindicatethat doseof 1013at/cre2. Piecesof the original implanted
RIO analysiswill serveas a valuable in-situ tool for materialwere then subjectedto solid-sourcein-diffu-
optimizing AIGaAs/GaAs interfacequality, sionof phosphorus(P)during a 30min annealat900°C.

In one of the samples,the resulting phosphorosilicate

• Time-resolvedPLmeasurementsofMBE-grownAIGaAs/ glass(PSG)was etchedawayto revealthe crystalline Si
GaAs DH devices have revealed that th=, minority surface. DepthprofileswereobtainedforCrandP. The
carrier lifetime in this material is limited by the GaAs profiles revealedthat upto 95% ofthe implanted Crwas
bulk lifetime. Exceptionally low interfacerecombina- getteredby the PSGlayer andthen removedwhen this
lion velocities (as low as50 cre/s)havebeenmeasured layerwas etched away. Modelling of the Cr diffusion
for DH structuresgrown at low substratetemperatures processisto beperformed at Mobil, andotherelements
(=600°C). However, thesestructuresexhibit poor bulk are being studied by SIMS.
lifetimes with values two orders of magnitude lower

than the theoretical limit. SIMS measurementsre- • Secondaryiontnassspectrometrywasusedtoexamine
vealed that the GaAs active layer is unintentionally amorphoussilicon for thermal and light-induced deu-
dopedwith AI (=1xl 018cm-3),eventhoughthe AI oven terium (D)diffusion, in collaboration with H. Branz of
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the Materials Science Branch. This study used D
sandwich layers (a-Si:H/a-Si:H:D/a-Si:H/c-Si)that had
been subjectedto thermal annealingor a combination
of thermalannealingand light soakingwith redorwhite
light. Diffusionmeasurementwas initially hinderedby
inaccuracies in the measurementof sputtered crater
depths,which leadto largeerrors(sometimes> 20 nm)
when the depth profiles were superimposed, lt was
found, however, that by usingthe oxygen signal from
the D layeras an internal markerfor profile rescaling,
the precisioncould be improvedto < 2 nm for multiple
profiles from the samesampleand < 3 nm for profiles
from different samples. This extraordinary reproduc-
ibility was obtained by usingtwo simplefitting param-
eters-- an offsetand a depthscaleadjustment. In r,_ost
casesthevaluesof the parameterswere < 0.5 nm,well
below the error of the measuredcrater depths of + 7
nm. The ability to exactly overlay profilesfrom differ-
ent samplesallowed quantitative determination differ-
encesassmall as 14nm betweenthe diffusion profiles.
lt will be possibleto extendthis method to otherSIMS
analysesof diffusion.

2.5 Future Work

° Collaborative researchwill continue with staff at the
Synchrotron Radiation Center,University of Wiscon-
sin-Madison, utilizing high-resolution photoemission
techniques to characterize the ZnSe/CulnSe2 ZnSe/
CdTe heterojunction interfaces.

° Researchwill continue on characterizingthe effectsof
plasma processingfor the purpose of modifying the
electronic propertiesof ii-VI and III-V surfaces.

• Researchwill begin on the growth and in-situ charac-
terization of CdTe, ZnTe, and CdS in an effort to
understandorder/disorder phenomenaand to develop
processesnecessaryfor optimum II-VI device perfor-
mance.





3.0 MATERIALS • EDSis normally usedfor qualitative evaluation, while
WDS isusedto quantify elementalconcentrationsto +

CHARACTERIZATION o s at. % accuracy. This system can analyze ali
elementsheavier than boron, and in concentrations>
0.5 at.%, Computerautomation allowscompositional

3.1 Research Staff mapping of predetermined regions of interest in a
sample.

M.M.Al-Jassim,Senior Scientistand Group Leader TransmissionElectronMicroscopy(TEM)
M.H.Bode,ResearchAssociate
K.M.Jones,StaffScientist
A.R.Mason, MasterTechnician • This instrumentand associatedtechniquesare used
R.J.Matson,Staff Scientist primarilyfor structuralandanalyticalstudiesinvolving
J.Zhu, ResearchAssociate the examination of thin (200-2000 _ plan-view and

cross-sectionalsamples.Electrondiffractionisusedto
studythe crystalstructureof the materialsexamined,

3.2 Introduction and to reveal grain orientation,crystallographicrela-
tionshipbetweengrains,andany preferredorientation
of polycrystallinefilms. Bright-field and dark-field

Usingadvancedelectron microscopyand microanaiytical imagingareusedto investigatethetype,density,origin,
techniques,the MaterialsCharacterizationGroup investi- and three-dimensionaldistributionof defects,suchas
gatesthe compositional,crystallographic,structural,de- dislocations,stackingfaults,and grainboundaries.In
feet,luminescent,and topographicpropertiesof photovol- addition,the instrumentcanperformX-rayEDSanaly-
taicandserniconductingmaterialsand devices.Thegroup sis,whichisusedto evaluatelocal chemicalcomposi-
collaboratesextensivelywith internal and DOE subcon- tions and compositionalinhomogeneities,and,elec-
tractedresearchersand providesanalysescrucialto under- tron energy loss spectroscopy(EELS),which yields
standingand developing state-of-the-artphotovoltaicde- qualitative information on elements of low atomic
vices. The work can be divided as follows. (1) Routine number. High resolution(lattice imaging) is often
supportserviceprovided to in-houseand subcontracted utilizedto studythe structureandabruptnessof inter-
researchers(e.g., measurementof a sample'schemical facesin multilayerstructuresand to investigateatomic
composition,measuringthe densityof defectsin a material orderingin variouscompoundsemiconductors.
anddeterminingthe crystallinity). (2) Long-termstudiesof
particularproblemspertainingto PVdevices.This isdone • ThecurrentsystemconsistsofaPhilipsCM-30300-kev
inclosecollaboration with researchersin agreatvariety of TEMwitha scanningtransmissionelectronmicroscope
photovoltaictechnologies,and the resultsareoftencorre- (STEM)attachment,a KevexDeltaClassEDSanalyzer,
latedwith the crystal-growthconditionsand/or with the anda Gatan807 EELSspectrometer.Thepoint-to-point
electricalpropertiesand cell performance. (3) Character- resolutionof the systemis2.1A in the TEM modeand
izationsupport in areasotherthan PV, but in concertwith ,--15Ainthe STEMmode. Furthermore,the double-tilt
NREL'smission(e.g., the study and determinationof the goniometerspecimenholderallowsa +45° tilt.
compositionand crystalstructureof high-temperaturesu-
perconductorsandour businessdevelopmenteffort). ScanningElectronMicroscopy(SEM)

3.3 Analysis Capabilities ° Thegroupsupportsandappliestwo extensivelydevel-
oped scanning electron microscope-basedsystems.
The first SEM is a JEOL]SM-35c with the following

ElectronProbeX-ray Microanalysis(EPMA) carJabilities:electronchanneling(EC),EDS/X-rayanaly-
sisaugmentedby a TN-2000 imageautomationandX-
ray analysissystem,backscatteredelectron imaging

. This technique is used primarily to determine the (BEI)andcathodolumi-nescence(CL)imaging,in addi-
chemicalcompositionof the top 0.5-2 pm of a speci- tion to the usual secondaryelectron imaging (SEI,
men surface. This is accomplishedby both energy- resolution:5.0 nm). Thesystemwasfurtherdeveloped
dispersivespectroscopy(EDS)and wavelength-disper- to includetemperaturedependent (80K-700K), light-
sivespectroscopy(WDS)oTheinstrumentusedisafully and voltage- biased,planarand cross-sectionaEBIC,
automatedCamecaMBX ElectronMicroprobewith a and EBIVanalysiscapabilities.Theselected-areaelec-
TracorNorthern TN-2000 dataacquisitionsystem, tronchannelingallowsthe instrumentto determinethe

crystallinetype, orientation,andatomiclatticespacing



ofareasdownto2Omicronsindiameter. Thesuperpo- • The SEMsand TEM were used extensively to study
sition of SEIand X-ray mapsallows compositional and surface morphology, crystallinity, and defect proper-
topographical featurestobecorrelated. EBIC,orcharge ties; more than 650 sampleswere logged during this
collection microscopy (CCM), constitutesthe primary period. Forthesestudies,secondaryelectron and EBIC
useof this system. Junction,or cross-sectional,EBICis imaging, selected-areaelectron channeling patterns,
usedroutinely to determine the position of the electri- andTEMplan-view examination havebeenemployed.
cal junction with respectto the device surfaceand the In addition to these routine inv_t!gations, many col-
intended layersof the device structure. Theelectrical laborative researchprojects involving internal andex-
behaviorof the device junction(s)can bemonitored as ternal researchgroups and photovoltaic industry re-
a function of voltage and/or !ight biasing over a wide searchershave focused on specific and critical prob-
rangeoftemperatures. PlanarEBICisusedto determine lems encountered in photovoltaic materials and de-
boththedensityandelectrical recombinationbehavior vices. Selectedexamplesdemonstratingthe usefulness
of crystalline defects, such as dislocations in mis- and range of the available analysistechniques follow.
matchedheterostructures. This, in turn, can be corre-

lated with device performance parameters. Finally, In Supportof the ThinFilm CulnSe2Project
eitherjunctionorplanarEBICcanbeusedfordetermin-
ing the local minority carrier diffusion lengthsin a
samplematerialordevice. Thesynergeticpowerofthe • TEM was usedto investigate the microstructureof
systemisconsiderablein itsabilityto characterizeand CulnSe2(CIS)polycrystallinethinfilmsgrown by either
correlatecompositional,structural,electrical,lumines, vacuum coevaporation or evaporation followed by
cent, and topographical featuresand propertiesof a selenization.Thegrainsizewasfoundto dependonthe
sampleat one sitting. Cu concentration;the higherthe Cu concentration,the

largerthegrains.Thegrains,in general,columnarwith
• The secondSEMsystem is a JEOLModel JSM-840, an equiaxed crosssection,except in very Cu -poor

which is dedicated to temperature dependent, pan- films. Furthermore,the grains were highly faulted,
chromatic,and spectralcathodoluminescence.CL is containing dislocations,stacking faults, and a high
usedto studythe recombination behaviorof defects densityof twins. EDSexamination of singlegrainsof
and to measurethe relative impurity concentrations, CIS indicate that the chemical composition is not
the densityand distribution of defects, and minority constantacrossthe grains. The Se/CuandSe/Inratios
carrierdiffusion lengthsand lifetimes. The special were observedto decreaseby a factor of two towards
temperature-controlled,liquid-heliumCLstageallows thegrainedge,whilethe Cu/In ratioremainedconstant.
thesepropertiesto be studiedat temperaturesranging
from room temperature down to 10 K, with the lower ° Thecharacterization of precursorfilms of CISgrown by
temperaturesbeing useful forgreaterluminescentyield a two-stage process showed that the grains are, in
and increasedspectral resolution. The panchromatic general, larger (> 2 lull) than those in films grown by
(ortotal light)CL imaging isgenerally usedformapping coevaporation. SEM/EDSanalysis of thin TEM plan-
nonuniformities in the recombination behavior of a view samplesshowed the presenceof compositionally
materialwithout havingto form a device,which would different grains, such asCIS, Cu2Se,and CuSe. SEM/
be necessaryfor EBICanalysis. EDSlinescansacrossgrain boundariessometimesdis-

played a drop in Se concentration at the boundary.
3.4 Accomplishments Furthermore,transmissionelectron diffraciton (TED)

investigationsshowedthe presenceof both the chal-
copyrite- and the sphalerite- formsof CIS within a

° Theelectronmicroprobecontinuedto havethe largest singlegrain.
sample-analysisthroughputof the branch'sanalytical
capabilities(onaverage200-250 samplespermonth), • Thetopographicaleffectsof the natureof the precursor
supportingalmostali internal and subcontractgroups layeron the quality of InternationSolarElectricTech-
with accurateandquantitativecompositionalanalysis, nologies(ISET)CulnSe2 films (two stagetechnique)
Samplesanalyzedwere in boththin-film andbulkform. wereexamined, lt wasdeterminedthat morphological
Avery widevariety of photovoltaic materialshavebeen and stoichiometric nonuniformities presentin the pre-
examined,including CulnSe2,CuGaSe2,ZnCdS,CdTe, cursor layersgenerally manifest themselves as gross
CdSe,CuGalnSe2, GaAIAs, GalnAs, GaAsP, GalnP, defects in the reacted films. In response, ISETnow
ITO, and amorphous Si, as well as high Tc supercon- depositsTemonolayerstosuccessfullyeffectthenucle-
ductors, ation characteristicsof the In precursor.
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• A rangeof back-contactingschemeswere investigated suggeststhat the incorporated oxygen and, therefore,
in collaborationwiththeNRELThin Film Groupforthe the CIS material as a whole, should be stable as a
effect of the morphology on the depth and latera material system.
uniformity of the electrical activity, as determined b_/
EBICtechniques. That efficient devices can be fab; i- In Supportof the Thin-FilmCdTe Project
caredon thin filmsof AI, for example,presagesdevice
deposition on AI sheets.

