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PHOTOVOLTAICS MATERIAL AND DEVICE 
MEASUREMENTS WORKSHOP 

INTRODUCTION 

This is the~first meeting of the Photovoltaics Material and Device 
Measurements Workshop. It is being conducted for the Department of 
Energy by the Photovoltaics Program Office of the Solar Energy Kesearch 
Institute in association with the National Bureau of Standards. The 
general purpose of the workshop is to accelerate the development of 
thin film solar cells by improving the versatility and reliability of 
material and device measurement techniques. 

This meeting focuses on polycrystalline materials and the associated 
thin film devices. Another meeting, being planned for early 1980, will 
emphasize amorphous materials and device measurements. Findings and 
conclusions will be the basis for future meetings to examine other 
photovoltaic materials and/or technologies. 

The objectives of this meeting of the workshop are: 

1. Identify and discuss the techniques which have been used to 
measure selected key characteristics of thin film polycrystalline 
materials and devl~e~. · 

2. Discuss the applicability of these techniques to the understanding 
of thin film polycrystalline materials and devices. 

3. Identify measurement techniques which require improvements. 

4. Identify new measurement techniques. 

5. Suggest methods for achieving: 

o more meaningful material and device measurements 

o greater measurement reproducib:i.lity 

o greater efficiency in the development and fabrication of 
thin film devices 

o greater confidence in comparing and evaluating thin film 
device measurements. 

·1 



6. Foster greater communication between device researchers and 
experts in measurement techniques. 

Presentations and discussion are divided into five sessions. Three 
are devoted to formal presentations, a fourth to poster papers, and a 
fifth to discussion of key issues and recommendations. for future work. 
The papers for presentation were selected on the basis of addressing 
the following selected key topics: 

Structural/Chemical Session 

o Grain structure: size, texture, morphology, boundaries; 

o Defects: planar, line, point; 

o Interfaces: surface, grain; junction; 

o Impurities: dopants, stoichiometry; and 

o Macroscopic features: cracks, pinholes, evidence of stress. 

Optical/Electro-optical Session 

o Electronic structure of dislocations and grain boundaries; 

o Interface and grain boundary barrier heights; 

o Surface and grain·boundary recombination velocities; 

o Diffusion lengths for photo-generated minority carriers; and 

o Asp~cts of optical absorption unique to polycrystallinc films. 

Charge Transport Session 

o Majority carrier transport properties in polycrystalline 
materials: resistivity carrier concentration, mobility; 

o Minority carrier transport properties in polycrystalline 
materials: bulk, defect and grain boundary recombination; 

o Current transport mechanisms in polycrystalline junctions: 
Schottky barrier, MIS, p-n junction, heterojunction; 

o Electronic structure of grain boundaries (electrical 
measurements): barrier height, interface-states, 
recombination velocity; and· 

o Effects of surface on transport prope.rties in polycrystalline 
materials. 

These topics were selected by the Steering Committee using input 
obtained from the questionnaire distributed at the Photovoltaics R&D 
Review Meeting held during October 24-26, 1978, at Vail, Colorado. 
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Poster papers will also emphasize these topics. 

Since there will be no workshop proceedings, the Steering Committee 
has arranged for a special issue of the Elsevier Sequoia Journal, 
Solar Cells: Their Science, Technology, Applic~t~ons and Economics, 
to be devoted to the workshop. Dr. David Sawyer of the National 
Bureau of Standards, will be the editor for this special issue that 
will be published in the fall of 1979. All speakers have been invited 
to either submit papers or extended summaries of their papers for 
inclusion in the journal. All papers or summaries submitted will be 
selected through a peer review process. The journal will not be 
automatically mailed to workshop attendees and therefore must be 
obtained individually by those interested. 

The workshop Steering Committee wishes to express its thanks to all 
speakers, persons submitting papers in response to the Call for Papers 
and those individuals who have helped in the organization. Special 
thanks to Alan Fahrenbruch, ·Harry Schafft, Frit·z Wald and the very 
capable staff of the SERI Conferences Group. 

Phil Pierce for the Steering Committee: 

Richard L. Anderson 
University.of Vermont 

J. Richard Burke 
Solar Energy Research Institute 

David E. Carlson 
RCA Laboratories 

Vir.ky Curry, Workshop Coordinator 
Color Energy Il.e.5earch In.5t.itute 

P. Daniel Dapkus 
Rockwell International 

Alfred P. DeFonzo 
~aval Research Laboratory 

Donald L. Feucht 
Solar Energy Research Institute 

Lewis M. Fraas 
Chevron Research Company 
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Philip R. Pierce, Workshop Coord. 
Solar Energy Research Institute 

Donald W. Ritchie 
Solar Energy Research Institute 
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PERSPECTIVE ON PHOTOVOLTAIC MATERIAL AND DEVICE MEASUREMENTS 

Allen Rothwarf 

Institute of Energy Conversion 
University of Delaware 
Newark, Delaware 19711 

INTRODUCTION 

The successful development of polycrystalline thin film solar cells can 
be traced through a number of distinct stages. In each of these stages 
certain measurement, modeling and testing procedures are essential if 
systematic progress is to be achieved. It is the purpose of this paper 
to review these stages and to describe in a general way the type of ac
tivities that should be conducted at each stage. Focusing on a solar 
cell with no prior history the first step would be to identify a possible 
material for the absorber-generator and establish its vital optical and 
electronic properties. Following this would be studies of preparation 
techniques suitable for thin film cells. The next stage is to produce 
prototype devices which would then form the basis of an optimization 
effort. As appropriaLe, durability and failure mode studies would be 
added leading finally to the development of a large scale production 
technology.· 

Figure 1 illustrates the essential interrelationships between the various 
~ctivities during the research and development effort. A model of cell 
structure and operation, as detailed and quantitative as possible, forms 
the basis of a specific cell design. Actual cells, or component parts, 
are then produced and subjected to such tests as are necessary to show 
conformation or variance with the cell and material specifications. Pro
duction modifications can then be made until the cell design and actual 
cells essentially match. Cell optimization is then achieved by redesign
ing the cell until the limits of the component materials is considered 
to have been reached. 



Modeling 

Analysis Cell Design 

Testing Cell Production 
~ 

Figure 1. Major information and materials flow. Not shown are the 
many other· linkages between the various activities 
essential to systematic cell improvement. 

CONCEPTUAL STAGE AND MATERIAL STUDIES 

In the conceptual stage of the cell the material properties are the key 
to m'odeling the eventual device. In Table I we have listed the various 
material properties which impact solar cell performance classified in 
one of the numerous possible ways. In this stage a major consideration 
is the choice of a preparation technique for the component materials. A 
broad range of techniques include physical or chemical vapor deposition, 
sputtering, pyrolysis, plating and many others. Whichever technique is 
used the preparation will determine many of the structural properties of 
the materials, such as grain size, planar, line and point defect struc
tures and electronic properties which impact the mobility, lifetime, dif
fusion length and so on. Characterization of the material would initially 
utilize the traditional techniques such as X-ray diffraction,'transmis
sion and scanning electron microscopy, awl the now very versatile chemical 
analysis techniques based on electron and ion ~pectroscopy. Optical tech
niques would be used to study absorption behavior and the index of refrac
tion as a function of wavelength and to determine the bandgap. A power
ful experimental tool is to construct test devices which are specifically 
designed'to measure key material properties. Schottky diodes or other 
junctions with well-known materials acting as heterojunctions can be used 
to study the unknown material being investigated. The techniques appli
cable to such devices include spectral response as a function of wave
length, photocapacitance measurements, and current-voltage measurements 
at various wavelengths, intensities and temperatures. Measurements of 
Hall mobility, resistivity as a function of temperature and thermoelectric 
power will all have broad applicability in characterizing the properties 
of the materials under study. 
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Table 1. Material Properties Impacting Upon Specific Solar Cell 
Performance 

Photon Economy 

Bandgap 
Absorption Coefficient 
Index of Refraction 
Carrier Concentration 

Device Configuration 

Doping Type 
Lattice Constants 
Electron Affinity 
Dielectric Constant 

Carrier Collection 

Diffusion Length 
Minority Carrier Mobility 
Minority Carrier Lifetime 
Surface Recombination Velocity 
Resistivity 
Interface Recombination Velocity 

Structural Stability and Operation 

Thermal Expansion Coefficient 
Thermal Conductivity 

PROTOTYPE DEVICE DESIGN 

In this stage the results of stage one are fed into the modeling of a 
homojunction, heterojunction, heterostructure, or Schottky diode, and 
the choice of doping levels, partner materials, substrate, ohmic con
tacts, thicknes~ of layers, gridding and other device characteristics 
are selected. The modeling is particularly critical at this stage and 
must take into account to as large an extent as .possible the known mech
anisms. The expected performance of the device is computed to the d~gree 
possible and used as a basis of comparison for measurements on the actual 
devices. All components selected and their interactions are extremely 
important, and no component can be ignored. As an example, we can con
sider the role of the substrate for a thin film polycrystalline cell. 
There are on the order of ten distinct properties which can affect the 
final device stability or efficiency. These include lattice match to 
the material to prevent stress build up and possible fracture, and ohmic 
·contact to the semiconductor. Particularly for thin film rPllc;:: a high 
reflectivity of the substrate material is desirable to promote multiple 
light passes through the absorbing layer. The substrate must also be 
inert or cause benign or advantageous doping of th~ adjacent semiconductor. 
It must be able .to sustain temperatures at which growth for optimal prop
erties is to take place, it must be a material rugged enough to serve as 
one of the outer layers of the cell and it must, of c:nur.se., be a low cost 
material. The failure to be acceptable in any one of these properties 
may at a later stage require the ahandonment of the substrate with the 
possible waste of much of the proceeding cell development efforts. A 
similar situation applies to the choice of the partner materials for a 
heterojunction or for a Schottky device. 