• The investigation of CdTe thin films by TEM showed
• An SEM/SAMstudy of the effect of selenization on that the internal structureof the grains is very diverse.

different metal layerswas conducted with ISET. The While some grains are virtually defect free, adjacent
resultswere for selenizedstructuresofgiass/Mo/(AI,or grains have defect densities at the 109 cm-2 level.
Ni, or Cu)/Mo. In the AI and Ni cases,the Sedid not Similar conclusions can be drawn from CL measure-
effect thetopography of the outer-Mo layer, and the Se ments. While somegrains do not show any lumines-
only penetrated into the Mo ~ 600-1000 A. However, cence yield, others have a high luminescence yield.
in the Cu case, the topography was quite rough, and This is due to a varying numberof deep levels that act
unevenly so, and as the Cu out-diffused ali the way as nonradiative recombination sites for the excess
through the top Mo layer, so the Sepenetrated much charge carriers. Grain boundariesin the material were
further intothe Mo layer(to ~ 1 l_m).SelenizingjustMo found to act as sitesof enhanced nonradiative recom-
andTi layersresultedin Sediffusion into Mo N1500 ,_, bination.
and into Ti M3000 A. Thepervasivepresenceof oxygen
through many of these structureswas also noted. • In concertwith StanfordUniversity,a study of ion- and

photon-assisteddoping of thin-film CdTe began this
• Devicesmadefrom large-grainNREJ.CISwere investi- year. Employing EBIC and wavelength dispersive

gatedby EBIC.The material employed Cu-rich precur- cathodoluminescence(WDCL)for the microanalysisof
sors,a silicon substrate,andathin Mo contact. Grains, defectsand, in particular, subgrainboundaries, both In
2 _ and larger, were examined both in crosssection Schottkybarriers/singlecrystalandthin film/singlecrystal
and in plan view for evidence of recombination at the devices were investigated. Essentiallya preliminary
CIS grain boundaries (GB). This was an important study, identifying processingproblems with the diag-
opportunity becausethe geometryandsmall sizeof the nostic devices and establishing characterization re-
grains in the conventional CISmaterial, in comparison quirements and restraints,was conducted. Etch pits
to the dimensions of the electron-beam-generation and their electrical and luminescenceproperties were
volume, always precluded unambiguous determina- correlated. Planshavebeen madeto study the struc-
tion of the roleof thegrainboundariesin devicecurrent rural properties through the superpositioning of EBIC
losses. Counterintuitive, yet consistentwith informa- and/or WDCL imageswith electron-channeling pat-
tion suggestedby earlierEBICinvestigationsofCISGBs, terns.
the GBsdid not show any evidenceof GB recombina-
tion. Apparently the existing defects are essentially • Junctionelectron beam-induced-current (JEBIC)scan-
completely passivatedin the fabrication process, ning electron microscopy wasalso used to investigate

the junction location and uniformity of the recent
• Electroplated,chemically dipped,andevaporatedlSET record 14% efficient CdS/CdTethin-film device from

CdSfilms of differing thicknesseswere investigatedfor the University of SouthFlorida (T.and S.Chu). Unlike
topography and electrical uniformity, using the SEM manyof its predecessorsin the CdTefamily of thin film
and EBIC.Asidefrom holes in the evaporatedCdS,the materials,the junction wasa heterojunction ratherthan
overall large-scaleelectrical uniformity of the evapo- a homojunction, and the junction itself was uncom-
ratedanddipped CdSwasgood. Theelectroplated CdS monly uniform, both in its lateral and depth distribu-
film wasquite rough, especiallyfor athin film of 800,_. tions. Parallelstudiesinto the effectof post-depos.cion
Individual crystallites, approximately 10 _m in diam- heat treatmentson this type of device are being con-
eter, were also observedto be growing out of the 100 ducted as weil.
nm layersof dipped CdS,under certain growth condin
tions. The study identified the growth conditions re- In Supportof the Si Industry
sponsiblefor the largegrains. The junctionswithin
the CdS/CISdeviceswere both relativelyuniform and
beam insensitive,with a junction depth averaging ° Spheralsiliconstructures,grown at TexasInstruments,
about 800 nra. The insensitivityto the electronbeam were characterizedby TEM. The bulk of the spheres

wasdefectfree. Thenear-surfaceregion(within 1.0
fromthe surface)hasa highdensityof dislocationloops
and precipitates(Figure3.1). The loops aretypically
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from the interface region. The useof in-situ annealing
affected a drastic reduction in the density of such
dislocationsanda betterdislocation confinementto the

Si/GaAsinterface region.

* GaAsgrown on flat-Si substrates(alsofrom Spire)have
beenstudied by cross-sectionalTEM. Th_ nucleation
layer of GaAs is grown by atomic layer epitaxy and
followed bythermal cyclegrowth. Mostof thedisloca-
tions are confined to the interface region. However,
some threading dislocations propagate through the
active layer, which could severly degradethe device
performance.

Figure3.

0.1 Wn in size. This region is continuous around the
shell of the spheres.Additionally, thereare long lateral
dislocation segmentsaround the circumferenceof the
spheres.Someofthe dislocationsextendasdeepas2.0
w'n from the surface.

GaAs

Si

Figure 3.2

In Supportof the High EfficiencyProject

• Spire Corporation's GaAs-on-patterned-Sistructures
wereexaminedby TEMandSEM.TEMstudiesrevealed
a high density of misfit dislocations on the {111} facets
of the corrugated substrates. Figure 3.2 is a cross-
sectional micrograph of such a structure,grown by a
two-step method without any subsequentheat treat-
ment. Clearly, somethreading dislocations propagate

12



4.0 DEVICE DEVELOPMENT
° Fabricated sputter-depositedCdTe devices with effi-

ciencies of 6.8% (Fig. 4.1) [Ref.4]
4.1 Research Staff

° Establishedsolution growth of thin CdSfilms for CdTe
and CISprojects

T.J.Courts, Group Leaderand Principal Scientist
F.Abou EI-Fotouh, SeniorScientist ° Began fundamental study of stability and nature of
M.W. Wanlass, SeniorScientist CdTe contacts
K. Ramanathan, SeniorScientist

T.A. Gessert,Staff Scientist • Began fundamental study of heat treatment mecha-
R.G. Dhere, Staff Scientist nisms in CdTecell fabrication
J.S.Ward, StaffScientist
X. Wu, Visiting Scientist ° Collaborationsestablishedwith severalsubcontractors
X. Li, PostDoctoral Researcher working on CdTe devices
S.Ahrunmwunde, GraduateStudent
Y. Qu, GraduateStudent ° Establishedcomputer-modelling routine for resistive

loss analysis and optimization for series-connected
4.2 Introduction thin-film cellsand modules

* Member of group presented invited paper at AVS
The objectivesof the Device Development Group areto NationalVacuumSymposiumon 'Metallization issued
providea service-orientedactivityto advancethe fabrica- in solarcell contacts' [Ref. 27]
tion and development of devicesfabricated at NREL,or
elsewherewithin the DOENational PhotovoltaicProgram.
This includesmaintenanceof the devicefabricationclean- CdS/CdTe/Au, Global, 1 kW/m _

room; provision of a grid-design facility; maintenance of Sample:607#2 Temperature= 25.(fC
equipment within the clean room (e.g. the maskaligner); oct.2._1 5:05pm Area= 0._6cre=

provision of an AR coating designand fabrication service; Sm_l'_'
developmentof equipmentusedto advancemeasurements _.2 .........
needed for the above services (e.g. the spectroscopic
ellipsometerandother equipment);diagnosticsof devices, Lo

and feedback to other fabrication groups; developmentof ,.. 0.8
novelor improvedtechniquesfor thefabrication of devices;
and studyof materialsof current or prospectiveinterestto "-" 0.6
the program. During the last year, the group hasstrength-

0.4
enedits involvement in the polycrystalline thin film device =D
areaandhasinitiatedcollaborationswith severalof NREL's u 0.2
principal sub-contractors ano with in-house researchers.
Although this processwasactually begunlastyear,the pace o.o
has acceleratedduring the current year. In addition, the
group hasbecomeinvolvedinthefabricationofdiagnostic -0.2, i _ i _ i, _, _,,, _, s ,
devicesfor evaluation of the in-house projects concerned 0' '

VOLTAGE (volts)
with the growth of high-quality silicon. Work for othersin

the high-efficiencyIII-Vdevice areahasalsoincreased,and Voc=0.6s65,,olt_ is_= _o57rnA
this has led to the usual identifiable benefitsto the DOE Jsc= 22.97mA/cre' Pmax= 0.315mW
program. Fill factor = 45.38 % Imax = 0.702 mA

Efficiency = 6.8 % Vma x = 0.4484 V

4.3 Accomplishments

Figure4. 1
Projects Related to the DOE Research Tasks

° Interactionwith ISETon optical analysisof CISdevices
led to increasedefficiency

PolycrystallineCdTeand CIScells

o CollaborationbegunwithThin FilmsGroupforfabrica-
• Initiation of an in-house effort for the development of tion/characterization and optimization of ZnO win-

CdTethin film cells dow layers for CIScells
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• Establishedoptical modelling routines for the analysis
NREL ZnS/MgF2 Global 1K%'/m-" of losses in devices [Ref. 22]

Sample: 5i029 Temperature = _.0°C

Oct. 21, 1991 1223 pm Area = 3.991 cre: Crystalline Solar Cells

140 _,,,l_,,,! .... i .... I .... )''''

• x "_ " • Establishedtechnologyforthe fabrication of diagnostic
_:o. _ Sidevicesto evaluate in-housecrystalgrowth technol-
zoo - ogy, and achieved efficiencies of near 16% (Fig.4.2)
80

Z-" - • Fabricated single-junction concentrator cell from
z 60

. GalnAsP,with optimum energygapof 1.15 eV, having
_0 efficiency of 27.5% at 171 suns,direct spectrum,25°C.

• (Fig. 4.3)
20

•

0 • Furtherimprovementstothespectroscopicellipsometer

_ __ _ _ _ _ * Member of group received Award for Outstanding
' Achievement in connection with the development of

VOLTAGE (volts) the first solarcells from NRELwith efficiencies greater
Voc = 0.5992 volts Isc = 133.0 mA than 30%
Jsc = 33.33 mA/cm: Pmax = 63.3 mW

• Submittedaninvention disclosureentitled 'Singlejunc-Fill factor = 79.43 % Imax = 125.6 mA

Ef_ = 15.9_ Vmax =0.5_ v tionsolarcellswiththeoptimumbandgapforterrestrial
concentrator applications'

Figure 4.2
• A U.S. patent entitled 'Monolithic tandem solar cell,'

GalnAsP1.15eV.Concentrator 170.95Sun NO. 5,019,1 77, was issued [Ref. 69]
Sample: W243Nt2 Temperature = 25.tPC

• Member of group presenteda Plenary paper on highFeb. 20, 1991 3:07 pm .Area = 0.07a6 cre:

efficiency tandem solar cells at the Photovoltaic Spe-
0z ,SE_I?._ cialists Conference in LasVegas [Ref. 70]

o., \ " • Member of group presented an invited paper at the
' Third International Conference on InP and Related

o.3 Materials, on InP-basedsolar cells [Ref. 12]

":- 02
• Provided a substantialinput for the design of the new

._ . Solar EnergyResearchFacility (SERF).

.-"2 0.1

L.
o.o _ ' "_

ProjectsRelatedto the DDF ResearchTasksE
i I

' • Solution growth of CdStakento successfulconclusion,
VOL'Z_.GE(votts) final report preparedand the work is now included in

the main DOEprogram
Voc = 0.$991 volts Isc = 473.2 mA

Jsc = 6343 mA/cre: Pmax = 350.9 mW

• Successfully demonstrated solution growth of CdTe
Fill factor = 82.,18 % lmax =45_.1mA films
E.Lqcienc'y = 27..5 % Vma x = 0.7778 V

Figure 4.3 • StudiesoffundamentalsofCdTesolution-growthmecha.
nisms commenced
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• Project on heteroepitaxy of InP delayed through sus.- Varian
pensionoftoxic gas,butprogressmadein characteriza-

tion of devices • Suppliedbottom cell of GalnAsP(0.95eV)for stacking
beneathan AIGaAs/GaAstandem fabricatedatVarian,

ProjectsRelatedto the WFO ResearchTasks leading to a new one-sunAM0 efficiency of 25.2% at
25°C,detailsof which werepresentedatthe Photovol-

Naval ResearchLaboratories talc SpecialistsConference [Ref.70]

• Successfullyobtained increasedfunding from the Na- AdditionalWFO Activities
val ResearchLaboratories(NRL) for development of
radiation-resistanttandem InP/InGaAsspacesolarcell

• Presentationmadeto the Natural GasInstitutein Chi-

, Performedextensive characterizationof temperature cago in connection with potential project on
coefficientsof tandems thermophotovoltaics

• Suppliedworking tandem referencec_lls to NRL for • PresentationmadetoarepresentativeofKnowlesAtomic
theirexperiments Power Laboratory, again in connection with

thermophotovoltaics
• Optimized grid designfor InPtop cell of tandem, and

operated device at a concentration of 100X and an 4.4 ES&H Related Activities
efficiency of 24.3% under the direct spectrum

• Supplied samples of tandem cells for radiation resis- • Group member participated in the in-house ES&H
tance experiments managementself-assessmentteam

• Collaboratedwith SandiaLaboratoriesonthe measure- • Participated in the in-house toxic gas work force to
mentsoftandem-cell efficiencies under concentration, determine feasibility of remaining in Building 16
resulting in excellent agreementwith measurementsat
NREL • Participated in audit of toxic gassystems

• Three progressmeetings held, and progressreviewed • The necessarymodificationstothemetal organicvapor
as excellent phaseepitaxy(MOVPE)facility, perthe SAR,havebeen

determined, designsfor these have been developed,
NASA and the bulk of the required partshavebeen ordered

• Group membersundertook ES&H refreshertraining
• ITO/InP cells supplied to NASA for flight experiments courseson subject of toxic gasactivities

on UoSaT 5 satellite (first devices from NRELto be
flown in space) • Extensiveparticipation in design of safetyand other

facilities in new SERFbuilding
• Studiesof plasma interaction with InP surfacefurther

elucidated nature of type conversion • CIoseattention paid to chemical inventory of group

• Performed small-scale production of 4 cm2 ITO/InP • Group memberacted asBuilding 16 representativefor
cells for study of production issues, and published committee that developed the Laboratory Chemical
detailsof these [Ref.26] Hygiene Plan

• 16x4 cm2 ITO/InP ceils provided to University and • Group member appointed as Staff Representativeon
FederalAgenciesfor collaborative studies LaboratoryVentilation SafetyCommittee

• Producedvery-adherent,low-stressmetallizationswith
largeaspectratios(5_m wide, 5_n high) necessaryfor
high-efficiency large-area,and concentratorsolarcells
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5.0 ELECTRO-OPI"ICAL Diffusion Time-Of-Flight:

CHARACTE RIZATI ON
• A time-of-flight (TOF)systemtechnique was invented

hereforthemeasurementofminority-carrierdiffusivity.2
5.1 Investigators In collaboration with workers at PurdueUniversity, the

time resolution of experimental setup has greatly in-
creased. Our current apparatus carl resolve transit

R.K. AhrenkieI-Group Leaderand Principal Scientist times longer 25 ps. The apparatus has been wijely
B.M. Keyes-AssociateScientist utilized during the year to provide measurementsof D
D.J. Dunlavy-AssociateScientist in both n-andp-type III-V materials.Thetechniquewas
L. RoybaI-Mastertechnician the subject of a recent invited paper in Solid State
D. Levi-PostDoctoral Fellow Electronics.3
J.Zhang-ResearchAssociate

L. Wang-ResearchParticipant Deep LevelTransientSpectroscopy(DLTS):

5.2 Introduction • DLTS measurementshave become widely usedfor
defectcharacterizationforphotovoltaicmaterials.Using

This task characterizesboth the electrical and optical theSULADLTSmeasurementsystem,a largenumberof
characteristicsof photovoltaicsemiconductingmaterials defectstudiesin PV materialshave been provided.
and devices_Theseinvestigationsprovidedatato research-
ers leadingto a faster development of the photovoltaic 5.4 Accomplishments
technology.Our facilitiesspecializein uniqueminority-
carriercharacterizationmeasurements. ° Collaborativework with Purduemeasuredtheminor-

ity-carrierlifetime in n-type GaAsgrown by MOCVD.
The largestlifetimeseverreportedwere a combination

5.3 Analysis Techniques of photonrecyclingandverylow AI0 3oGao7oAs/GaAs
interfacerecombinationvelocities.4" "

The Laser Characterization Facility • A continuation of the above work involved etching
away the substrate,which enhancesthe photon recy-

Time-ResolvedPhotoluminescence: cling effect. Lifetimesof over 1.0mswereobserveds in
devicesdoped to 1.3xl 017cre-3(the radiativelifetime
at thislevel is38 ns).

° Thetime-resolvedphotoluminescence(TRPL)facility

has achievedworld-wide recognition in the area of • Chemical passivationof GaAs by sulfur-compound
minority-carriercharacterization. The primary func- treatment was analyzed by our TRPL system.The
tion of the TRPLfacility is determining the minority- passivatedsampleswere providedby both in-house(A.
carrier properties of photovoltaic materials and de- Nozik) and subcontractor (M. Timmons, ResearchTri-
vices. The minority-carrier lifetime isthe most impor- angle Institute [RTI])researchers.
tant parameterrelevant to the performanceof photo-
voltaic devices. This facility is unique to the U.S. • In coordination with M. Timmons (RTI),the lifetime

semiconductor and photovoltaic community. The ,,killer, defectassociatedwithaluminuminAixGal.xAS
facility has been adequately described in the litera- hasbeen identified both by DLTSandTRPLmeasure-
ture'l ments.

PhotoluminescenceSpectroscopy: • We havecontinuedto useTRPLto characterizeminor-
ity-carrier lifetime in poly CdTe with four research

• A state-of-the-artfacility hasbeen developed for per- groups. Theseare PhotonEnergy,Universityof South
forminghighspeed,high resolutionPLspectroscopyof Florida(T.Chu),SolarCellsInc., andthe NRELDevice
materialsat temperaturesfrom 10 K to about 300 K. Developmeng Group. A lifetime of over 5 ns was
Thesedata are analyzed for the determination of a reported for one solar cell from Photon Energy. An
numberof important properties,includingthe determi- inital model of recombination processesin poly CdTe
nation of the bandgap in new materials. Also, PL hasbeen reported.6
spectroscopyis used for the identification of optically

active impurities in new materials.The greatadvantage ° We have achieved chemical passivation of single-
of PL is the ability to perform these measurements crystal CdTe,as shown by TRPLmeasurements.This
nondestructivelyandnoninvaiselyon finished devices, work was performed under a DDF grant.
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• Work in collaboration with RTIhasproduced a GaAs • Significant progresshas been made in developing
thin film that is mechanically bonded to silicon. Our contactlesslifetime measurementapparatusfor_,ilicon
measured ' ;etimes7 in these films exceeds 100 ns wafers. The primary method has beento develop the
which is the largestever reported in such films, radio-frequency absorptionapparatus. Lifetimeshave

been measuredin silicon with doping levels at about
• PL spectroscopy measurementswere performed on lx1017 cm-3.

single crystalsof CdTe, provided by A. Fahrenbruch
(StanfordUniversity),to assessthe ion-assisteddoping • Apump-probetechniquefor measuringsilicon lifetime
process, is being developed under a DDF grant.

• DLTS measurementswere made on single-crystalsili- • A new and improved ES&Hoperatingplan forthe laser
con cells from Siemens Solar. These studies were laboratory was developed.
aimed at identifying impurities that were contaminat-
ing the crystalsduring the growth process. • Effectiveminority-carrier lifetimes in n-GaAswasmea-

suredasa function of the film thickness5 The lifetime
• Double heterostructures,grown by a mixture of con- enhancementiscausedbyphoton recycling. Theeffect

ventional MBEand Migration EnhancedEpitaxy(MEE) may be very important in designing high-efficiency
techniques, were analyzed by TRPLin support of this solar cells composed of direct-bandgap semiconduc-
DDF project, tors, such as GaAs,CdTe,etc.

• An invitedpaper8wassubmittedtoSo/idStateE/ectron- 5.5 FuturePlans
ics, which had a special edition on semiconductor
characterization.

• ExpandDLTScapability by adding an additional spec-
• More than 35 TRPL measurementswere made on trometer

GalnP (J. Olson), to help identify some processing
problemsthat had developed. , Develop a secondrf-absorption-measurement system

for the industrial silicon program
• NumerousTRPLmeasurementsweremadeontnPfilms

grown epitaxially on silicon (SpireCorp), in order to • Develop a new, contactlesstechnique for measuring
characterizethe growth process, lifetime in weak-light emitters, such as silicon

• More than 100 zero-field time-of-flight (ZTOF) mea- • IdentifyanewfundingsourceforsupportingPLlifetime
surementswere made on n- and p-type GaAsdevices work
grown at Purdue University.
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6.0 MATERIALS DURABILITY 6.3 Analyticaland TestCapabilities
AND COMPONENT
RELIABILITY UV-visible absorption/transmission measurements,con-

ventional wet chemical analysis (e.g., pH measurement,
solvent extraction), accelerated (photochemical and ther-

6.1 ResearchStaff mochemical) durability tests are usedwith various light
sourcesandovens(seeequipment list, Appendix D)for UV
absorbers,stabilizers,polymer materials,andminimodules.

A. W. Czanderna,ResearchFellow In addition, ali the surface- and nDaterials-chracterization
F.J.Pern,Senior Scientist capabilitiesof the branch are availableforwork on thetask.
L. Barr,AssociateScientist Those of special importance are UV-Vis-NIR, FTIR,mi-
B.J.Bachman,ResearchAssociate crobalance, EPMA,XPS,Auger, andSIMS(Appendix D).
G. Herdt, ResearchAssociate

6.4 Analytical Techniques
6.2 Introduction

Destructiveanalytical methodsand proceduresfor module
NREL'SAdvanced PhotovoltaicModule Testingand Perfor- encapsulantmaterials(primarily EVA)havebeendescribed
mance Project has two major roles within the National in detail.4 Nondestructiveanddestructiveanalytical meth-
PhotovoltaicProgram.Theseroles involvethe performance odsandprocedures(prior to the EVAanalysis)fordetermin-
testing and reliability researchof advanced photovoltaic ingI-Vcharacteristicsforindividualsolarcells, andanalysis
submodulesand modules, with primary emphasison pho- of circuit components in a weathered PV module, are
tovoltaic flatplate modules. Theseeffortsareconducted in currently under development,s
conjunction with PV research activities originating both
within and outside NREL. Specificproject researchactivi- 6.5 Accomplishments
ties include testing and investigations of submodule and
moduleperformance,stability, energyoutput, and reliabil-
ity lifetime characteristics,both undersimulatedand actual In the pastyear, we focused our effortson (1) investigation
sunlightconditions. The group also coordinates PVthin- of EVA degradation mechanisms via carefully designed,
film module testing and reliability researchfor the U.S. simulateddegradationexperiments;(2)diagnosisofweath-
Department of Energy (DOE) Photovoltaic program and ering-degradedPV modules; (3) analysisof the degraded
developssimulatedandoutdoor testingmethodsand, diag- and discolored EVA encapsulants;and (4) searchfor new
nostic techniques to understand and determine module materials and stabilizers that may be used to modify the
performanceandpotential failure mechanisms.Theproject current EVAformulation or to develop new encapsulants.
task elements are carried out in two different branchesat The following summarizesour accomplishments.
NREL.

EVA degradation mechanisms derived from
Thetitle of Section6.0 isa majortaskof the project carried simulated-degradation experiments
outentirely in MeasurementsandCharacterizationBranch
and hasfocused specifically on the problem of ethylene
vinyl acetate copolymer (EVA)degradationduring 1991. A largenumber of simulated degradationexperimentsand
Theobjectivesaddressedby thesubtaskelementsaregiven various analyses have been performed on various EVA
in the first paragraph of each subsection of Section 6.5. films, to verify or identify the mechanismsthat are respon-
Extensivebackground about the project andEVAdegrada- siblefor the EVAdegradationand discoloration. Theresults
tion is available in a prior report1 andan initiative.2 Addi- showthree primary factors are involved: (1) UV exposure,
tional background and extensive referenceson the EVA (2) heating, and (3) acetic-acid-catalyzed reactions. The
yellowing problem are also available in a recently pub- secondaryfactorscontributing to the EVAdegradationare
lished paper.3 The group conducts its research in the (1)metal ion-catalyzed degradationand(2)deactivation of
Module Encapsulation ResearchLaboratory, Room 268, antioxidants by the acetic acid (per literature) produced
Building 16 and the Microbalance Laboratory, Room388, from the primary degrading reactions.
Building 16.
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R_sults from simulated degradation Diagnosis of weathering-degraded PV
experiments, as illustrated in Figure 6.1: modules, and analysis of degraded and

discolored EVA

• UV exposureof EVAat low temperatures(< 50°C)will
produce acetic acid. In this part,we continued our efforts (1)to characterizethe

• Heatingin the dark at high temperatures(110°-130°C) structural changes in degraded and discolored EVA
also producesacetic acid. encapsulantsamplesfrom PV modules, (2)to establishthe

• The presenceof UV absorber (i.e., Cyasorb UV 531) _,e,d-Oep,oye_Modules SimulatedD_jradalion

and antioxidants will reduce, but not prevent, the _VAen:apsu_=ed,nmodules EVAt_I_s,n_pedg_assv,a,s
generationof acetic acid. _

Sunlight (UV, hoal) RS4 (UV) exposure (45-90°C)

• EVAyellowing is enhanced in the presenceof acetic

acid in a hermetic condition. I "-,-_--'4_ I
¥

Increased cross-linking,

• An openenvironment (that allows escapeof the gener- Oecre-sed[CyasorbUVSat].
CH3COOH-irnpregnated EVA,

atedaceticacid) will retardthe rate of EVAyellowing. Corrosionofmetallization,and
Photothermal degradation products

• Lightexposurecan result in EVAyellowing, aswell as Sun,gUt / OvenHeating(85"130°C)

/

colorbleaching. Increasingin the light intensityat 85°-
90°Cmay result in a lesserdegreeof yellowing, due to EVAyellow-browningdueto
offsetby photobleaching, to,m=_onoipolyenicchrornophores

• Therateof EVAyellowing by heating isgreaterwithout Acompetitionexists:
light illumination and increases as the temperature UV,Heating.&Ac,d ......... -]_.EVAyellowmg
increases. Light exposure -_- Color bleaching

• BothUV exposureandheatingof EVA,_/lthorwithout Figure 6.1: F/ow diagram showing how resu/tsof EVA
aceticacid, produce polyenic chromophores that are degradation from field-degraded PV modulescomk _re
similar to those found in the field-degraded, yellow- with thosefrom laboratory simulated experiments.
brown EVA.

relationship between the EVA discoloration and PV-mod-
• Acetic acid can thermally catalyzethe EVAyellowing, ule performance,(3)to investigatethe effectsof EVAdegra-

which increasesasthe heating temperature (between dation on solarcellsand circuit components,(4)to explore
85°C and 130°C) and time (5 to 11 days)increase, the feasibility of employing the I-V measurementsin the

dark and in the light, to determine the PV module failure
• The CyasorbUV 531 undergoesphotodecomposition mechanisms,and (5)to determine the correlation between

at temperaturesof 40°C or more. the performancedegradation of a module and the perfor-
mance of individual solarcells in that module.