PROTOTYPE DEVICE DEVELOPMENT 

The essential nature of thorough and quantitative modeling during thi.s 
stage of the solar cell development cannot be over-emphasized •. It is 
against the model that all material and device measurements are. compared 
and steps then taken to remedy any discrepancies. These may prove to be 
due to a failure to produce the material or structure the cell design 
calls fnr, or' alternatively mea8urcmcnts may show errors iu the modeling 
whi.c.h must then be corrected. 
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The measurements carried out in this stage fall into a number of general 
categories. The first group provides routine feedback of performance 
data for many cells to establish a baseline and ensure statistically 
meaningful data. A second gruup includes attack on specific problems 
in which selected devices are subjected to specialized tests. Parame
ters such as diffusion voltages, carrier mobilities and densities, dif
fusion lengths, and optical absorption effects may be determined in this 
group of studies. 

A third class are in-depth studies which are designed to extend the basic 
knowledge of either the materials or the device configuration under study 
and may involve the development of new or improved techniques to study 
various phenomena. 

OPTIHIZATION 

In this stage the goal is to achieve the maximum efficiency which the 
materials and device design·are capable of producing. The loss minimi
zation approach developed at the Institute of Energy Conversion has 
proved invaluable. in this stage. Detailt=>cl modeling of all the possible 
loss mechanisms in the specific cell design are carried out. As neces
sary, measurements are made to quantify the losses occurring throughout 
the device. These measurements include detailed optical reflectivity 
and transmission tests using an integrating sphere. Accurate measure
ments and analysis of the current-voltage curve determines the series 
and shunt resistance losse::; and separates other non-resistive causes of 
fill factor loss. It is essential to pinpoint whether losses are occur
ring within the bulk absorbing layers, or at the various surfaces or at 
interfaces. To do so use is made of techniques such as the spectral re
sponse as a function of wavelength and bias voltage, and photocapacitance 
as a function of wavelength, voltage and intensity uf Lhe light. Varia
tions in the current-voltage curve as a function of temperature, inten
sity and spectral content of the light, and the results of various post
device formation heat treatments have all proved valuable. The Le::;ullb 
of these measurements are analyzed and fed back into the cell production 
process until the device design and actual cell performance essentially 
agree. If necessary appropriate modifications are made to the cell 
modeling. 

In a systematic way the most dominant efficiency loss mechanisms are 
ameliorated in turn until it is concluded that the inherent material 
and design limited efficiency has been achieved. 

DURABILITY AND FAILURE TESTING 

As the initial device efficiency reaches a usable value attention must 
be given to the potential usable lifetime of the device and its failure 
modes. In this stage the cell is subjected to a number of stresses 
which are designed to reveal possible failure modes in the cell and to 
diagnose the cause of the failure. Again, modeling is important to pro
vide the framework for the experimental studies. Experiments must be 
designed to identify which mechanisms occur. Hany of· the measurements 
which were useful in the optimization phase will again be of value to 
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determine exactly where the loss in performance is occurring and to 
identify the structural or electronic mech~nism responsible. 

LARGE SCALE PRODUCTION TECHNOLOGY 

In this final stage a low-cost production technology must be developed 
to produce large areas of cells without serious loss in efficiency or 
other essential parameters. A version of loss minimization is invalu
able. Each modification to the production entailed by the need for 
high speed, low-cost processing is subjected to a detailed analysis to 
determine where losses in performance are taking place and to direct 
the remedial measures. Some of the test procedures which were useful 
in the laboratory optimization phase will be modified to serve as the 
basis of a quality assurance program. 

SUMMARY 

We have described a methodology for materials and device development for 
thin film polycrystalline solar cells. The key is the interplay between 
modeling, device design and production, and materials and device measure
ment. The parameters of interest have been discussed, the types of mea
surements needed have been reviewed and the utility of these for poly
crystalline thin film cells will be demonstrated by their applicability 
to the cadmium sulfide/copper sulfide system. 
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STRUCTURAL AND CHEMICAL CHARACTERIZATION OF 
PHOTOVOLTAIC MATERIALS AND DEVICES 

John D. Meakin 

Institute of Energy Conversion 
University of Delaware 
Newark, Delaware 19711· 

INTRODUCTION 

In its most general· form a solar cell is comprised of five distinct 
layers. These are the two semiconductors which make up the junction, 
two ohmic contacts and a transparent encapsulating and anti-reflecting 
layer. In order to understand the structure and operation of this multi
layer device, generally with'a view to improving its performance, it is 
necessary to build up an extensive data base covering both the individual 
components and the interfaces and interactions between the discrete layers. 
A complicating factor is that in many instances the behavior of the com
ponent layers cannot be predicted from the known and understood properties 
of the corresponding bulk material. As a direct consequence of the thick
ness of the layers, profound effects on phase and chemical stability can 
frequently be observed. The interface region between contiguous layers 
may also play a dominant role in the performance of a given cell and re-

o 
gions less than 50 A thick must often be detected and characterized before 
a full accounting of cell behavior is possible. Finally we are concerned 
wirh a large area device which is inherently susceptible to defects that 
may be few in number and low in areal density. Unless such flaws can 
either be eliminated or neutralized many cell measurements will owe more 
to the defects than to the vast majority of defect free cell area, 

To attack the problem of fully characterizing the structural and chemical 
build up of a thin film solar cell there is now an impressive array of 
experimental and analytical techniques available. It remains true however 
that unless the choice of techniques is well planned and the analytical 
results integrated into a very broad based study, the results of using 
even the most sophisticated tools will be an accumulation of data and not 
necessarily an increase in either real knowledge or understanding. 

STRUCTURAL CHARACTERIZATION 

Iu this section we are concerned with the morphological, crystallographic 
and defect structure of the solar cell components. Techniques are avail
able which will provide images with down to virtually atomic resolution. 
Each increment in detail resolved however is usually only achieved at the 
cost of a reduc Liu11 in the tOtal Area or vn l.ume of material examined. A 
judicious combination of large area-low resolution and small area~high 
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resolution studies are generaily necessary to provide all the information 
required. 

Optical microscopy still provides the most convenient and accessible tech
niques for studying the morphology and structure of a photovoltaic device. 
Simple reflection or transmission imaging can be extended using various 
interference and phase contrast techniques. A direct way of studying the 
actual energy conversion operation of the cell is provided by the scanning 
spot techniques now in use in various laboratories. These techniques in 
common with all optical based systems are limited in spatial resolution 
to a few tenths of a micron which is however very adequate for many studies. 

In order to extend the fineness of detail that can be resolved we turn to 
the broad range of electron beam techniques. The surface probing techniques 
availahle in a modern scanning electron microscope have,because of their 
convenience and versatility, become dominant. Most widely used is secon
dary electron imaging which with virtually no prior sample preparation 
required, will give images of better than 100 A resolution, almost unlim
ited depth of field and good contrast between most cell components. To 
explore composition variations and enhance the contrast between different 
phases there are relatively simple modifications to give backsc.attel;'ed 
electron or cathodeluminescence images. Direct. insight into the elec
tronic functioning of a device under study is given by voltage contrast 
or electron beam induced current imaging. 

The convenience of conventional scanning electron microscopy arises in 
part from the long working distance between the final lens and the sample 
surface and the ability to directly study almost any free surface. Higher 
resolution than possible in an SEM is available in the traditional trans
mission electron microscope (TEM). However to use the TEM necessitates 
preparing a~ electron transparent sample of less than about 1 ~m thick
ness. The problems of achieving this in a multi-layer device are not 
trivial but once achieved it is possible to see detail at virtually 
atomic resolution and also to obtain direct insight into crystal and de
fect structures. The latest modification to the TEM is the scanning trans
mission electron microscope (STEM) which can be used to produce images in 
the TEM mode or to operate in the scanning mode. The major advantages o£ 
the STEM are a better resolution for surface studies than in the SEM and 
the ability to perform the very small area diffraction and chemical ana
lysis studies described below. 

X-ray diffraction maintains its position as the leading system for study
ing the crystal structure of solids being unrivaled for precision, re
quiring generally no special sample preparation ahd being esseuLlully 
non-destructive. Thin s~rface films can be characterized by reflection 
high energy electron diffraction (RHEED) or low energy electron diffrac
tion (LEED). The latter is often combined with Auger electron spe.~tro
scopy or other chemical analysis techniques. A relatively recent addition 
to the arsenal of crystal structure sensitive techniques is the use of 
electron channeling patterns in the SEM. By rocking the incident beam 
around a fixed point on ·the sample surface, a display is generated which 
reflects the crystal structure and can therefore be used to differentiate 
between phases or provide. the local orientation. The spatial resolution 
is of the order of 1 ~m and will therefore have wide applicability in 
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polycrystalline solar cells. The. STEM is ca~able of giving diffraction
information from regions as small as 50-100 A. 

Imperfections, both planar and line, can be revealed in a number of dif~ 
ferent ways. In order to render dislocations visible using optical tech
niques it is usually necessary to etch the sample and produce etch pits 
at the point of emergence of the defects. Transmission electron micro
scopy will reveal both dislocations and planar faults more directly as a 
consequence of the local changes in diffraction conditions. The use of 
electron channeling has now extended the detection of defects to the con
ventional SEM allowing multiple mode studies of a given region of a sample 
surface. If relatively large grain sizes are being used it is also pos
sible to image defects using the various X-ray topography techniques. 

CHEMICAL CHARACTERIZATION 

There has been a general trend in chemical analysis towards physical rather 
than chemical techniques. Many of these techniques can be applied to the 
component materials of a solar cell·but of particular interest are those 
which can be applied to either thin films or to completed devices. 

To analyz.e the bulk composition of a layer requires that an appropriate 
energy input will cause a detectable and element specific emission. 
Characteristic X-ray lines form the basis of a number of techniques. The 
earliest technique was X-ray fluorescence in which the characteristic 
lines were excited by a suitable short wave X-ray. This system is gen
erally set up in a manner that does not give any laterial resolution. 
Subsequently, lateral and depth resolution have been added by using 
either electron or proton excitation. The former is now a standard tech
nique and can be carried out in an electron beam microprobe, an SEM or 
an STEM. Analysis of the emitted X-ray is generally by means of solid 
state detectors (EDAX) which have larger acceptance angles and much 
higher counting efficiencies than crystal monochromators. Dedicated 
microproce~::~sors aucl peak·de-cortvolution techniques have iargely overcome 
the reduced resolution of the energy discriminating systems and generally 
all elements heavier than sodium can be discriminated and detected. The 
spatial resolution of EDAX with bulk samples is limited to the order of 
a micron by the range of elastically scattered electrons and by secondary 
fluorescence effects. A particular advantage of STEM is that when exam-

0 

ining a thin sample the spatial resolution for EDAX can be less than 50 A. 

A number of proton microprobes have now been constructed in which either 
X-ray or Y-ray emission is stimulated by a beam of protons at energies 
of the order of 2 MeV. The spatial and depth resolution of this system 
is about 10 ~m but a significant advantage over electron beam systems is 
that the sample need not be in vacuum. Certain elements lighter than 
sodium can be detected from y-ray spectroscopy. 

Many of the standard analytical techniques can be applied to thin films 
such as atomic absorption and neutron activation analysis, spark spec
trography and so on. In general these are destructive techniques and 
will give an average analysis of the film. 

In order to obtain an analysis of the outer surface of a film the detected 
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species ·must be such that it can only derive from the outer layers of 
interest. Low energy electrons are ideally suited for this purpose and 
are used in a number of techniques. Auger electron spectroscopy (AES) 
uses a moderately energetic electron (1-5 KeV) to stimulate the emission 
of low energy electrons by Auger capture. This technique is now avail
able in a scanning mode (SAM) thus allowing point to point mapping of 
elemental concentration. A particular advantage of AES is the sensitivity 
to light elements. 

Electron emission can also be stimulated by appropriate X-ray bombardment 
in a technique generally known as electron spectroscopy for chemical ana
lysis (ESCA). The primary X-ray is usually the characteristic from a 
light element such as Mg or Al and the detected electrons are produced 
by ionization from ~he valence sltells. This is generally not a spatiaJ.ly 
resolving technique but by generating the X-rays from a thin foil by elec
tron bombardment a form of scanning ESCA is now possible. The major ad
vantage of ESCA is that the e1ectron energies give information on the 
chemical state of the elements detected. 

To p-rovide in depth or composition gradient information it is necessary 
to progressively remove material and then repeat the surface analysis. 
This is now a well developed procedure using stationary or scanning ion 
bP~ms. AF.S and ESCA can thus be extended into a three dimensional ana
lysis. There is however a considerable potential for producing errors 
and artifacts arising from selective sputtering, channelin~ effects and 
so on and as in all analytical studies each result must be subject to 
test and scrutiny to confirm reliability. 

Rather than detecting electrons emitted from the surface it is possible 
to analyze the ions emitted during the ion bombardment giving so called 
secondary Ion Mass Spectroscopy or SIMS. This technique can under fav
orable circumstances be sensitive to parts per million and differentiate 
between isotopes. SIMS is inherently a depth profiling technique. 

Finally a non-destructive technique which given information 
depth composition of a film is Rutherford Back Scattering. 
however be viewed as a rather special tool as it requires a 
accelerator to provide the probing beam. 
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MEASURING TRACE ELEMENTS IN SEMICONDUCTORS: 
METHODS AND PITFALLS 

Richard M. Lindstrom 
Center for Analytical Chemistry 
National Bureau of Standards 

Washington, DC 20234 

A full quantitative understanding of the electrical behavior of semt
conductors requires, among other parameters, quantitative knowledge of 
the deliberately and accidently present impurities. The concentrations 
of interest may be as small as one part per billion, which is the 
fraction of the volume of a bedroom occupied by a mosquito. Methods 
available for trace measurements at this level are few in number; for 
many constituents the number of routine, inexpensive, .and reliably 
accurate methods is zero. If the sample of interest is a thin film on 
a substrate, the mass of sample available for analysis is small and the 
difficulties of microanalysis are added to those of trace analysis (1). 

Nearly all methods available for approaching this problem rely on 
physical rather than chemical reactions. The sample (or a separated 
portion) is probed with an external stimulus, and the response to this 
stimulus is then detected. The probe and also the response may be 
photons (from microwaves to gamma rays), electrons, neutrons or other 
nuclear particles, or ions. A large number of probe-response pairs 
are available to the analyst, none is as yet universally applicable. 
Desirable properties of a method are high sensitivity to the signal 
from the component sought, insensitivity to the presence of uninteres
ting factors such as the matrix and accidental dirt, and in addition 
a response related to the stimulus by a known factor of proportionality. 

Some analytical methods are direct: the sample is inserted into the 
instrument for the measurement without pretreatment. Or an indirect 
procedure may be used, in which the matrix is removed chemically and 
the residue analyzed. This approach often dramatically improves the 
detection sensitivity and accuracy, but at the risk of contamination of 
the sample (positive blank) or of partial loss of the an~lyte (negative 
blank) during the preprocessing (2). 

Few of the most sensitive methods available are capable of measuring 
spatial distributions of trace element concentrations. In particular, 
the problem of separating the analytical signal of a thin film from 
that of the ~ubstratc offers a rich field for fruitful collaboration 
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between the physicist and the analyst in the design of an experi
ment. 

Although semiquantitative or relative information (e.g., images or 
ratios) is sufficient to answer many questions, the analyst's~goal is to 
produce measurements of high and known accuracy. The history of blind 
interlaboratory comparisons of trace element measurements shows that 
agreement is seldom as good as expected a priori (3). Resolution of 
discrepancies among analysts is most efficiently done if one or more 
common lots of material is available for repeated analyses (4). Standard 
Reference Materials are produced by NBS to assist this process of 
qua 1 ity contro 1 (5}. 
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EBIC CHARACTERIZATION OF POLYCRYSTALLINE SILICON SOLAR CELLS 

INTRODUCTION 

J.I. Hanoka 

Mobil Tyco Solar Energy Corporation 
16 Hickory Drive 

Waltham, Massachusetts 02154 

ABSTRACT 

The Electron Beam Induced Current (EBIC) mode of the scanning 
electron microscope is an extremely useful probe for nondestructive, in
situ studies of recombination in polycrystalline solar cells. Within 
the limits of resolution of the technique, EBIC studies can provide a 
recombination "map" of a solar cell and thus should be significant in 
helping to understand in detail recombination processes occurring at 
defects such as grain boundaries and dislocations. This paper will 
discuss both the potentialities and the limitations of EBIC for poly
crystalline silicon solar cells. Quantitative studies and representa
tive results on EFG ribbon solar cells and refined metallurgical silicon 
solar cells will be presented and compared. 

THE EBIC MODE 

Under bombardment from an electron beam, electron-hole pairs are 
produced in the sample, diffuse toward_the space charge region, and are 
then separated by the built-in field provided by a Schottky barrier or a 
p-n junction. The amount of current so produced can be considerable by 
electron microscopy standards and is on the order of micro-amps, a 
level which facilitates quantitative work. The EBIC at Qny particulctL' 
location of thP- i_ncident scanned electron beam can then be fed into an 
amplifier whose output is then fed into the CRT video display of the 
SEM. The latter is scanned synchronously with the incident electron 
beam and the result is a CRT display of the current collection at every 
point of the scannPri rel}ion. Rcgion3 which :ce~ult in recombination will 
show dark or light contrast on the video display, depending on the 
amount of current coJlected in that region. Figure l gives examples of 
such EBIC photographs on both an EFG ribbon solar cell and a highly 
polycrystalline solar cell sample of refined metallurgical silicon 
(RMS). The EFG ribbon sample exhibits an EBIC pattern of mostly linear 
boundaries more or less parallel to the growth direction. The RMS 
samplP.,. on the other hand, shows an extensive grain boundary and dislo
cation structure. (Note: dark contrast in these EBIC photos mP-ans re
combination, l i.ght contrast means efficient current collection.) 

RESOLUTION 

Resolution is principally limited by the electron beam spreading 
within the silicon. As

0
it reaches the silicon sample, the beam may only 

be on the order of 100 A in wirirh, but once in01iflc the silicun, the 
effective volulHe ui hole-electron pair generation spreads out due r.o 
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large-angle elastic collisions and can be roughly approximated by a 
sphere of diameter, R. .1:{ is also called the penetration range a.nd 
varies with the beam energy, EB, according to this relationship (l): 

R 0 0171 E 
1

·
75 

(keV). 
( ]J) = . B 

Thus, a 10 keV beam produces a sphere of ~1.5 ]J diameter and the high
est resolution, which would be on the order of ~o.s ]J according to this, 
is obtained using the lowest possible beam energy. 