• Both UV exposureand heating of EVAwill result in a
lossof Cyasorb UV 531 and a gain of cross linking. The important results obtained to date are

• Ali EVAformulations (available from SpringbornLabo- given below:
ratories)show the effect of acetic-acid-catalyzed yel-
lowing. • Theyellow-browningoftheweathering-degraded EVA

is dueto formation of polyenic chromophoresof vari-
• Heatingat85°C in thepresenceofmetal ions, pb2+and ous lengths. The discolored EVAwill absorb a large

Sn4+,doesnotresultin EVAyellowing, asa preliminary portion of the sunlight below 1100 nm, thusreducing
result; under identical heat treatment, Cu2+ causesa the light available to the solar cells and hence the
greenishcolor and Ag+ a yellow-brown color. Thus, generation of photocurrent.
the EVAyellowing maynot be stronglyrelatedto metal
ions generated from corroded buslines (Pb-Snalloy, • The weathering-degraded EVA in modules, whether
coated Cu-foil ribbon) but further detailed work is discoloredor not, showsa largeincreaseingel content
clearly needed. (degreeof cross-linking),anda large,to complete, loss

of Cyasorb UV .531. Acetic acid and other organic
components are also detected.
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Q Degradation of EVAalso causesoxidation and corro- Asa resultof variousphotothermalreactionsuponexposure
sion of the buslines, possibly due to the presenceof to the sunlight (UV and heating), the EVA becomesmore
aceticacid, oxygen,andmoisture. Agreat dealofmetal cross-linkedand losesCyasorbUV 531 concentration. As
interdiffusion on the buslines is also observed. The a result,acetic acid from multiple deacetylationreactions,
results suggestthat an increased contact resistance and other organic products are produced, and polyenes
betweenthe oxidized busline and the Ag grids, and an (yellowing chrornophores)are formed. The increasedcon-
increasedseries resistance,may be partly responsible centration of acetic acid causesa thermal autocatalytic
for the efficiency losesof PVmodules, effectthat furtherenhancesthe yellowing, andmayresultin

oxidation and corrosion of the metallization. Acetic acid
o The efficiency of an EVA-discoloredPV module is an can also deactivate the antioxidants (Tinuvin 770 and

"average" of ali solar-cell units in it. Presentresults NaugardP).Acompetition existsbetweenthe EVAyellow-
show that an individual solar cell isolated from its ing (dueto formation of polyenic chromophores)andcolor
neighborcells may have an efficiency better or worse photobleaching (dueto breaking or shorteningof polyenic
than the averagevalue. The resultssuggestthe likeli- chromophores). Beyonda certain critical point, when loss
hood of localized, severedegradation on the circuit of CyasorbUV 531 andaccumulation of aceticacid in the
component as the limiting factor dictating the overall PV modulesbecome significant, the effect of UV-induced
module performance, and thermally acetic acid-catalyzedyellowing exceedsthe

rate of photobleaching andcausesthe EVAto turn yellow-
EVA degradation mechanismsin field- brown. A higher operating temperature of PV modules

degraded PV modules: A summary (e.g., producedwith two reflectingmirrors)will favor an
earlierand fasterEVAyellowing in PVmodulesthana lower

Fromthe similarityobservedbetweenthe resultsobtained operatingtemperature.Good examplesaretheEVAbrown-
from simulateddegradationexperiments(Figure6.1) and ingofCarrisaPlainsPVmodules,operatingwithmirrorsand
those from the analysisof natural weathering-degraded PV modules(without mirrors)deployed at the Southwest
EVA and PV modules,the degradation and discoloration Residential(SWRES),in LasCrucas,NM (maximum T =

73°C).mechanismsof the EVAencapsulantcanbesummarizedas
shown in Figure6.2. A description isprovided here.

New materials for encapsulation (polymers,

UV absorbers, stabilizers, and cover glasses):
(A) Simulated Degradation:

-Oven __.85-1_3OoC_..)_ Yel!ow CH3...COOH _ darker

--T --- We have acquired a number of polymer materials, UV

I

EVA Ln_.o__•,ghter absorbers,andstabilizers(antioxidants),eitherfrom manu-
A99t8 _.1--4-0_C-->-NoYe,,ow facturersor as free samplesfrom people we have met or

__3 lamps

RS4 L__°;_• L,ghtYe.ow contacted. The absorption spectraof these UV absorbers
_CH_.COO_• havebeenstudiedanddocumented. Two UVabsorbersare

t lamp - - .O'_Q. _ -)1_ Yellow ----L_ _-no_c__)l b darker
,ghter consideredparticularly usefulbecauseof their capability of

EVAt5295 '--1 absorbing UV light below 370 nm and 390 nm, respec-EVA 15295P Oven 85-130°C

EVA16710A _..j- .)It," Acid-catalyzed Yellow,ng tively. Preliminarywork on the photothermaldegradationEVA 18170 + CH3COOH

studieshasbeen performed for solvent-castEVAthin films
(B)ColorBleaching: containing thesetwo new UV absorbers. Thework is on-

._RS4(31amps,57°0)"-"-1 going. Similar studieswere performedfor two cover-glass

150-W Xe white light __.1 .... "_ Fadecl (hghter) color
Degra0ed 150-WXevis,blelight samplesprovided by OCLI. Transmissionmeasurements

Yellow-Brown (light beam tocusec;)

EVA Ovenat85°C20days..... _ Fasteroxiclation indicate both cover glassesmay be useful as superstrates
Roomtemp3mo.ths...... • S_owo._dat_on becausethe UV cutoff is below 350-360 nm, although(FkJorescenceAnalysis)

_o_o_,c,_,o_e,_ transmission for the glasseslaminated with a cured EVA
(C) Experimentally-verifiedResults: A9918 isfrom 65% to 90%, between400 nmand 580 nra.

E,_.tso. .S.C_,amps_ Other accomplishmentsMeOH-cleaned -- -• Acetic acid & other orgamcs
EVA 46°C increased cross-linking

(no slal_bzers)

Rs4_3._mp_46.87°c * Preparingan initiative for DOEto emphasizethe need
EVA with F _. Increased cross-linkingLoss of Cyasorb UV 531 for more resources2

Stabihzers Oven 85-130°C Acetic acid & other orgamcs

° Conducting a literature search on the metal cation-
Figure 6.2 Flow diagramsshowing conditions and results catalyzed,thermal, oxidative degradationof Elvax150
of laboratory experiments used to elucidate EVA and EVA, where Elvax 150 is the principal (>99%)
degradationmechanismsin PVmodules, component of EVA
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• Conducting a literature search on the metal cation-
catalyzed,thermal, oxidative degradationof Elvax150
and EVA, where Elvax 150 is the principal (>99%)
component of EVA

° Identifying important capital-equipment needs, and
preparin_purchaserequisitionsforafluorescencespec-
trophotometer (seereference 1, in Section 6.6) and a
high performance liquid chromatograph (HPLC)

° Presentingeight papers in various forums about our
work

° Providing periodic letter reports to several industrial
collaborators

° Making site visits to SWRES,Mobil Solar, Photon
Energy, Siemen's Solar, UFG Corp., and USSC,to
discuss PV-module durability and EVA-degradation
issues
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7.0 CELL AND MODULE • Developed a data-base-managementsystemfor the
5PtRE240 solar simulator and the Spectrolab Large

PERFORMANCE AreaPulsedSolarSimulators(LAPSS),to allow perma-
nentstorageandeasyretrieval of the tabular or graphi-

7.1 Research Staff cal data

,, Commencedoperationofthe LAPSSona limitedbasis
K.A.Emery,SeniorScientistand GroupLeader while performingmodificationssothat ali PV-module
E.E.Beck,Technician and concentratorcell technologiescan be evaluated
C.R.Osterwald,StaffScientist
S.Rummel,Staff Scientist ,, Continueddocumentationof anomalousresultsin PV-

performancemeasurementsarisingfrom measurement
7.2 Introduction artifactsor proceduralerrors;continued researchto

understandand reducethe uncertainty in PV-perfor-

Theperformanceof photovoltaic(PV)devicesof ali sizes mancemeasurementsat NRELand throughoutthe PV
andtechnologiesareevaluatedintheselaboratories.This community
groupsupportsthe entire PV community by providing (1)
Secondarycalibrationsof photovoltaiccells,(2) efficiency • Establishedthatsubstantialdifferencesinthe measured
measurements,with respectto a given set of standard I-Vcharacteristicsofagivendevicemayoccuramoung
reportingconditions,(3) efficiencyverificationof contract differentmeasurementsystemsor groupsbecauseof
deliverables,(4) current-versus-voltage(I-V)measurements premeasurementconditions, biasrate, bias direction,
undervaryingtemperature,and(5) spectralirradianceand contacting,spatialuniformity of the light source,and
total irradiance. This groupalso supportsthe entire PV algorithmsto obtain the maximum power
communityby providinginformationon PV measurement
equipmentand systemsthat are appropriatefor the end • Observedreversibleimprovementsin the efficiencyof
user,I-Vmeasurementprocedures,potentialartifactsinthe 0.1% to 9%, with forward biasing in the lightor dark
I.V resultsbecauseof equipment or procedures,and an prior to the i-V measurement,in several InP, CdS/
analysisofthe uncertaintyingroupsperformancemeasure- CulnSe2,and CdS/CdTe,and CdS/Cu2Sstructures,lt
ments.Thisgroupalsoperformsspectral-irradiancerood- appearsthat thisphenomenaisrelatedto the qualityof
eling and PV-performancemodeling, in support of its thediodeproperties,withthe moreidealdiodeshaving
ongoingresearcheffortsto reducethe uncertainty in the lessimprovement.ForCdS/CulnSe2,thisimprovement
measuredsolarspectrum,from 300-4,000 nra,to assistin isusuallyin the voltage,with no observablechangein
theoptimizationof PVdevicesfora given application,and the short-circuitcurrent. ForsomeCdS/CdTemodules
toexplorealternativeratingmethods, andcells,the onlyway to ensurethatthe measurement

of the efficiency iswithin + 3% of the "true" steady-
statevalueat SRCisto trackthe maximum power asa

FY1991 Accomplishments function of time under continuousillumination,with
simulatedor naturalsunlight(Figure7.1). The small

•Editorialnote:Thelaboratorymaintainedthestatus-quoin decreasein the power with illuminationtime after30
capabilitieswith insufficientstaffingand frequenthardware minutesin Figure1 wasbecauseof heating.TheCdTe
failures, submoduleisa superstratestructure,where lightgoes

throughthe glassand is collected in the thin film of
CdTe.TheCdTesubmodulewascooledwith a box fan

, Performed1,600 celland 1,200 module-performance underthe samplethroughoutthis experiment,to mini-
measurementsandcalibrationsforresearchersinternal mize the drop in powerwith increasingtemperature.
to NREL,under contractto NREL,the U.S.and interna- The increasein PVperformancefor the CdS/CdTeand
tional PV industry, and universities CdS/CulnSe2device.,,withtime iscompletely reversible

by shorting or revers_-i !=gingthe sample.
, Gave technical advice on PV-performance-measure-

ment procedures,hardware, andsoftware to research- • Observedtemporal instabilities in crystalline silicon;
ers internal to NREL,under contract to NREL,the U.S. these artifacts are easily detectable by shorting the
and international PV industry and universities sample under illumination and then observing the

open-circuit voltage asa function of illumination time.
The short-circuit has been observed to change as a
function of prior voltage history in somen- andp-type
silicon structures and in a InP/GaAsheterostructure.
Biasrateor hysteresiseffectscan be a problem for any
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510

• Developed a custom data acquisition forthe Spectrolab

,..,505 SO _--_v- _ _'-"--_--'-_ LAPSS,to identify and attempt to minimize temporal_5oo ton Energy Inc. module instabilities: Thesystemiscapableof varying theinitial
--, voltage,final voltage,bias rate,and biasdirection. An

/ Glass/SnO,,/thin CdS/CdTe/Ni example of hysteresisobserved in a commercial Si
495

O

a. ID _ A,7 -time/5 min module is shown in Figure 7.2. The outer curve was a
490 Pmax- 476mW + 15(1 - e ) single sweep from forward bias to reverse bias during

_time/ 0.33 the -2 ms pulse. The inner curve was generated from
min), a separate single flash with the voltage from reverse485 "4- 15(1 - e

:_ towards forward bias. The cluster of data pointsnear480

Pmax was generatedby another flash while limiting the
475 ..................................... voltage bias rangeto points near Pmax, indicating that

0 5 10 15 20 25 30 35 40 45 50 the "true" steady-statecharacteristicsare represented
Time(rain) bythe inner, lower-power curve. TheVocand Iscpoints

Figure 7.1 were also measuredduring separateflashes.

pulsed- or high-speed measurementsystem in which
thebiasratecaneasily exceed1000V/s. In manycases,
hysteresiseffects are not obvious from the measured
I-Vcharacteristics,butarereadily apparentifthe sample
is biasedin both directions. Unfortunately, mostcom-
mercial I-V measurement systemsare incapable of
biasing in both directions, sothe only other choice isto
reduce the bias rate nearthe maximum power voltage
and determine if there is any change in the maximum
power.

Sample ID: S 100 sn 103 Temperature: 20.3°C

Reference cell ID: S02 Area: 8115 cm 2

Fri, Nov 1, 1991 12:28 PM Irradiance: 1000 Wm "2 ASTM Global

LAr,ss
3.5 ' ' ' ' l ' ' ' ' I .... 'I .... I ' "' ' I .... j

3.0 .*-**oX.......

. _ ._ _b, _I_• °. :.°..
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_._

. • °
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Voltage (V)

Pmax: 52.840 W, s = 2.76% Voc: 20.776 V, s = 0.04%

Vmax: 18.3719 V Isc: 3.0581 A, s = 0.17%

Imax: 2.8761 A Jsc: 3"16.84 t.tA cm "2

Efficiency: 6.5 % Fill Factor: 0.8317

Figure 7.2

24



8.0 SURFACE or major NRELreportshavebeencompleted. In addition,
review chapterson ion spectroscopiesfor surfaceanalysis

INTERACTIONS, on the mostwidely usedmethods of surfaceanalysis

MODIFICATIONS, AN D were published during the year. In subsectionsof 8.3 and
8.4, the analytical capabilities and techniques related to

STABILITY GROUP ta ks1 through 5 are summarized.

8.1 Research Staff 8.3 Analytical Capabilities

A. W. Czanderna,ResearchFellow and Group Leader The analysiscapabilities include ISS,XPS,secondary ion
J.R. Pitts,Senior Physicist mass spectroscopy (SIMS),Auger electron spectroscopy
D.E. King, Postdoctoral ResearchAssociate (AES),scanningAugermicroscopy (SAM),Fouriertransform

E.Tracy, StaffScientist infrared (FTIR)spectrometery,residual_as analysis(RGA),
G.C. Herdt, ResearchAssociate contact angle, ultramicrogravimetry,-neutral and ion
Y. Shinton, MasterTechnician beams,S,6 reaction chambers, solar simulators, excimer
C.L. Fields,Visiting Professional dye laser,a high-intensity (2,400 suns)solar furnace, thin-
R.L.Vojdani, UndergraduateIntern film deposit and control monitors, thin-film deposition,

adhesiontesting,profilometers,metallographs,X-rayappa-
ratus,and accessto capabilities of the surfaceand optical

8.2 Introduction characterization groups, aswell asthe FTIRSpectroscopic
ResearchCenter.Appendix Dprovidesa listing ofthemajor
instrumentation and test equipment, their features, and

TheSurfaceInteractions,Modification, and StabilityGroup their specifications.
(SIMSG)hasbeenpart ofthe MeasurementsandCharacter-
ization Branchsince October 1989. Most personnel and 8.4 Analytical Techniques
projectsare funded from the Solar Industrial and Solar
Buildingsprograms,in addition to the internally funded
programs. Since our funding is securedfrom several Descriptionsof the surfaceanalytical techniques in the
sourcesoutsidethe PhotovoltaicsDivision, the purpose Leybold LHS-10 (XPS,AES,ISS,SIMS)and PhysicalElec-
and/or objectives,background,and accomplishmentsof tronics545 C (AES)systemsareavailable, in general,3 and
eachtaskareaddressedbythereferencesinSection8.Tand in considerabledetail.8 The FTIR capability, including
Appendix C. usingthe solarsimulator,excimerdye laser,and reaction-

chambertechniques,istreatedadequately in Section9.0
Thepurposesof the SIMSGare(1)to correlatethe compo- (Webb et al.). Theuseof RGA,ion beamsfor analysisand
sition, bonding, and/or structureand other propertiesat depth profiling, profilometers, and adhesion testing
interfaceswith the performancepropertiesof solarenergy (Sebastian)equipmenthasalsobeen described.4
conversion,opto-,andelectronicdevices;(2)tounderstand
the mechanismsandprocessesoccurring at interfacesthat 8.5 Accomplishments: Photovoltaics
limit device durability;and (3)to modify the interfacesto
improvetheir propertiesand/orstability. Specifictypesof
solar-relevantproblemsarehighlightedin a previouspub- Asstatedin the introduction,the projectsconductedby the
lication,1 workshop,2 and recentreview chapter.3 SIMSGin FY1991were notgenerallycarriedout in support

of the Photovoltaic(PV)TechnologyProgram.Thecontri-
Topicalareasforstudyinsurfacescienceincluderadiation- butions made by SIMSG personnel to PV projects are
inducedsurfacetransformations,organized molecularas- included in Section6.3.4 of thisreport.
semblies,4 polymer/metal(oxide)interfaces,interdiffusion,
metallizationcorrosion,radiation-inducedsurfaceandnear- 8.6 Accomplishments: Related Research
surfacereactions,and interfacestability in multilayerthin- Areas
film devices.Thepersonnelof theSIMSGwere involvedin

FY1991tasksasfollows: (1)solarinducedsurfacetransfor- Solar Induced Surface Transformations and
mationsandmodifications(SISTM);(2)X-rayphotoelectron
spectroscopy(XPS)and ionscatteringspectroscopy(ISS)of Modifications (SISTM)
organized molecularassembly(OMA)/copper interfaces;
(3)advanceddesiccantmaterialsresearch;(4) criteria,test ,, Filedtwo recordsof invention
methods,and durability of electrochromicwindows; and
(5)organizingasurface-processingworkshop.Publications
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• Carried out pyrolysis experiments at the flux limit • Demonstratedthatquartz-crystalmicrobalance(QCM)
available at the NRELsolar furnace, where the mea- adsorption measurementson samplemassesof 0.3 to
suredaverageflux is 2 kW/cm2 andthecalculated peak 0.5 mgyield morepreciseisothermsthanasorption test
flux is 2.5 kW/cm 2 facility that uses3 to 5 g of sample [32]

• Prepareddiamond-like films, graphitic films, and SiC • Used the QCM for water sorption studieson a-WO 3
films up to 1 l.tmthick, andestablishedprocesscondi- and ethylene vinyl acetate (EVA copolymers) at tem-
tions where each film type will form peraturesfrom 14° to 60°C

• Formed YBCO-type, high-temperature superconduc- • Improved the software for data acquisition and ma-
tors on MgO substratesby metalorganicdeposition in ni_ulation with the QCM
the solar furnace, with critical current densities of

30,000 A/cm2 Electrochromic Windows (ECW)

• Supportedsolar-furnacerelatedDOE initiativesin syn-
thesisandprocessing,surfacemodification,and lunar- • Completedsitevisitationsto nine major organizations
materialsprocessing with active research,development,production,or in-

terestin ECW;summarizingthe resultsin a report [14]
• Supported three different studygroupsfrom the Na-

tional AcademyofSciences,SRIInternational,and MIT • Reaffirmedthatdurabilitystudiesofmultilayerdevices
Lincoln Laboratories,each of which advocatessup- requirefinal configuration,acceleratedand abbrevi-
porting the currentresearchefforts,calls for increased ated lifetesting,diagnosticevaluation,andestablished
funding of the work, and recommendsdelaying indus- degradationmechanismsto be mosteffective
trial development

SurfaceProcessingWorkshop
• Contactedthree major industrialclients:an reaching

the final negotiatingstagesfor forming CRADAs
• Planned,organized,andheldtheworkshoponDecem-

Organized Molecular Assembly (OMA)/ ber 10, 11, and 12, 1991, in Dearborn,MI [15]
Copper Interfaces

• Secured22 authorsto prepare plenary papersabout
surfacecharacterizationor surfacemodification

• Demonstratedthat copper,depositedontoCOOH end-
groupsof an OMA, isoxidized to the+1 state,interacts • Secured14 chairmenfor 10working groupsto prepare
principally, if not exclusively, by replacingthe H of the 10 summaries of needs and opportunities in some
hydroxyl group, and completes it interactionsat 0.3to aspectof surfaceprocessing[Ref. 15]
0.6 nm of coverage [20,38]

• Securedanother40individualsfromindustry,academia,
• Improved the LHS-10 computerized data acquisition andgovernmentlaboratoriesto participate inthework-

capabilities with a state-of-the-artminicomputer shop

• Prepareda patentdisclosurewhere OMAs may protect • Prepared a draft initiative, for DOE, for funding a
surfacesfromdirtaccumulationfora renewable energy multiyear effort in surface processing as applied to
device conservation and renewabletechnologies

• Exploredfurther interactions betweencopper and CN 8.7 References
(cyanide)end groupson an OMA; preparinga draft of
a manuscript on charging effects when OMAs are
attachedto an insulatingsurface(AI203) 1. Czanderna,A. W., Solar EnergyMaterials, Vol. 5,

1981, p. 349.
Advanced Desiccant Materials Research 2. Czanderna,A. W.,and R.J.Gottschall,eds., "Basic

ResearchNeedsandOpportunities on Interfacesin
Solar Energy Materials," DOE/OER, CONF.
8006156, Apr. 1981;Special IssueMat. Sci. Engr.

• Confirmed that both cationic and anionic polymers Vol. 53, 1982, pp. 7-168.
(suppliedby EastmanKodak)haveexcellentpotential 3. Czanderna,A. W.,MaterialsCharacterizationUsing
asdesiccantsfor coolingsystems[18] and are compa- Ion, Electron, and Photon Probes, in Industrial
tableto the potentialof the sodiumand lithiumsaltsof Materials ScienceandEngineering,L.E.Murr, ed.,
polystyrenesulfonicacid [21]
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Dekker, NY, 1984, pp. 471-517. (SERITR-255-
2217, July 1984).

4. Swalen, J. D., et al., Molecular Monolayers and
Films, Panel Report, Division of Materials Sciences,
OER/DM& Langmuir, Vol. 3, No. 9, 1987, p. 932.

5. Czanderna, A. W., and S. P. Wolsky, eds.,
Microweighing in Vacuum and Controlled
Environments, Amsterdam: Elsevier, 1980.

6. Lu, C, and A. W. Czanderna (eds), Applications of
Piezolelectric Quartz Crystal Microbalances,
Amsterdam: Elsevier, 1984.

7. Czanderna, A. W., and T. M. Thomas, J. Vac. Sci.
Technol. AL Vol. 5, No. 9, 1987, p. 2412.

8. Pitts,J.R., Silver-Silicon Bonding on Silica Surfaces,
SERI/TR-255-2410, Apr. 1985, Ph. D. Thesis,
University of Denver.
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9.0 FTIR SPECTROSCOPIC performedor supervisedby experienced staff, minus the
verysignificantcostsof the equipmentitself. The recharge

RESEARCH AN D SERVICE moaealsoguaranteesaccesstothe center'scapabilitieson
CENTER an equal basisto any NRELresearcher.

Thecenter'srechargesand level of serviceto customerswill
9.1 Research Staff roughlydouble in FY1992 relativeto FY1991. Our abilities

to offer this increased level of service will be greatly
enhancedby the addition of David Kingto our staff. King

J.D.Webb (Senior Chemist),CenterManager is a graduateof University of South Florida in analytical
D.E. King (StaffChemist) chemistry,andwill join the centerstaffin FY1992following
E.J.Johnson,DOE/AWU StudentFellow completion of hispostdoctoral work in our SurfaceInterac-

tions, Modifications, and Stability Group.
9.2 Introduction

"1"hecenter'sprincipal customersin FY1991were Science
Applications International Corporation (SAIC),the amor.