REPRESENTATIVE RESULTS 

Many features commonly found in EBIC images of polycrystalline 
silicon solar cells can be seen in Fig. l(a) and Fig. l(b). Fou.r fea
tures in particular are worthy ot note: 

l. The appearance of the surface of a polycrystalline solar cell 
and the EBIC image may bear little relation to each other. In Fig. l 
(b) the EBIC image shows much richer detail than the surface micrograph 
(not shown here) would indicate. The opposite effect is also quite 
common in ribbon silicon, where twin boundaries visible on the surface 
show little or .no EBIC image (2,3). 

2. The degree uf L l:::!cornLinution ·a. long differ.;>nt- <Jrni n boundaries 
can vary considerably. 

3. Grain boundary recombination can be quite nonuniform along the 
bounda:r.y, and "gaps" of little or no recombination can be seen along a 
boundary. 

4. Recombination exists within grains which shows as areas of 
varying gray contrast. Some correlation between this sort of recombina
tion and the presence of dislocations does exist (but see below). 

QUANTITATIVE STUDIES 

Figure 2 shows a quantitative study of some linear boundaries in an 
EFG ribbon silicon solar cell. The numbers in Fig. 2(a) and Fig. 2(b) 
show corresponding boundaries, and the numbers in Fig. 2(c) the current 
collected in the regions intersected by the line scan shown. As has 
already been noted, a qualitative correlation exists between the recom
bination contrast and the existence of dislocations. However, on closer 
quantitative examination it appears that there are interest.ing excep
tions to such a correlation. In particular, the squared region shows no 
etch pits, but aJmus·t iclentical current oollection as t.he region on the 
:r.:ight of Fig. 2(b), which has a significant etch pit density. Many such 
examples can be cited. Figure 3 shows a region wi·th about 4 etch pits 
visible, i.e., a very low dislocation density, and a very intense recom
bination contrast. Figure 4 shows an opposite case. Here, a linear 
boundary (marked with an arrow) with etch pits shows no recombination 
contrast in the EBIC photograph. 

A full explanation for some of the above observations is not yet 
available but may well be related to the question of the presence or 
absence of impurities ·and to the interacli ve effects between impuri t-_ i.es 
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on the one hand and dislocations and grain boundaries on the other. 
Further refinement of EBIC in conjunction with other t echniques such as 
STEM, DLTS, and EPR should help to answer some of these questions and 
thereby provide a b etter understanding of recombination in silicon solar 
cells. 

REFERENCES 
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2. K.V. Ravi et al., 12th IEEE PVSC, Baton Rouge, p . 182 (1976). 
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(a) (b) 

Fig. l. Typical EBIC photos of polycrystalline silicon solar cel l s . 
(a) is the EFG ribbon cel l - the two dark vertical lines are metalliza
tion bars. (b) is a cell made of refined metallurgical silicon. 
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Fig. 2. Example of quantitative 
EBIC studies. (a) is the EBIC image ; 
(b) is the same region after being 
Sirtl etched; and (c) is a quantita
tive line scan of the EBIC imagP. 

Fig. 3 . Example of lack of corre
lation between EBIC contrast and 
etch pit density. (a) is the EBIC 
image, and (b) is the same region 
after S1rtl etching. The arrows 
refer to similar regions . 

(a) (b) 

Figure 4 

Fig . 4. (a) EBIC photo of grain 
boundary which kinks and which also 
shows in (b) after Sirtl etching, a 
grain boundary with dislocation 
etch pits and no EBIC contrast 
(arrow) . The upper black bar in 
(a) is the metallization bar. 
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BACKSCATTERING AND TEM STUDIES OF LAYERED STRUCTURES 

J. W. Mayer 
California Institute of Technology 

Pasadena, California 91125 

The outer micron of photo-voltaic structures is an important region in 
solar cells whethe:r it be the junction dopant profile, metallization 
adhesion, defects in epitaxial layers, or the composition and inter
diffusion in thin film structures. In recent years, analytical measure
ment techniques have been hard pressed to provide sufficient information 
required for technological applications. For example, an understanding 
of thin film interdiffusion or interfacial reactions requires the 
analysis of a layer 10 to 100 atom layers thick that is located some 
1000 to 10,000 atom layers below the surface. Extended defects such 
as twins, stacking faults, and misfit dislocations also play a role in 
the performance of photo-voltaic devices. This paper reviews two 
analytical tools that have been utilized in the measurement of thin 
film and layered structures: Rutherford backscattering spectrometry 
(RBS) and transmission electron microscopy. Backscattering spectro
metry provides depth micros9opy the determination of atomic composi
tion as a function of depthtl-3). When channeling effects are com
bined with backscattering, 6ne obtains a depth profile of defects. 
Transmission microscopy then allows identification of the nature of 
the defects. The techniques are illustrated here by choosing examples 
of solid-phase epitaxial growth of silicon through Pd silicide as a 
transport medium. 

Rutherford backscattering spectrometry requires a particle accelerator, 
usually one of the numerous Van de Graaff accelerators, relativel7 
modest target chambers (chamber pr~ssures are usually lo-6 to 10- torr) 
and nuclear data acquisition electronics. An energetic ion, such as a 
2 MeV 4He ion, traversing a solid experiences an energy loss that in
creases linearly, to a close approximation, with depth. The relatively 
small fraction of particles that are backscattered, lose energy along 
their inward and outward tracks. By measuring the energies of particles 
scattered from the front surface and back surface of a thin film struct
ure, one obtains a measure of the thickness. A rule of thumb for Si or 
Al is that the energy width is about 100 eV/~ which translates into a 
depth resolution of abouL 150 to 200 ~ for standard particle detector 
and amplifer energy resolution of 15 to 20 keX. Nea.r the surface, the 
depth r.esolution con be impl'Oved to 20 to 4o A by tilting the target 
with respect to the beam. 

Mass identification is also provided by measu:r·ement of the energies of 
backscattered particles. The energies of 2 MeV 4He ions scattered from 
Pd and Si atoms at the surface are about 1.5 and l.l MeV, respectively. 
This energy difference allows a clear :..cparation uf signals from Pd and 
silicon atoms iH silicide layers a few thousand Angstroms thj_ck. The 
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Fig. 1 Backscattering energy spectra for 
solid-phase epitaxy in the S:j.<lOO>/ 
Pd/Si(amorphous) system. (From Lau 
et al. (6)) 

composition can be determined by measuring either the total number of 
pA.rti.cles scattered {rom Pd and Si atoms (the average composition) or 
the ratio of the signal heights at equivalent a.epLln; ( c:umpo::li tion a.B a 
function of depth). 

Channeling measurements depend on alignment of the crystal axis of the 
sample with the incident particle beam. The yield of backncattered 
particles drops 36 fold since the majority of the incident ions are 
steered by the axial or IJlanar channels aud do not undergo close-impact 
collisions with lattice atoms. However, the channeled particles ca.n 
make direct collisions with atums displaced away from la.ttice sites. 
This provides th~ basis for extracting disorder. profiles from the aligned 
yield of backsc;attered particles. Extended defects such as ·Lwins ( 4) or 
dislocations(5J cause dechanneling of the aligned beam. The dechanneled 
partlcles can then make close-impact collisions with lattice atoms which 
again allows determination of the depth distribution of defects. 

The concepts are illustrated in Figs. 1 and 2. For epitaxial growth of 
Si layers obtained by solid-phase reaction through a silicide layer. The 
spectrum for the as-deposited sample shows the Pd signal displaced below 
the surface signal (vertical arrow). The amount of displacement indicates 
that the thickness of the overlying amorphous Si layer is ~bout 6000 ~-
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Fig. 2 Channeling spectra (left) and TEM micrographs 
of epitaxial layers grown in the Si/Pd/Si system. 
The outer Pd silicide was removed prior to measure
ment . The Pd signal in the spectra and the dark 
ree;ions in the microgra.f.Jh:..; represent. f-'d lnclusiono 
in the grown layer. (From Tseng et al.(7)) 
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After heat treatment, Pd forms a silicide and becomes shifted to the top 
surface. The shift to the top surface is indicated by the shift in the 
Pd signal to higher energy. The composition of the silicide is determined 
by the ratio of the Pd and Si signals (correcting for the factor of 10 
difference in scattering cross section) in the surface region. 

The quality of the underlying Si can be determined by removing the outer 
silicide layer. The channeling measurements shown in the left-hand side 
of Fig. 2 inr'li r.ate tnat the aligned yield decreases from 511 to 450°C 
(Fig. 2.A. to 2C). This improvement in crystal qua.Li ty is al::;u indicated in 
the selected area diffraction pattern in::;t!rts. The runount of Pc'l t.rapped 
in the grown layer also decreases as indicated by the decrease in the Pd 
signal. The TEM micrographs show that there are twins in the epitaxial 
layer. The number of twins decreases, but their size increases as the 
process temperature is decreased. 

Transmission electron microscopy can also be used to obtain an indication 
of the depth distribution of disorder by making cross sections of the 
sample(8,Y). The use of back::;cattering and TEM measurements form a power
ful combination. Backscattering measurements ~re relatively rapid (15 to 
40 min/sample) and allow one to select samples for more detailed measure
ments with electron microscopy where sample prt!_lJaration can be time
consumine;. 
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NEW TECHNIQUES FOR THE STUDY AND CONTROL OF .GRAIN BOUNDARY EFFECTS* 

R. F. Wood, R. T. Young, R. D. Westbrook, J. Narayan, 
W. H. Christie, and J. W. Cleland 

Solid State Division, Oak Ridge National Laboratory 
Oak Ridge, Tennessee 37830 

A major difficulty in studying grain boundary effects in semiconduc
tors arises because conventional growth and thermal diffusion tech
niques are thought to cause segregation of the dopant ·at grain 
boundaries and are unable to provide control of the fast diffusion 
which is known to occur along·the grain boundaries. In th.is paper, we 
discuss several recently-developed doping techniques which should 
allow these problems of grain boundary segregation and diffusion to be 
studied and circumvented if desired. These techniques involve trans
mutation doping and laser-induced melting of the near-surface region 
of the polycrystalline samples. 