The FTIRSpectroscopicResearchCenterbeganoperations phous silicon and module reliability researchsubtasksof
in the NRELMeasurementsandCharacterizationBranchat the NRELPV Program,the NRELSolar Detoxification Re-
the beginning of FY1991. The centerwas establishedto searchProgram,andtheNRELMaterialsProcessingSubtask.
satisfycapital equipment requestsfrom a number of NREL We expect our activities in support of the PV Programto
researchersfor FourierTransformInfrared(FTIR)analytical increasesubstantially in FY1992,especially with regardto
capabilities. Theserequestsoriginatedin the former Mate- support of the PV industry. The WFO contract with SAIC,
rials ScienceandEngineeringDivision, theMechanicaland now in its second year, allows us to provide analytical
Industrial Technology Division, and the Fuelsand Chemi- supportto thePropellantBondlinesSubactivityofthe N,' CiA
calsResearchandEngineeringDivision.Thediversesources Solid Rocket Motor (SRM) Program. Our work on thn_
of theserequestsgaveacquisitionof FTIRequipmenta high contract included FTIR analysis of contaminants in the
priority. The $325K in GPEfunds used to purchase and bondlines that securethe solid propellant to the case of
install the center'sequipment in 16/387will be augmented SRM's,suchasthe NASA spaceshuttle and Titan boosters,
by $25K in capital equipment fundsfrom the FY1992 DOE aswell as in-situFTIRandmicrowave monitoring of curing
National Photovoltaics Program,and by $15K in equip- reactionsin the polymeric components ofthe bondlines.
ment provided by WFO sponsors. The equipmentand its
capabilities were described in the FY1990BranchAnnual Accomplishments
Report.

• We performedquantitativeanalysesof contaminants
Thecenteroperatesasa rechargecenterat an FY1992rate on varioussurfacesof an SRM bondline, using FTIR-
of $85/hr. TheCenter providesvibrationalabsorbanceand attenuatedtotal reflection(ATR)and diffusereflection
Ramanspectroscopicanalysisto a numberof customers, (DR)spectroscopy.Thedata in Figure9.1 showthat a
both inside and outside NREL.The Center also provides
surface analysisservices(primarily X-ray photoelectron
spectroscopy,or XPS),usingequipmentin 16/384 gener-
ouslymadeavailableby theSurfaceInteractions,Modifica-
tions, and Stability Group. The lattergroup'sequipment

oo1000
wasdescribed in a previouschapterof this report. Ratesfor
similar servicescharged by outside laboratories offering 3"_ 100
FTIR spectroscopy range from $95/hr to $200/hr. The
laboratoriesatthe lower endof this range haveequipment oo< 10
inferior in many respectsto thatavailablein the center, and
no private, commercial or university laboratory in the _

, _ 1tRocky Mountain region currently has as complete an array _ FE Surface

of FTIRspectroscopic equipment as NREL's FTIRcenter. "r" 0.1_ ChemonNBRThis versatility was mandated by the diverse range of

analytical needsand researchinterestsof NRELscientists, 0'01 7_'",t-..-1000_" Chemon FE
laboratory atrue centerof excellence inFTIR 100 1n'_""__ NBRSurfaceandmakesthis

spectroscopy. The primary componentsof the recharge 1 0.1
cost are staff salaries,16/387 floor space,and equipment Pre-CureCoverageof HD2 on Case
maintenance. The rechargemode of operation is equitable
in the sense that it reflects the real costs of analyses Figure 9.1
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greaseusedasa preservativeonthe steelSRMcaseshas
migrated through the bondline case primer to the
adjacent insulation surface during cure of the insula-
tion at elevatedtemperatures,and that extentof migra-
tion is a function of the level of casecontamination by
the grease. Thesensitivity of the FTIRanalytical meth-
odsis lessthan 1 tlg/cm 2 for severalbondline contami-
nants,or approximately an order of magnitudehigher
than other techniques, e.g., surfaceanalysis,usedby
the SRMindustry.

° We performed quantitative analysesof III-V impurities
anddopants in crystalline silicon in support of the PV
industry. Thefar-infrared spectrumof onesuchsample,
recorded at a temperature of 8 K using our cryostatic
samplemount, is shown in Figure9.2. Thisspectrum
reveals the presence of boron and aluminum in the
sampleat approximately the 1014/cm3level.

..
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i
!

Figure 9.2
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APPENDIX A: STAFF Michael H. Bode(NREL1992)=SeniorScientist. Research
interestsand responsibilities:transmissionelectron micros-

BIOGRAPHIES _opy (TEM); scanning electron microscopy (SEM);struc-
tural, electrical and optical characterization of semicon-

Fouad Abou-Elfotouh (NREL1986): S._niorScientist. Re- ductors; semiconductor interfaceanalysis
searchand support interestsand responsibilities: electro-
optical properties (including defect statesand their behav- Timothy J. Courts (NREL1984): Principal Scientistand
ior) of semiconductor(thin films and singlecrystals);fabri- Group Leader. Researchandsupport interestsand respon-
cation, characterization, and modeling of heterojunction sibilities: materials and devicesfabrication and character-
devices, solar cell back contacts; and development of ization; developmentof new analyticalequipment; model-
spectroscopicellipsometer, ing of terrestrial andspacesolarcells.

Richard K. Ahrenkiel (NREL1981): Principal Scientistand Alvin W. Czanderna(NREL1978): ResearchFellow and
Group Leader. Researchand support interestsand respon- Group Leader. Researchandsupport interestsand respon-
sibilities: materialscharacterizationby photoluminescence sibilities: surfacescience; reactions at interfaces;stability
anddiffusionmeasurements;deep-level-transient-spectros- anddurability of multilayer thin fi lm devices; interactionsat
copy; C-V measurements;and superconductor character- polymer/metal (oxide) interfaces;surface analysis;
ization, ultramicrogravimetry.

Mowafak M. AI-Jassim(NREL1983): SeniorScientistand RameshDhere(NREL1985): StaffScientist. Researchand
Group Leader,Materials Science. Researchand support support interestsand responsibilities;optical andstructural
interestsandresponsibilities:transmissionelectron micros- characterization of materials; analysis and modeling of
copy (TEM); scanning electron microscopy (SEM);defect devices.
analysisinsemiconductors,andepitaxialgrowthbyMOCVD
and MBE.

Patricia C. Dippo (NREL1980): Administrative Assistant.
Sarah(Sally)Asher(NREL1985): SeniorScientist,Analyti- Researchand support interestsand responsibilities: sup-
cal Chemistry. Researchandsupport interestsand respon- ports five of the groups within the branch and prepares
sibilities: surface science; operation and maintenance of branch correspondence;reports;etc.;organizesday-to-day
SIMSfacility, branch operations.

Bonnie J. Bachman (NREL 1991): ResearchAssociate. Donald J.Dunlavy (NREL1981): StaffScientist. Research
Researchinterestsand responsibilities: polymer degrada- and supporI interestsand responsibilities: minority carrier
tion and processing;metal ion catalyzed degradation of characterization by photoluminescenceanddiffusion mea-
EVA copolymer; thesis project; TG and related methods; surements; design, modification; and maintenance of ali
DSCand TMA; high temperaturepolymersfor electronics test equipment.
and packaging.

Keith A. Emery(NREL1980): Senior Scientistand Group
Linda Barr (NREL1991): Associate Chemist. Research Leader. Researchandsupportinterestsand responsibilities:
interestsand responsibilities:dissectionand analysisof PV photovoltaic performancecharacterization by currentver-
modules; UV-vis measurements;gel content determina- susvoltage, temperature;spectrum,and intensity; PVcali-
tion; extraction of fresh and field-degradedpolymers, bration; quantum efficiency; PV standards.

ElviraBeck(NREL1987): MasterTechnician. Researchand ClarkL. Fields(NREL1990) Visiting Professional(Summer),
support interests and responsibilities: photovoltaic cell Prof. of Chemistryat the University of Northern Colorado,
measurementsand characterization by area, spectral re- Greeley. Researchand support interestsand responsibili-
sponse;andquantum efficiency; intensity, current vs.volt- ties: rapid thermal processingof materials; metalorganic
age, and referencecell calibrations, chemistry; boron chemistry; chemical vapor deposition;

ceramic superconductors.
Riyad Ahmad Bitar (NREL1991): Visiting ScientistLaser
Spectroscopy. Researchand support interestsand respon- Amy B.Swartzlander-Franz(NREL1980): AssociateScien-
sibilifies: electro-optical characterization of semiconduc- tist. Researchand support interestsand responsibilities:
tors; materialscharacterizationby photoluminescence;and characterization of solarand electronic devices, including
electrical relaxation in semiconductorsand insulators, superconductors,u_.:ingSAM; AES,and XPS.
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Timothy A. Gessert(NREL1984): StaffScientist. Research XiaonanLi (NREL1985): PostdoctoralAssociate.Research
and support interestsand responsibilities: device process- and support interestsand responsibilities: device process-
ing techno[ogy_optical and electrical thin film deposition ing; optical and electrical thin film deposition and charac-
and characterization; metallization science;solarcell grid terization; metallization vacuum technology.
and antireflection technology modeling and optimization.

Alice Mason (NREL1984): MasterTechnician. Research
Iohn P. Goral (NREL1986): StaffScientist. Researchand and support interestsand responsibilities:sampleprepara-
support interestsand responsibilities:transmissionelectron tion for microscopy examination.
microscopy; electron microprobe analysis; structure and
properties of photovoltaic materials;defects and interfaces RichardMatson (NREL1979): StaffScientist. Researchand
in semiconductors. Deceasedluly 1991. support interests and responsibilities: scanning electron

microscopy; X-ray microanalysis; defect examination in
Falah Hasoon (NREL 1990): Visiting Professional. Re- semiconductorsand luminescent properties.
searchandsupport interestsand responsibilities: scanning
electron microscopy; luminescent properties, and defect Helio Moutinho (NREL1991): ResearchAssociate. Re-
examination in semiconductors, searchand support interestsand responsibilities: materials

characterization by scanningtunneling microscopy.
Greg Herdt (NREL1991): ResearchAssociate. Research
and support interest and responsibilities: applied surface Art J. Nelson (NREL 1985): Senior Scientist and Group
science;sorption phenomenaof desiccant materialsusing Leader.Researchandsupportinterestsand responsibilities:
microgravimetricandflowtechniques; computerizedevalu- surfaceand interface analysis research;surfaceand grain
ation and modeling of sorption processes, boundary phenomena in semiconducting and supercon-

ducting materials; synchrotron radiation photoemissionon
Kim M. Jones(NREL1981): StaffScientist. Researchand crystalline;polycrystalline,andamorphousmaterials;growth
supportinterestsand responsibilities:transmissionelectron andcharacterization of II-VIsemiconductors;plasmamodi-
microscopy; analytical electron microscopy; defectanaly- fication of surfaces.
sis in semiconductors.

David W. Niles (NREL1991): StaffScientist. Researchand
Elizabeth(Jo)Johnson(NREL1990): AWU StudentFellow. support interests and responsibilities: characterization of
Researchand supportinterestsand responsibilities: Fourier photovoltaic materials; devicesand modules; surfaceand
transform infrared (FTIR) spectroscopy and quantitative interface phenomena; measurement-systemdevelopment.
analysis.

Carl Osterwald (NREL1982): StaffScientist. Researchand
Lawrence L. Kazmerski (NREL 1977): Principal Scientist support interestsand responsibilities:measurementsystem
and BranchManager. Researchand support interestsand design and development; primary photovoltaic reference
responsibilities: scanning tunneling microscopy; surface cell calibration; spectral response;current versusvoltage
and interface analysisresearch, measurements.

BrianM. Keyes(NREL1988):AssociateEngineer.Research F.J.Pern (NREL 1984): Senior Scientist. Researchand
and support interestsand responsibilities: minority carrier support interestsand responsibilities: material fabrication
characterization by photoluminescence anddiffusion mea- andcharacterization;spectral,analytical, andelectrochemi-
surements; modeling of the above measurements;com- cal characterization of PV encapsulant polymers,
pureranalysis and interfacing, metalization, and other module materials; module perfor-

mancetesting and analysisof failure mechanisms.
David King (NREL1989): Staff Analytical Chemist. Re-
searchand support interests and responsibilities: surface J.RolandPitts(NREL1979) SeniorPhysicist. Researchand
analysis;FTIRspectroscopy;thin films and interfaces, support interest and responsibilities: surfacemodification

usingparticle beams;surfaceand interfacescience;stimu-
Dean Levi(NREL1990): ResearchAssociate.Researchand lated desorption; transient thermal processes;optical and
support interestsand responsibilities:time-resolved photo- physical properties of thin films.
luminescence measurementsof minority carrier lifetime;
photon recycling; surfacerecombination velocity; chemi- Kannan Ramanathan(NREL1989): Senior Scientist. Re-
cal passivationof surfacedefects. Also extending labora- searchand support interestsand responsibilities: fabrica-
tory capabilities through development of new measure- tion and characterization of polycrystalline thin films and
ment techniques, devices;transparentconducting oxides;optical andelectri-

cal measurements.
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Elizabeth(Jo)Rouse(NREL1990): AWU Student Fellow.
Researchandsupport interestsand responsibilities:Fourier
Transform Infrared (FTIR) spectroscopy and quantitative
analysis.