According to the model of carrier trapping at grain boundaries devel
oped by Kamins,! Seto,2 and others, a pronounced minimum in the 
carrier mobility as a function of doping concentration is evidence 
for free carrier trapping by interface states at the grain boundaries. 
In fact, given the grain size, the position of the minimum may be 
taken as a measure of the carrier concentration that is required to 
saturate the grain boundary traps in polycrystalline material. Seta 
observed such a mobility minimum in his measurements on fine-grained 
polycrystalline silicon (polysil) formed by chemical vapor deposition 

.(CVD). He concluded that carrier trapping by grain boundary states is 
the dominant factor in determining the electrical properties of poly
sil and that ~r~in boundary s~grP~~tion of dopants i~ of little impor• 
tance. Others,~ however, have interpreted resistivity data on polysil 
in terms of grain boundary segregation, which has been demonstrated to 
occur in metals using, e.g., ion microprobe techniques.4 Immediately 
after ion implantation thP ~oncentration of dopants at grain boun
daries will be the same as that in the bulk of the grains. However, 
high-temperature, long-term annealing to remove the lattice damage and 
electrically activate the dopant ions also results in substantial 
dopant migration and this makes an unambiguous interpretation of 
Seto•s results difficult. 

Neutron transmutation doped (NTD) silicon contains an extremely uni
form concentration of phosphorus throughout the material, whether it 
be in single crystal or polycrystalline form. Transmutation doping uf 
silicon is based on the fact that normal silicon contains approxi
mately 3% 30si which transmutes to 31p after thermal neutron absorp
tion with a half-l·ife of 2.6 hrs. Since 30si atoms are chemically 
equivalent to the atoms of all other isotopes of silicon their distri
bution in normal silicon is completely uniform. The lattice damage 
introduced by transmutation doping of silicon is nnnealed5 by heating 
at /b0°C for 1/2 hr. Because of the extreme un1form1ty of the doping, 
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there are no gradients to drive the dopant diffusion and migration of 
the phosphorus should be negligible during annealing, thus eliminating 
grain boundary segregation. Figure 1 shows results of mobility measure
ments on NTD silicon as a function of carrier concentration. The 
large dips around 1ol5;cm3 in the curves marked with open triangles 
and circles are what one expects from Seto•s development of the 
carrier trapping model. From this model, one can extract an approxi
mate grain size for this material, and we found it to be~ 33 ~m, 
which is in very satisfactory agreement with the average grain size of 
~ 25 ~m obtained from electron microscopy. However, we note that the 
mobility of the sample thermally diffused with lithium was substan
tially altered by that treatment which almost certainly resulted in 
grain boundary segregation of the lithium. 

The newly developed techniques of laser annealing6,7 of ion-implanted 
samples and laser-induced diffusionS offer two other closely r·elated 
methods for control of dopants at grain boundaries. These two methods 
rely on the intense radiation from a Q-switched ruby or Nd:YAG laser 
to melt the near surface region of the sample during times of the 
order of 50-100 nsecs. In the case of laser annealing, this is enough 
time to repair the lattice damage and electrically activate the dopant 
and in the case of laser-induced diffusion it is enough time for· 
dopant atoms deposited in a thin layer on the surface to diffuse into 
the crystal. Since in both of these techniques the energy of the 
laser pulse can be chosen such that the near-surface region is melted, 
grain boundaries can in effect be eliminated during the annealing and 
diffusion proces~es. Hence, no grain boundary diffusion or segrega
tion can occur. Of course, the grain boundaries regrow as the material 
resolidifies but this occurs so rapidly that little or no dopant dif
fusion can occur after the grains are reformed. Table 1 gives some 
results of recent experiments on the laser annealing of boron-implanted 
polysil. The measured surface carrier concentration of these samples 
is~ 5 x 1020 cm-3~ which is several orders of magnitude greater than 
the concentration of grain boundary traps estimated by Seto for this 
type of material~ Therefore, no evidence for free carrier trapping is 
apparent and the mobility is close to that expected for single crystal 
material. Another series of exeriments at lower implanted doses is 
now underway. The data in Table 1 indicate that extensive grain growth 

Table 1. Electrical Parameters of 11s (35 KeV, 1.1 x 1016 cm-2) 
Implanted Laser-Annealed Polycrystalline Silicon. n is 
the carrier concentration,~ the mobility, and p the 
resistivity. 

Sample Grain Size Grain Size n ~ p 

(before) 
Ener~y 

(J/cm ) (after) (lo16 cm-2) (cm2;v sec) (n/o) 
~m ~m 

1 0.02 0.45 0.5 1.0 16 38 
2 0.02 0.88 1.5 1.1 20 28 
3 0.02 1.17 1.1 17 32 
4 25 0.66 0.45 21 64 
5 25 0.88 1.1 25 22 
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occurs during laser annealing. Figure 2 shows transmission electron 
microscopy results for samples 1 and 2 of Table 1. Grain growth 
induced by laser irradiation has already been observed and reported by 
others. Although of considerable interest in itself, grain growth 
represents an additional complication in studies of grain boundary 
trapping and segregation. There is an aspect of laser annealing which 
is somewhat complementary to those we have just been discussing. If 
by proper choice of diffusion times and temperatures the grain boun
daries can be preferentially doped, then laser-induced melting should 
be useful in studying both diffusion away from the grain boundaries 
and grain growth mechanisms. 

In our talk, brief reviews of the carrier trapping model of grain 
boundary effects, transmutation doping of silicon, and laser annealing 
will first be given. Then the results we have obtained using a 
variety of experimental techniques, including electrical properties 
measurements, transmission electron microscopy, secondary ion mass 
spectroscopy, etc., will be presented. The extent to which these 
results support the carrier trapping model or point to the need for 
development of more complex models will be discussed. Finally, our 
progress in attaining control of ground boundary segregation and dif
fusion by transmutation doping, ion implantation and laser annealing, 
and laser-induced diffusion will be assessed. 
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Fig. 2. Transmission electron micrographs of samples 1 (left) and 
2 (right) of Table 1. After laser annealing the grain size 
in sample 1 is ~ 0.5 ~m and in sample 2 it is ~ 1.5 ~m. 
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GRAIN SIZE AND ITS INFLUENCE ON 
EFFICIENCY IN POLYCRYSTALLINE GaAs SOLAR CELLS 

A. E. Blakeslee* and S. M. Vernon 
IBM Research Center 

Yorktown Heights, NY 

*Present Address: Solar Energy Research Institute, Golden, CO 

Several studies of GaAs solar cell fabrication have been published 
recently in which the ac.tive material was a layer of polycrystalline 
GaAs on an inexpensive substrate such as graphite or a metal (1-4). 
The purpose of these studies was always to reduce the thickness of the 
GaAs in the layer to a small value and thus reduce the cost of the 
cell, meanwhile hoping that the efficiency would not fall too seriously 
below the ~20% value obtainable with LPE-grown GaAs cells (5). 

Johnston and Callahan (1) and Chu, et al. (2) used the well-established 
chloride transport process for growth of their polycrystalline GaAs, 
while Blakeslee and Vernon ( 3) and Dapkus, et al. ( 4) chose the newer 
metal-organic system (6) for their work. The rationale for choosing 
the metal-organic method was that, even though J E'.ss was known about it, 
it was. thought to possess greater potential for eventually becoming an 
economically affordable large scale production process. The chloride 
process work has tended to yield large grain films more readily and 
has led generally to higher efficiencies. This is understood in terms 
of the report of GaAs epitaxy on single crystal tungsten by Amick (7), 
using a chloride transport method, and the fact that the chloride pro
cess naturally operates in a state much closer to equilibrium, i.e. 
with a much lower vapor supersaturation (2,3)~ than does the metal
organic process. Nevertheless, since the metal-organic process is 
still generally felt to have greater economic potential, it is 
necessary to overcome the difficulties involved and optimize the pro
cess. 

The early thinking regarding thin film GaAs solar cells was essentially 
that the major problem would be control of grain size; i.e. that if 
continuous films a few microns thick with grain size several times the ·..._,· 
minority c.arrier diffusion length could be produced, then solar cells 
with efficiencies reasonably comparable to those of single crystal GaAs 
cells should follow in short order. Several authors have computer-
mode) en thP·ernin structure and predicted device efficiencies in excess 
of 10% (8,9). 
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We have developed several variations of the metal-organic process for 
growth of polycrystalline GaAs films. The grain size of these films 
ranges from less than one to several hundred microns, yet the AMO 
efficiencies of the best Schottky barrier cells made from films grown 
by each procedure are all about 2%. Clearly enhancement of grain size 
is not enough, and the roles of contamination and/or process-induced 
defects must be thoroughly investigated in order to understand and 
improve the low efficiencies. This paper briefly describes the 
different film growth modes and examines correlations between the 
various modes and the resulting grain sizes and cell parameters. 