LorenzoL. Roybal (NREL1982): Master Technician. Re-
searchand support interestsand responsibilities: designs,
modifies, machines, maintains, andoperatescharacteriza-
tion systems for superconductivity, DLTS, C-V/G-V and
other teststations.

PeterSheldon(NREL1979): SeniorScientist. Researchand
support interestsand responsibilities: thin film and semi-
conductor device researchgrowing a variety of III-V and
group IV semiconductorsby molecular beamepitaxy (MBE)
andelectrical characterization of thesematerials.

Yvonne Shinton (NREL 1984) Master Technician. Re-
searchand support interestsand responsibilities:metallog-
raphy; optical microscopy; X-ray diffraction; vacuum mi-
crobalance measurements. [Mechanical and Industrial
Technology Division].

Mark W. Wanlass (NREL1980): Staff Scientist. Research
and support interests and responsibilities: metalorganic
vapor phaseepitaxy; device design,fabrication, character-
ization and modeling.

ScottWard (NREL1989): ResearchAssociate. Research
and support interestsand responsibilities:device process-
ingand design;generation of photolithographic masksand
application of Entech prismatic covers; tandem solar cell
development.

John D. Webb (NREL1978): SeniorChemistand Center
Manager.Researchand support interestsand responsibili-
ties: FourierTransform Infrared (FTIR)spectroscopy;poly-
mer chemistry; and photochemistry; operation, mainte-
nance, and businessdevelopment for the FTIRSpectro-
scopic Researchand ServiceCenter.

ReginaWitherspoon (NREL,1990): Administrative Assis-
tant. Researchand support interestsand responsibilities:
supports Materials Durability and Component Reliability
Group and the Surface Interactions Modifications, and
Stability Group by the preparation of correspondence,
reports,etc.; day-to-day group operations.

JaneZhu (NREL,1991): ResearchAssociate.Researchand
support interests and responsibilities: Materials science:
transmissionelectron microscopy; structureandproperties
of materials, defects,and interfacesin heterostructures.
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APPENDIX B: COOPERATIVE JetPropulsion Laboratory
King AbduI-Aziz University, Saudi Arabia

LABORATORI ES Kopin Corporation
Lawrence BerkeleyLaboratories

Advanced Photovoltaic Systems LouisianaStateUniversity
Ain ShamsUniversity, Egypt Mankato StateUniversity
Airtech Corporation Man-Tech Development, Inc.
Alabama PowerCompany Martin Marietta
Argonne National Laboratory MassachusettsInstituteof Technology
Arizona StateUniversity Materials ResearchGroup
Armco ResearchandTechnology Matsushita,Japan
Applied Solar EnergyCorporation MIT Lincoln Laboratory
Astropower, Inc. Mobil Solar EnergyCorporation
AT&T Bell Laboratories Montana StateUniversity
BenGurion University, Israel Motorola
Boeing AerospaceCompany NASA Lewis ResearchCenter
Brooklyn Polytechnic Institute National Institutefor Silicon Technology, Pakistan
Brookhaven National Laboratories National Physical Laboratory,New Delhi, India
Brown University National Institute for Standardsand Technology
California Instituteof Technology Naval ResearchLaboratories
CargocaireEngineering,Inc. Newcastle-Upon-TynePolytechnic, England
Carnegie-Mellon University Nippon Telegraph& Telephone,Japan
Chronar Corporation Colorado North Carolina StateUniversity
Colorado School of Mines Oak Ridge National Laboratory
Colorado StateUniversity Oregon StateUniversity
CoorsCeramic OsakaUniversity, Japan
Cornell University Pacific Gasand Electric
Crystal Systems,Inc. PennsylvaniaStateUniversity
Duke University Photon Energy,Inc.
EatonCorporation Princeton University
EICLaboratories PTB,Braumschweig,Germany
Electrotechnical Laboratory, Japan PurdueUniversity
ENEA,Italy RensselaerPolytechnic Institute
EnergyConversion Devices ResearchTriangle Institute
ENTECH,Inc. SandiaNational Laboratories
Electric Power ResearchInstitute SantaBarbaraResearchCenter
EXXONResearch Sanyo,Japan
Florida SolarEnergyCenter ScienceApplications International Corporation
Ford Aerospace ShanghaiInstitute of Metallurgy, China
FranhoferInstitute for Solar EnergyGermany SiemensSolar Industries
Fuji Electric, Japan StateUniversity of New York
Georgia Instituteof Technology SolarCells, Inc.
Georgia Tech ResearchInstitute Solarex
GlasstechSolar SolecInternational, Inc.
Grumman AerospaceCorporation Spectrolab
GTELaboratories SPIRECorporation
Harvard University StanfordUniversity
Howard University SyracuseUniversity
Hughes ResearchLaboratories TexasInstruments,Inc.
IBM Tideland Signal, Inc.
Indian Institute of Technology, Delhi University of Colorado
Institute of EnergyConversion University of Delaware
Institutefor Non-FerrousMetals, Beijing, China University of Florida
Instituto Militar de Engenharia,Brazil University of Illinois
International EnergyFoundation University of North Carolina
International SolarElectric Technologies University of Oregon
Iowa StateUniversity University of SaoPaulo,Brazil
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University of SouthernCalifornia
Universityof South Florida
University of Texas
University of Toledo
University of Utah
University of Washington
University of Wisconsin
Utility Power Group
United Solar SystemsCorporation
Varian Associates
WashingtonStateUniversity
Weizmann Institute of Science,Israel
WestinghouseElectricCorporation
Wuhan University, China
Xerox PARC
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APPENDIX D: INSTRUMENTATION

SURFACEAND INTERFACEANALYSISLABORATORY

Instrument Range/Capacity Unique Featuresand Uses

XPS/AugerSystem(PerkinElmer 2 mm spotsize detection PerformsAES,XPS,UPS,EELSin
PHI 55) sensitivit4vof 0.1 at. % Li to conjunction with depth profiling

U, 1 cm'_samplesize. quantitative elemental analysisand
chemical bonding information,
angle resolvedphotoemission

ScanningAuger Microprobe 0.1 _m spot size, SAMdetection PerformsSAMand SIMSanalysis
(Perkin-ElmerPHI 590) sensitivity of 0.1 at. % for Li to U, with depth profiling, quantitative

SIMSdetection of 1 ppm for H elemental analysis,and surface
to U, 1 cm2 samplesize compositional maps, up to 5000X

micrographsof surfacefeatures

MATERIALSCHARACTERIZATIONGROUP

Instrument Range/Capacity UniqueFeaturesand Uses

ElectronprobeX-ray microanalyzer EDSandWDS analysisof an Quantitative compositional
(EPMA)Cameca-MBX accuracy of+0.5% analysisof ali elements

heavier than boron

SEMJEOLJSM-35C 1-49 kV, secondary electron EDS:compositional analysis
imaging(SEI)5 nm res.back- (>Na); EC: Crystalline type
scatteredelect, iomaging (BEI) orientation and quality;
9 nrn res EBIC: Microcharacterization

. of the electrical activity of
electronic materials, junction
location, and diffusion length
measurement

SEMJEOLJSM-840 0.2-40 kV, liquid helium Characterize relative impurity
catholdoluminescence(CL) concentrations, defect densities
cold stage. Integratedand and distributions, bandgap
spectralCLfrom 10°Cto RT°, (Eg),and subbandgap(defect)
from 300 nm to 1.8 l.u'n luminescencewith high

resolution and correlation

with topography

TEM Philips CM - 30 KeV:300, resolution: 2.3,_,Tilt: +60° Performsstructural, analytical, and
high resolution examination of a
wide range of materials

DEVICEDEVELOPMENTGROUP

System Range/Capacity UniqueFeaturesand Uses

Atmospheric PressureMetal Organic State-of-the-arthome-built system
Vapor PhaseEpitaxy using a patented reactorvessel

design; highly uniform epilayers
and abrupt heterojunctions have
been demonstrated. Ali III-Valloys
from the Ga-ln-As-Pfamily have

41



been synthesizeddoped n- or p-
type. High performance solarcells
and customdiagnostictest structures
havealso beenfabricated in these
materials

UV/VIS/NIRSpectrophotometer 180 nm - 3200 nm Performsspeculartransmittance and
(BeckmanModel 5240) absorbancemeasurements;with

integratingsphereattachment, also
measurestotal or specular reflection.

lR Spectrophotometer 180 nm- 600 cm1 Measurestransmittance in the lR
(Perkin ElmerModel 580B) range

ResearchEllipsometer Thicknessmeasurementsof 10 ,_to Precisionmeasurementsof thickness
(Rudolph Model 43603-200E) 50,000 ,_. Measuresalso N and k and refractive index of highly

reflective substratesor thin films

Production EIlipsometer Thicknessmeasurementsof 10 A to Rotatinganalyzer allows automatic
(GaertnerModel L116) 50,000 ,_. Also measuresN and k operation for usein trend analysis

and uniformity studies

Hall MeasurementApparatus Carrier concentration andmobility, Measurementof c.c. and mobility
(Alpha Scientific) measurementsfor resistivities 10-"_to for semicondcutorthin films and

1 _-cm bulk materials

Clean Room Approximately 11.15 m2 of Class100 Usedto perform photolithography
(Moore and Hanks) cleaned environment, procedurefor usein chemical

etching,plasmatreatment, and
metallization.

Mask Aligner XY alignment of 0.125 Iun; equally Alignment and exposureof photo-
(Cobilt Model CA-2020) fine rotational alignment; ultra- lithographically treated materials

uniform UV exposure

Vacuum Deposition System Basepressure= 10.8 torr; three Deposition of metaisand oxides
(Unifilm Multi-source) DCMS/RFMSsourcesand ion beam onto semiconductorsand dielectrics

source;computer controlled for fundamental materials studies
plantary motion and solarcell fabrication.

ELECTRO-OPTICALCHARACTERIZATIONLABORATORY

Instrument Range/Capacity UniqueFeaturesand Uses

PhotoluminescenceSpectroscopy CW and cavity dumped (40 kHz to Energyresolved photoluminescence
System 40 MHz) excitation sources,detection spectroscopy

capability from 400 to 1,700 nm sample
temperaturerange of 4 to 310 K

PhotoluminescenceLifetime System Cavity dumped (40 Khz to 40 MHz) Time resolvedphotoluminescence
excitation, detection capability spectroscopyfor minority carrier
from 700 to 1,700 nm, 50 ps time lifetime and surfacerecombination
resolution, sampletemperature measurements
rangeof 4 to 310 K.
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Diffusion Time-of-Flight System Cavity dumped (40 kHz to 40 MHz) Minority carrier diffusion, lifetime,
excitation, detection capability from and surfacerecombination
700 to 1,700 nm, 45 pstime resolution measurements

Superconductivity TestStation 65-300K, 3.2-22.0 IS]k,1-10 V rms. Tc measurementof superconducting
materials

DeepLeveiTransient Spectroscopy DLTSspectraand transientsfrom Determination of trap ionization
(DLTS) 77 to 320 K. energies,emission rates,and capture

cross-sections

Capacitance-VoltageMeasurement Capacitanceas a function of voltage Determination of the effective
System over the frequency range 100 Hz to doping concentration

100MHz.

CELLPERFORMANCELABORATORY

Instrument Range/Capacity UniqueFeaturesandUses

SpectrolabX25 100Wm-2 to 20,000 Wm-2, user- Solar'simulation under standardor
(with multisource attachment) controlled spectraland total user-defined reporting conditions

irradiance

Current-rs-VoltageMeasurement +50 to +1 _V, +_8A to +1 pA. 0°C to Efficiency measurements,secondary
System 110°C, voltage bias ratesfrom steady referencecell calibration,

stateto 200 V/sec temperature coefficients,diode
parameters,I-V measurement
artifacts

SpectralResponseMeasurement 300-2,000 nm expandableto 10,000 Quantum efficiency, device
System nm, light bias to "5 suns,voltage biase parameters

to + 40 v, current range 1 pA to 4 A, up
to 15 cm diameter monochromatic
beam

PVCalibration System Two Newtonian trackers,four samples Primary calibration of solar cells
at a time biased to Iso temperature under direct or global sunlight; or
control and monitoring 40 samplesat a modules under global light (fixed-
time if Iscand total irradiance measured tilt or normal incidence)
separatelyand under global sunlight.

LICORSpectroradiometer 300-1,100nm, 4 nm resolution, global Required for efficiency
light (integrating sphere),direct normal measurementsandcalibraitons,
light (5.0° field of view), teflon dome simulator spectralcharacterization
diffuser, fiber optic probe

HP1000Computer and Macintosh Control of measurementsystems,
Computers data basemanagement.