The first process used was simply a direct application of the condi
tions found to be optimum for growth of reasonably clean and defect
free homoepitaxial GaAs. One cern of Ga( CH

3
) _1 and 5 cern AsH .. were. 

transported in approximately 2000 cern H
2

. Tlie GaAs films w~re de
posited at 700 C, using RF heating, on polycrystalline, amorphous or 
in a few cases monocrystalline substrates--including Mo, Ta, W, Si, 
Si02 , vitreous carbon and graphite. The nature of the films was very 
mucli the same on all substrates except for monocrystalline GaAs, Ge or 
A£

2
o

3
, which yielded epitaxial growth. All the other substrates 

produced films characterized by small (<1 ~m) non-columnar grains 
showing no evidence of preferred orientation. The most severe problem 
is Ehe continuous renucleation of smali GaAs grains one upon the other, 
which is rather puzzling in view of. the readily o·ccurring homoepitaxy 
for the case of monocrystalline GaAs substrates. It hAs been suggested 
(10) that the renucleation may be caused by a "poisoning" effect of 
reaction products, the accumulation of which is more severe for poly
crystalline growth than for single crystal. 

In the second process, the two variables temperature and Ga (CH 
1

) 
3 

flux 
were adjusted in order to reduce the supersaturation and hence fhe de
gree of renucleation. In order to do this within the constraint of 
obtaining complete coverage of the substrate, a two-step procedure was 
developed. This consisted of nucleating the film at 600 C for 30 
seconds and then continuing the growth for, say, 15 minutes at 850 C 
under a reduced Ga(CH

3
)

3 
flux. Grains with a 2-5 ~m average dimension 

and a more nearly columnar morphology were obtained in this way, but 
again there was no evidence of preferred orientation. 

The third procedure, termed the gallium pre-coat method, was conceived 
as an adaptation of the VLS process (11) wherein crystals grow out of 
a liquid medium fed by a vapor nutrient. Gallium is an obvious choice 
for the liquid and is easily deposited from Ga(CH1)

3 
to a thickness of 

a micron or so by simply not adding AsH
3

. Next tne Grt(CH
3

) 1 is turned 
off and the AsH turned on, resulting in conversion of the Ga film to 
GaAs. Finally aaAs is vapor deposited in the normal way upon this 
base layer. Regions were found having average grain sizes of several 
microns, but nonuniform morphology exhibited as clumps and spikes was 
prevalent. Shorting of Schottky barrier solar cells often occurred, 
although some were obtained with fairly good characteristics. The 
ability of the Ga film to wet the substrate uniformly is apparently the 
chief criterion for success with this method. Mo was found to be the 
most effective substrate for this purpose. 
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The fourth, and most prom1s1ng, procedure involved the rapid melting 
and recrystallization of fine-grained films which had been grown by the 
·unmodified·cvo technique. Care had to be taken to prevent excessive· 
loss of As during the melting and cooling. When this was successful, 
a 5 ]lm thick layer having rv0.2 mm grains was formed on a Mo substrate. 
This layer was highly conductive, and the GaAs-Mo junction was ohmic. 
The lightly doped layer needed for Schottky barrier solar cells was 
then formed by the normal CVD process. ·The final CVD layer epitaxially 
replicates the large-grained recrystallized layer. Films made in this 
way have yielded solar cells with efficiencies >4% in terrestrial sun
light. 

By using these four processes, we have been able to obtain a series of 
GaAs thin films covering a factor of several hundred in grain size. 
Devices made from such a series should be useful to test the theories 
relating grain size to cell parameters. Schottky barrier solar cells 
were accordingly fabricated from films grown by each procedure, and· 
the cell parameters of the best film of each type are listed in Table L 
The small number of devices processed from each type of film dictates 
that the data can be considered only as a qualitative guide. Further
more, results with cells made on single crystals showed low efficien
cies compared with published values (12), which indicates that our 
cell fabrication techniques were not optimized and that perhaps all of 
our results ought to be somewhat higher. Nevertheless, several con
clusions can be drawn from Table I. 

The most obvious conclusion is that the efficiencies do not increase as 
expected when large increases are effected in the grain size. For all 
but the smallest-grained film, J is quite large, in good agreement 
with prediction (8) and in fact E~ing largest for the next-to-smallest 
(albeit l·east well controlled) grain size. This is the most encourag
ing result. On the other hand, V and fill factor are lower in every 
case but one for the larger grain°~amples, and it is this tendency 
toward low V and fill factors, already noted in the literature (13), 
which keeps gfie efficiency low. We do not mean to imply that this 
effect is a consequence of larger grains; rather it is likely that the 
special processing used to increase the grain size above the value for 
unmodified growth acts detrimentally to the voltage and fill factor by 
introducing contamination and/or defects to the grain boundaries or to 
the grains themselves. The high J for all cases except unmodified 
growth suggests that grain boundar~crecombination is not as serious a 
problem as previously assumed and that future efforts should be di
rected more toward uncovering other more subtle recombination mecha
nisms and understanding the cause of the low V 

oc 
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Preparation Method 

No treatment 

Gallium pre-coat 

Two temperature 

Recrystallization 

REFERENCES 

TABLE I 

SOLAR CELL PARAMETERS 

Gold Schottky Barriers 
AMO Uncoated 

Grain Size J 
sc 

.5 6.6 rnA/em 
2 ]lm 

rv1.5 20.5 

3 15.7 

200 15.8 

v 
oc 

.44 v 

. 35 

.37 

.35 

FF 

.505 

.47 

.28 

.56 

Efficiency 

1.09% 

2.50 

1.20 

2.28 
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CHARACTERIZATION OFEFG SILICON RIBBONS BY 
ION BEAM TECHNIQUES 

M. Hage-Aii; R. Stuck, M. Toulemonde, P. Siffert 

Centre de Recherches Nucleaires 
Groupe de Physique et Applications des Semiconduoteur-s 

(PHASE) 
67037 STRASBOURG-CEDEX (FRANCE) 

ABSTRACT 
Secondary Jon Mass Spectrometry (SIMS) combined to Rutherford 
Backscattering (RBS) and specific nuclear reactions have been used to 
investigate the nature, concentration and distribution of the impurities 
existing in EFG si Iicon ribbons grown from the melt-with a graphite die. 
The relative features of these methods are discussed. 

INTRODUCTION 
To reach the cost reduction needed for largescale use ofterrestrial 
solar cells, new approaches are necessary. Edge defined si I icon rib
bon growth (EFG) constitutes one of the promising methods to prepare di
rectly the low cost si Iicon sheets. Characterization of this material, 
especiallyoftheimpurities, playsanimportant role. The ~oal<>fthispa-
per is to show the possibi I iti es given by a combination of three different 
ion beam techniques to determine the nature of these impurities, their 
concentration, location and also to give information of the crystal 
qua I ity. 

I. EXPERIMENTAL TECHNIQUES 
1) Rutherford Backscattering in and without channelling conditions was 
used to analyze both the surf.ace damage and the impurities within the 
ribbon. The principle ofthis methodiswell known [1] :a beamofions 
from an accelerator in the MeV range hits the sample mounted on a three 
a><es goniometer, which allows en eventual aligment of the beam with 
respecttooneofthemajor axesof thecrystal. Bymeasuringtheenergy 
of the backscattering it is poss,ib le to identify the mass and depth location 
of the atom which coli i ded with thP. prnjecti le and to give thai r absolute 
concentration. 

Here 2 MeV·a.-particles have been employed, the backscattered partic
les being detected either with a solid state detector or with a high 
depth resolution electrostatic analyzer [2]. Atypical spectrum is 
shown on Fig. 1 both for random and channelling conditions. Besides C 
and 0 several other imp1.1rities are present, they ar·e r·eported together 
withtheir concentrationon Table I. 
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2) Secondary ion mass spectrometry (SIMS). 

By performing mass analysis of both positive and negative ions sputtered 
off the substrate,under low energy,argonpombardment, it,i s possible to furt~ 
her,determine,the composition o~the,target. Our [ 3]system,can,work in 
two,neodes either,under a low current ion beam to remove on IY,~thin layer 
("'20 A) o~he,target during the fu II mass sea l~analysi s ,or in,the dynamic 
mode, withal OOtimes,stronger,current in order,to,profll e 0 in,depth 
selected elements. Figs. 2and3show.a.surface and a 1000 A deep,spectrum 
ofthe positive.ions, whereas Fig. 4 gives the profile of the most important 
impurities. The depth of their penetration is also reported on Table I. 

3) Nuclear reactions 
Rutherford.backscattering is not.usefu I for impurities having masses 
lighter than that of the substrate, the background, even under- chanel
ling conditions being too important. To overcome this difficulty we used 
specificnuclear reactions[4].As anexample, weinvestigatedthepres
enceofcarbon, which can be introduced during the growing process, the 
die giving the shape being made on graphite. 12 3 1 14 
We have chosen the resonance at 2. 47 MeV [5] of the C( He, H) N 
reaction and detected the produced protons for different excitation 
levels of the residual nucleus (fig. 5). The width of the resonance (80keV) 
allows themeasureynent of the location of the carbon nuclei with a depth 
resolution of 4000 Aby progressively increasing the projectile energy. 
In this case calibration is obtained with known layers of graphite. 

II. DISCUSSION 
Thethree techniques used hereallowedthedeterminationofseveral. 
impuritiespresent in the material. Theoriginofmostof them can be 
established from growth conditions and starting material. Rather than 
discussing this point, it seemed to us more interesting to focus our atten
tion to the, possibilities of these .ion beam techniques in thin film chara
cterization. Even if they are not the most sensitive (for example, acti
vation analysis candetectdown to 10E12cmE-3ofspecific elements) 
they give the nature of the chemical element as well as the depth from the 
surface and from this point of view, these methods are unique. 
Furthermore, backscattering gives information on the crystal quality 
when channelling is used, as well as on surface damage over a depth 
which is much greater than normal X-ray analysis. 
The relativemeritsofthe 3methodshave been summarizedon Tablell. 
It seems to us that each method, when used alone, is not suffici er1t for 
si Iicon analysis, but their combination gives a powerful investigation 
method. For example, Sims alone has a good sensitivity but no absolute 
depth and concentration ca I ibratioh, it associated with ~Bs- ·Lhi s cal ibr·a= 
tion is obtained in absolute scale. 

REFERENCES. 
1. W. K. CHU et al in 11 BackscatterinR,Spectrometry ( 1978) Academic Pres 
2. M. HAGE-ALI et al submitted ·to 4 Conf. on lon Bea1'11 Analysis. 
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4. see for ex. J. MAYER et al. Jon Beam-Surface Layer Analysis 
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5. Hsin- Min KUAN et a·l Nucl. Phys. 51 ( t 964) 481. 
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COMPOSITION ANALYSIS OF Cu2S/(Zn,Cd)S THIN FILM SOLAR CELLS 
BY MEANS OF ELECTRON SPECTROSCOPY 

M. V. Zeller L. C. Burton and D. W. Dwight 
Departments of Electrical & Materials 

Engineering 
Physical Electronics Division 
Perkin-Elmer Corporation 

Virginia Polytechnic Institute and 
State University 

Eden Prairie, MN 55344 /,.--
/ 

Blacksburg, VA 24061 

INTRODUCTION 

The photocurrent for Cu2S/CdS and Cu2S/(Zn,Cd)S solar cells is generated 
in the Cu2S layer. A large number of investigations of properties of 
Cu2S as formed on CdS by means of ion-exchange have been reported.(l) 
Even though some "tails" of Cd have been reported to extend from the 
interface into the Cu2s(2), Cd concentrations in the Cu2S bulk are ap
parently low(3) ~f not zero), and are not thought to bear adversely on 
cell response. 

It has been verified that replacing the CdS with a CdS-ZnS alloy results 
in increased V0 c values. (4) However, a problem with the Cu2S/(Zn,Cd)S 
cell has been reduced short circuit current density. Possible mechanisms 
for this can be related to the Cu2S, (Zn,Cd)S and the interface. The 
retention in or near the Cu2S layer of Zn that did not participate in 
the ion-exchange could conceivably have an adverse effect on the re
sulting cell. 

We have therefore chosen to study the composition of Cu2S as formed on 
(Zn,Cd)S via ion-exchange. Three types of electron beam analyses were 
performed to_e~ucidate composition profiles for Cu2S/(Zn,Cd)S junctions. 
The objective was to compare atomic profiles (Zn and Cd in particular) 
through the Cu2S into the (Cd,Zn)S base, with Zn content of the base as 
a parameter. To evaluate the convolution of beam effects with actual 
atomic profiles, angle-resolved x-ray photoemission as well as ion
milling with both AES and ESCA (XPS) analysis were carried out on several 
samples types. In addition, atomic absorption spectrometry (AAS) mea
stn:emen l.:s were. made on cuprous ion barrier solutions, and on solutions 
of dissolved Cu2S and (Zn,Cd)S. 

EXPERIMENTAL 

A combined ESCA/SAM instrument (PHI Model 550)(5) with a double pass 
Cylindrical Mirror Analyzer (CMA) was used. Profiling was accomplished 
with 5 KV Ar+ ions, rastered across 10 x 10 mm of sample for ESCA pro
files or - 2 mm dia. for AES profiles. 

The atomic absorption measurements were made using a Perkin-Elmer mod. 
403 spectrophotometer. ) 

Cu2S layers were formed via ion-exchange on (Zn, Cd) S fi.lms of several 
compositions (for the electron beam measurements) and on both films and 

53 



powders (for the AAS work). Other sample information is noted below. 

RESULTS 

As seen in Figures 1-3, the Zn and Cd profiles are distinctly different 
through the outer structure, until the bulk of the base material is 
.reached. (The Cu2S for these samples was formed by dry solid state re
action and were not rinsed following the reaction). For each analysis, 
as the profile proceeds into the Cu2S (using the Cu profile as a base), 
an anomalously high Zn concentration appears in amounts roughly propor
tional to the Zn conterit of the base layer.. The Zn to Cd ratio is ap
parently larger than unity over a large fraction of the Cu2S. This is 
illustrated in Figure 1. The decrease in Cd during the initial part of 
the ion etch is due to the CdCl2 on the surface, and is similar for 0 
and 36 atomic percent Zn. However, for the 36% Zn sample, the Zn con
centration exceeds Cd over a substantial distance (hatched region of 
Figure 1). Similar sub-surface segregation of zinc is apparent in the 
ESCA profile of Figure 2 (hatched region in particular). The peak 
positions in the ESCA spectra indicate that cu+, Cd++ and zn++ are the 
cations present. The sulfur is mostly sulfide, with some sulfa·te pre
sent on· the outer surface. The latter was determined by grazing angle 
ESCA, which also eonfirmed the sub~surface excess of zinc. 

These results indicate that zn++ diffuses out more slowly during the ion
exchange reaction. This slower reaction of Zn is expected from the 
higher stability of ZnS bonds, and is also indicated by the reduced rate 
of Cu2S formation in wet barrier solution as the base Zn content is in
creased. 

This slower out-diffusion of Zn during ion-exchange has been corroborated 
by the atomic absorption measurements. Zn and Cd .concentrations were 
measured in the following solutions: a) cuprous chloride barrier, b) 
Cu2S etched in 0.1 MKCN and c) (Zn,Cd)S etched in HCl. The Zn/Cd ratios 
measured for a nominal 15% zinc sample are shown in Table 1 (averages 
of five separate runs). 

Table 1 
Zinc to Cadmium Ratios Measured by AAS for the Three Solutions De

scribed Above 

Solution 

Barrier 
KCN 
HCl 

Zn/Cd Ratio 

0.143 
0.418 
0.161 

Separate tests have verified that the high Zn/Cd ratios for the KCN. 
solutions are not due to the dissolution of the mixed sulfide base 
material by KCN. 

CONCLUSIONS 

These measurements verify that a lower fraction of zinc is participating 
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in the ion-exchange reaction than exists in the (Zn,Cd)S base material. 
This is evident in the AES and ESCA profiles, and in the AAS measure
ments, and results in the retention of a correspondingly larger amount 
of Zn in the Cu2S layer. A more complete report is planned for similar 
measurements made on these and other samples. 
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AES Profile 0 Zn AES Profile 36% Zn Base 
60 s ... -
% 

40 

20 

0 3 9 0 3 6 9 12 15 18 
Sputter Time (min.) 

Figure 1. Composition profiles employing Auger (AES) analysisfor Cu2S/ 
CdS (left) and Cu2S/Zn 36 Cd. 64 S (right) j unc~ions. . The 
hatched area ~nrresponds to Zn/Cd c onccntrat1on rat1o > 1. 

55 



ESC.~.\ Profi 1 e 19% Zn Base 

0 30 60 90 120 
Sputter Time (min.) 

Figure 2. Composition profile employing ESCA (XPS) of a 

Cu2S/Zn. 19 cd. 81 s junction. 

Figure 3. SEM photomicrograph of cell surface following ion-beam 
profiling. The basic grain shape at about 10 ~m is pre
served. However, a roughness is produced at about 0.5 ~m 
by the beam which may contribute to the diffnsP. appearance 
of the interfaces. 
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SCANNING LIGHT SPOT ANALYSIS OF FAULTY SOLAR CELLS* 

K. Lehovcc and A. Fcdotowsky 
University of Southern California 

Los Angeles, CA 90007 

Current output patterns for solar cell panels exposed to a scanning 
light spot are computed on the basis of a distributed network model. 
Patterns of fault-free panels are compared with those of faulty cells 
having either cracks which expose the junction and cause leakage cur
rent, or else point shorts in series with spreading resistances. The 
computed data can be used to evaluate experimental results obtained 
by D. Sawyer and c·o-workers 1 • 2. 

The equivalence of output patterns generated by the scanning light spot 
and those generated by a line of illumination parallel to the finger 
electrodes allows the use of simple one-dimensional current flow in 
computing output patterns. Computations are facilitated by assuming 
uniform attenuation of the photoelectrically generated current on its 
path from th~ illuminated spot to the collecting electrodes. Uniform 
attenuation lengths of from 1/4 to 1/2 the typical electrode spacing 
are optimal for fault resolution, and can be obtained by modulating 
the light intensity at frequencies in the low MHz range. Figure 1 
shows the output c~rrent for various attenuation iengths of the photo
electrically generated current in a fault-free cell. The full lines 
pertain to attenuation by conductive flow over the junction, while the 
dotted lines pertain to capacitive current flow over the junction as 
obtained by high frequency intensity-modulation. Figures 2 anq 3 show 
output patterns for cells cracked at various distances from the finger 
electrodes. Figure 2 refers to i crack with no leakage flow a~rqss 
the exposed junction, while such a leakage current is assumed in the 
case of Figure 3. The crack is revealed by an abrupt change of the 
panel output as the light spot moves from one side of the crack to the 
other side. Leakage ~onductance across the expo§~q junction at the 
crack is indicated by a change of panel output wtth ¢istance of the 
light spot from the crack in close vicinity of the crqck. A ti~t of 
the crack with respect to the direction of the finger electrodes causes 
only a second order effect; therefore the output pattern can be ob
tained by combination of patterns with cracks at different distances 
from and parall.el to the finger electrodes. Figure 4 shows the reduc
tion of the outpu~ current for a cell having a partial short of the 

*supported by the U.S. Department of Commerce, National Bureau uf Standards 
contract P.O. 809453 under Department of Energy Contract EA-77-A-01-6010 
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photovoltaic junction at a position ·half-way between the finger elec
trode·s (dotted· lines), compared to that of a fault-free cell (full 
lines). 