LargeArea PulsedSolar Simulator 2 m by 2 m areaat 1000 Wm2, Module measurements,defect
(LAPSS) + 100 p.Ato +13A full scalecurrent, and I-V artifacts relatedto the

+1 V to 70 V voltage range, pulsed light source
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SURFACEINTERACTIONS,MODIFICATIONS AND STABILITYGROUP

Instrument Range/Capacity UniqueFeaturesand Uses

XPS/ISS/SIMSFAB SIMS/AES XPS:2to 10 mm area; ISS;0.5 to 2 mm Depth profiling with a 1mm < to
(Leybold LHS-10System) spotsize; SIMS:0.5 to 2 mm spotsize; 1cm < rasterrange. Thin-film

AES:1 _m spot size. Detection deposition with QC monitor in a
sensitivitiesof 0.1 to 1at. % for xPS, preparation chamber; translation of
AES,and ISS;of ca. 10-4 at. % for sampleon heatable(to 800°C) -
SIMS coolable (to 196°C)rods from

preparation or high pressure
chambers (to 10 atm) into the
analysis chamber; four different
surfaceanalysisprobes on one
instrument; FABsourcefor FAB-
SIMS

ScanningAugerMicroprobe 3.0 _n minimum size for electron AES or SAM analysiswhile depth
(Physical Electronics545C) beam;detection sensitivity of 0.1 to profiling; rapid-load lock and

1.0 at. % for Li to U multiple samplecarousel permits
high throughput for routine analyses

Quartz CrystalMicrobalance System Rangeof 106 ng/cm2; detection Measureadsorption/desorptionof
(Sycon-NREL) sensitivity of 1 ng/cm2; practical gaseson solid overlayersadherent to

capacity for hydrophilic polymers a gold-coated quartz crystal; mass
is about 1.5 rag;for other solids, gain or lossduring oxidation or
100 mg;T from 15 to 75°C; reduction; permeation ratesof gases
P from vacuum to 1,500 torr. throughsolids up to 100 l_mthick;

especially good for water vapor
sorption studies

BeamMicrobalance Capacity of 3 to 5 g; detection Sameapplications as QCM.
(Sartorius4300) sensibility of 0.1 to 1 _g; measuring Samples(suspendedby fibers)can

range of 400 mg; T from -196 to be monitored for outgassingand
1,000°C. P from vacuum to 1,500 desorption with an RGA
torr

DepositThicknessMonitor Measuredeposition rates0.05 Monitor vacuum deposited overlayer
(Inficon 106000) nm/min to over 10 nm/sand thicknessesin the LHS- 10 preparation

deposited thicknessesto 10,000 nm chamber for preparing clean metal
to lessthan 1% accuracy depositsandsubsequentXPS/ISS/SIMS/

AESanalysis without exposureto air

Metallograph Mag: 80Xto 2,000X polarization Optical microscopy with or without
(LECONeophot 21) quantinet 800 image analysis polarized light, Nomarski, prints/

slides, and imageanalysis

Solar Furnace 10 kW maximum flux 240 W/cm Long focal length in primary
(NREL) < 40 mm FWHM concentrators (15.24m); capable of

inserting secondaryconcentrator to
boostflux to the rangeof 5000W/cm2;
fully automated operation and
data acquisition
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Profilometers Measurementrangefrom 100 nm full Measuresstepheightsand surface
(Tencor Alpha-Stepand Sloan Dektak) scaleto 100 _m full scale topography with _+1 nm sensitivity;

auto-level, microscopeX-Ytranslation
stagefor sample positioning 12.5 I.UTI
and 5 Ilm diameter tips available

Oriel Model 6732 Solar Simulator Unfiltered spectraloutput from 0.25 Equipped with filters and dichroic
to 2.5 microns at about 17 solar reflectos to limit spectral output to
constants(collimated 5 cm" output a desiredrange for photochemical
beam), studies

Lambda-PhysikEMG-50 Excimer Monochromatic, coherentoutput, Complementsthe solarsimulator in
Laserand FL-2000 Dye Laser with wavelengths variable between photochemical studies;excimer is

197-950 nm (1 cm2 output beam) currently setup for 308 nm output,
and dye laser is now tuneable
between 260 and 320 nm

Polaron SeriesE6000Vacuum Coater 10.7 torr vacuum capability, Usedto depositthin films (usually
sputteror evaporativecoating of metals)onto smooth substrates;

typical useis to prepare lR-
reflective, metal coated substratesfor
IR-external-reflectionspectroscopy

FTIRSPECTROSCOPICRESEARCHAND SERVICECENTER

Instrument Range/Capacity Unique Featuresand Uses

Nicolet System800 High Frequencyrange 7,800 to 500 cm-1, Collects high-resolution, low-noise,
ResolutionMid-Infrared FTIR resolution 0.1 cm"1,sensitivity mid-infrared spectraof solid and
Spectrophotometer 10-50 D liquid samplesin transmittance,

specular and diffuse reflectance,and
attenuatedtotal reflection modes;
also usedwith FT-Ramanaccessory

Nicolet FT-RamanAccessory Frequencyrange 3,800-150 cm-1 Collects Ramanspectraof solid and
Stokes. liquid samplesin reflective and

refractive modes

Nicolet Nic-Plan FTIRMicroscope Minimum samplesize 10xl 0 l_n, Collects midinfrared spectraof
translational resolution 1 I_m. small-areasolid samplesin

reflectanceand transmittance
modes; usedwith System510

Nicolet System510 Medium Frequncy range 7,000to 400 cm°1 Primarily usedwith FTIR
ResolutionMidinfrared FTIR (standardsamples),7,800-650 cm-1 microscope, but has sample
Spectrophotometer (FTIRmicroscope), resolution 0.20 compartment for midinfrared

cm-1 transmittance analysis

Nicolet System20F Medium Frequncy range 650 - 20 cm-1, Collects far-infrared spectraof solid
Resolution Far-infraredFTIR resolution 0.7 cm-1 samplesin transmittance and diffuse
Spectrophotometer reflectance modes

Hansen High-Trancryostatic Sampletemperaturecontrol range Providestemperatureand
SampleMount 8.0 - 450 K illumination control for solid samples

during infraredtransmittance
analysis in vacuo; usedwith
Systems20F and 800.
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Nicolet 7199b High-Resolution Frequencyrange ,-500 cm"1, Collects high resolution, low-noise,
Midlnfrared FTIRSpectrophotometer expandable to 2,5000-100 cm-1, midinfrared spectraof solid and

resolution 0.06 cm-1, sensitivity liquid samples in transmittance,
10-5OD specular reflectance,and attenuated

total reflection modes
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APPENDIX E: GLOSSARYOF HREM High Resolution Electron Microscopy
HTSC High TemperatureSuperconductor

ACRONYMS HTPB Hydroxyl-Terminated Polybutadiene
IEC Institute of EnergyConversion

ADM Advanced DesiccantMaterial IECEC IntersocietyEnergyConversion Engineering
ADP Advanced Desiccant Polymer Conference
AES Auger ElectronSpectroscopy IEEE Instituteof Electrical and ElectronicEngineers
AEQE Absolute ExternalQuantum Efficiency lR Infrared
AM Air Mass IS Metal Oxide Species
APMOVPE Atmospheric PressureMetal Organic Vapor ISET International Solar ElectricTechnologies

PhaseEpitaxy ISS Ion ScatteringSpectrometry
AMPSA 2-Acrylamide-2-Methyl-1-Propane Sulfonic ITO Indium Tin Oxide

Acid I-V Current VersusVoltage
AMU Atomic MassUnit Jc Critical Current
ARC Antireflection Coating Jsc ShortCircuit Current
ASCII Decimal computer format JEBIC Junction ElectronBeam Induced Current
ASTM American Sgciety for Testingand Materials JPL JetPropulsion Laboratory
ATR Attenuated 19tal (internal) Reflection LPE Liquid PhaseEpitaxy
AVC _,ugerVoltag_ Constant MBE Molecular Beam Epitaxy
AWU AssociatedWestern Universities MCP Microchannel Plate

BEI BackscatteredElectron Imaging MEE Migration EnhancedEpitaxy
CDCS Commercial DesiccantCooling System MMI MeissnerMutual Inductance
CEM ChargeCollection Microscopy MOCVD Metal Organic Chemical Vapor Deposition
CL Cathodoluminescence MOVPE Metal Organic Vapor PhaseEpitaxy
CRADA CooperativeResearchand Development MQW Metallization of Multiple Quantum Well

Agreement MRS Materials ResearchSociety
CV Current-Voltageor Capacitance-Voltage MUA 11-Mercaptoundecanoic
DCS DesiccantCooling System NIST National Institute for Standardsand
DDF Director's Development Fund Technology
DH Double Heterostructure NMAB National Materials Advisory Board
DLTS Deep LevelTransientSpectroscopy NOCT Nominal Operating Cell Temperature
DOE Departmentof Energy NRL Naval ResearchLaboratories
DR Diffuse Reflectance OFG Organic Functional Groups
EBIC ElectronBeam Induced Current OMA Organized Molecular Assembly
EBIV ElectronBeam Induced Voltage PEP Photovoltaic EnergyProject
EC Electrochromic photoCVD PhotoChemical Vapor Deposition
EC Electronchanneling PMT Photomultiplier Tube
ECR ElectronCyclotron Resonance PSSA PolystyreneSulfonic Acid
ECW ElectrochromicWindows PV Photovoltaic

BandgapEnergy PVUSA Photovoltaicsfor Utility ScaleApplication
EE_)S EnergyDispersiveSpectroscopy PL Photoluminescence
EELS ElectronEnergyLossSpectroscopy PZT LeadZ_rconateTitanate
EL Electroluminescence QCM Quartz CrystalMicrobalance
EMT1 EmergingTechnology 1 QC Quartz Crystal
EOL/BOL Endof Life/Beginning of Life QE Quantum Efficiency
EPMA ElectronProbeMicroanalysis QMA Quadrupole MassAnalysis
EVA EthyleneVinyl Acetate Rvs T ResistancevsTemperature
FA FluorescenceAnalysis RF Radio Frequency
FAB FastAtom Bombardment RFP Requestfor Proposal
FF Fill Factor RGA ResidualGasAnalysis
FFT FastFourierTransform RH RelativeHumidity
FT-lR FourierTransform Infrared RHEED Reflection High EnergyElectronDiffraction

j FWHM Full Width at Half Maximum RIO RHEEDIntensity Oscillation
GB Grain Boundary RTD ResistanceTemperature Device
GPE General PurposeEquipment SA SelfAssembly
HAZ Heat Affected Zones SAIC ScienceApplications international
HFSF High Flux Solar FurnaceFacility Corporation
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SAM ScanningAugerMicroscopy
SEI SecondaryElectronImaging
SEIA Solar EnergyIndustriesAssociation
SEM ScanningElectronMicroscopy
SHJ Shallow Homojunction
SHS Self-Propogating,High-Temperature

Synthesis
SIMS Secondary Ion MassSpectrometry
SIMSG Surface Interactions,Modifications and

Stability Group
SISTM Solar Induced SurfaceTransformationof

Materials

S/N Signal to Noise Ratio
SR Specular Reflectance
SRC Synchrotron RadiationCenter
SRM Solid RocketMotor

SSTM SpectroscopicScanningTunnelingMicroscopy
STEM ScanningTransmissionElectronMicroscope
STM ScanningTunneling Microscopy
SWRES SouthwestResiderltial
TAC Time Amplitude Converter
TAG Technical Advisory Group
Tc Critical Temperature
TCO TransparentConducting Oxide
TED TransmissionElectron Diffracti_n

TEM TransmissionElectronMicroscopy
THF Tetrahydrofuran
TMA Trimethylaluminum
TOF Time of Flight
TRC Technical ReviewCommittee
UHV Ultra High Vacuum
UPS Ultraviolet PhotoelectronSpectroscop_,
US1 Utility Scale
UV Ultraviolet

Voc Open Circuit Voltage
VB Valence Band
VBM Valence Band Maximum
VHV Very High Vacuum
WDS Wavelength DispersiveSpectroscopy
WFO Work for Others

XPS X-ray PhotoelectronSpectroscopy
XRD X-ray Diffraction
ZTOF Zero FieldTime-of-Flight
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ABSTRACT

The Measurements and Characterization Branch of the
National RenewableLaboratory (NREL)provides compre-
hensivephotovoltaic (PV)materials,devices,characteriza-
tion, measurement, fabrication, modeling research,and
_upportfor the international PVresearchcommunity, in the
context of the U.S. Department of Energy's Photovoltaic
ResearchProgramgoals.Thisreportsummarizestheprogress
of the Branch from 31 January 1991 through 31 January
1992. The eight technical sections present a succinct
overview of the capabil itiesand accomplishmentsof each
group in the Branch. The Branch is comprised of the
following groups: Surfaceand InterfaceAnalysis;Materials
Characterization; Device Development; Electro-optical
Characterization; Advanced PV Module Performanceand
Reliability Research;Cell Performance Characterization;
SurfaceInteractions,Modification, andStability; and FTIR
SpectroscopicResearch.The including measurementsand
testsof PVmaterials,cells,submodules,and modules. The
reportcontainsa comprehensivebibliographyof 77branch-
originated journal and conference publications, which
were authored in collaboration with, or in support of,
approximately 135 university, industrial, government,and
in-house researchgroups.
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