References 
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r 

0.2 

0 

Fig. 1: Dependence of current collected by the electrodes of a fault 
free cell on the position x1 of illumination. Parameters are 
finger electrode spacing s and the attenuation length xd . 
Dotted lines: modulated light so that x

0
'' = x

0
' :..:o x

0
/-y2; 

Solid lines: unmodulated·light, x0'' = 0. Response to modulated 
. and unmodulated light of x0 ' Is = 1/8 coincides closely. 
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RL = 00 

r dfs = 0.500 

_I 0.6 0.625 

fl 0.750 
0.4 

0.875 

0.2 

0 .5 xJs-

Fig. 2: Response of cell cracked at x = d to modulated illumination at· 
x = x 1 with no leakage resistance over the exposed junction. 

f 
1 o.6 

~ 

0 

Fig. 3: As in Fig. 2 but with finite leakage resistance over the ex
posed junction at the crack. [Sheet resistance p and attenua
tion length x0 = s/if] 
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1.0 
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0.5 y 
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o~--~----~--~--~~~~-

o ~5 

Fig. 4: Currents collected by a fault-free cell (solid lines) and 
those collected by a faulty cell (dotted lines) having a point 
short Rsh = p/2 located midway between the electrodes, for 
various locations x1 of the illuminated spot (xd = s/2 and 
xd' = 0). 
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PHOTOCONDUCTIVITY AS A PROBE OF POLYCRYSTALLINE FILMS 

R. H. Bube 

Department of Materiais Science and Engineering 
Stanford University 

Stanford, Califorriia 94305 

Photoconductivity measurements can provide information about the prop
erties of polycrystalline films through a variety of direct and in
direct effects. If the dark conductivity of a material is controlled 
by carriers of one type, 

cro = noq J.Jo (1) 

photoexcitation can produce a change in conductivity ~cr by causing 
a change in carrier den~ity ~n or a change in carrier mobility ~JJ: 

~a = ~n q 1J + (n + ~n) q ~JJ (2) 
0 0 

The wavelengths of light effective in making these changes, i.e.,. the 
spectral response for photoconductivity, depend upon the localized 
states present in the bandgap as well as being associated with trans
itions across the bandgap itself. The change in mobility ~JJ caused 
by photoexcitation could have a small contribution due to changes in 
bulk mobility through alteration of the density of charged imperfection 
scattering centers by illumination, but in polycrystalline films is 
usually associated primarily with a change in intergrain barrier 
height and depletion layer width caused by illumination. Since 
carrier transport past intergrain barriers may occur either by thermal 
excitation over the barrier or by tunneling through the barrier with 
or without thermal assistance, photoexcitation producing ~JJ may also 
involv<i ~ changQ. tn the dnmi.nant mod e. of harrier transport. The 
temperature dependence of photoconductivity, as interpreted via 
several models, may also give significant clues as to the nature of 
the imperfection states and their distribution. The temperature 
depend-ence of photoconductivity decay, or its associated phenomenon 
of thermally stimulated conductivity, may be used to obtain informa
tion and evaluate parameters of imperfections. Finally a variety of 
photoinduced chemisorption phenomena may occur at the surface of a 
thin polycrystalline film exposed to different ambients, which may 
dominate the electrical properties of the film. 

Because it is usually not possible to tell from photoconductivity 
measurements alone whether the effect of photoexcitation is to alter 
carrier density, carrier mobility, or both, it proves extremely 
helpful to be able to make measurements that allow separation.of 
density and mobility effects. The two approaches most commonly used 
have been photo-Hall and photothermoelectric effects. Since the 
magnitude of carrier mobilities in thin polycrystalline films is 
frequently quite small, the photothermoelectric effect technique 
generally proves to be the more convenient of the two; since the 
thermoelectric power can be directly currelated with the carrier 
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density, the mobility can be calculated from a simultaneous measure
ment of conductivity. If a Schottky barrier can be formed on the 
polycrystalline film, photocapacitance measurements can also be used 
to separate carrier density and mobility effects in the measured 
conductivity. 

Taking an n-type semiconductor as a frame of reference, the height of 
the intergrain barrier, ~. is determined by an equality of charge on 
the intergrain interface states and of charge in the depletion layers 
surrounding the intergrain region. The charge on the interface states 
is given by 

Q. t = q N. {EG - (E -EF) - ~} (3) 1n 1 c 
and the charge in the depletion layers is given by 

k 
Qdep q ND (2d) = (8 q ND £ ~) 2 (4) 

where N. is the interface state density, EGis the bandgap, (E -EF) is 
the distance of the Fermi level below the conduction band, ND ts the 
ionized donor density, d is the depletion layer width, and £ is the 
diel~ctric constant of the material. The value of ~ is given by set
ting Q. t = Qd . For such ann-type semiconductor, the effect of 
photoe~g1tatio5Pwill be to provide holes for capture by the negatively 
charged interface states, thus reducing Q. and ~. which results also 
in a decrease in depletion layer width. s~~ce depletion layer width 
may.be a critical variable in determining whether barrier transport is 
by tunneling, photoexcitation may shift the transport mechanism toward 
tunneling and provide a different temperature dependence for the 
measured mobility. 

A model proposed by Petritz (1) provides a useful framework within 
which to consider these barrier modulation effects with photoexcitation. 
If the mean free path for scattering is appreciably less than the grain 
size in the polycrystalline film, the measured mobility may be ex
pressed as 

~ = ~ exp(-~/kT) 
0 g 

(5) 

within the grain. where ~ is the mobility determined by processes 
The effgct of photoexcitation is then to provide 
~~ given by 

a change in mobility 

kT 
~g exp(-~/kT) (6) 

The fact that photoexcitation·may cause a ~n as well as a 6~ can be 
conveniently expressed through a quantity B that expresses the rela
tive effect of barrier modulation compared to the change in carrier 
density: 

B- (~~/~ 0 )/(~n/n) 
so ·that .the photoconductivity is given by 

~a = q ~ (1 + B) ~n 
0 

(7) 

(8) 

Although historically there was a long debate about·whether photo
excitation caused primarily a change in density or a change in mobility 
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in Ph-salt infrared detectors, in general it is found that materials 
with a lower dark conductivity have a value of B approaching zero, 
whereas materials with a high density of thermal equi-librium carriers 
are more likely to show larger values of B - except, of course, in the 
limit of very high dark carrier densities when the depletion widths 
become so small that tunneling between grains is essentially unlimited 
by the intergrain barriers. 

A further consideration must be included in materials exhibiting what 
has come to be known as "sensitized" photoconductivity. In these 
materials the bulk photoconductivity in the grains,·associated with 

. the lifetime of majority carriers, is greatly increased by the 
presence of specific "sensitizing centers" that have a large capture 
cross section for photoexcited minority carriers and then a subsequent
ly very small cross section (l0-20 cm2 or less) for photoexcited 
majority carriers (2). 

In any case it is convenient to describe the ~n component of photo
conductivity in terms of a carrier lifetime, 

~n = f T 
n 

(9) 

where f is the photoexcitation rate per unit volume per unit time. 
Specific expressions for T then depend on the specific recombination 
model used, and in real si~uations T may be a function of excitation 
intensity, temperature, imperfectionndensity and type, and location of 
the equilibrium Fermi level. The basic dependence of T on other 
variables for a model in which a single recombination c~nter controls 
the lifetime has been worked out by Shockley and Read (3) and extended 
by others (4). 

The significance of some of the above comments can best be illustrated 
by considering two specific examples involving polycrystalline films 
of CdS and PbS. The polycrystalline films of CdS were deposited by 
spray pyrolysis and are strongly n-type with dark electron densities 
in the 10l6 to 1ol7 cm-3 range. Dark electron mobilities at room 
temperature are of the order of 0.1 cm2/v-sec, compared to a bulk CdS 
electron mobility of about 300 cm2/V-sec (5). The pulycry~;talline 
films of Pbs·.were deposited by a chemical method and are p-type with 
dark hole densities between 1015 and 101 7 cm-3. Dark hole mobilities 
at room temperature are of the order of 5 cm2/V-sec, compar~d t~ a 
bulk PbS hole mobility of about 500 cm2/V-sec (6). For both types of 
film the dark mobility is thermally activated as described by Eq. (5), 
with ~ = 0.2 - 0.5 eV for the CdS films, and ~ = 0.08 eV for the PbS 
films. J:'hotoexcitation produces very small changes in the electron 
density in CdS films, but reduces ~ and accentuates a temperature 
independent range of ~ associated with tunneling through the intergrain 
barriers. In one specific instance, photoexcitation-reduced the 
barrier height from 0.46 eV to 0.22 eV, while increasing the mobility 
in the tunneling regime from 0.015 to 1.5 cm2/V-sec. If the dark 
electron density in these CdS films is reduced by incorporation of Cu 
acceptors, the contribution of ~n to ~a, relative to that of ~~, be
comes larger, but even when n

0 
io reduced to 1015 cm-3 or leon, hoth 
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~n and ~~ make major contributions to ~o. In the PbS films, on the 
other hand the contribution of ~n to ~o is always much greater than 
that of ~~. In fact, unless the conductivity of the PbS films has been 
deliberately reduced by a heat treatment in vacuum, there is almost no 
affect of photoexcitation on the hole mobility at all except for a 
small low-temperature effect in what appears to be the tunneling regime. 
Although the actual intergrain barrier height in the CdS films varies 
widely with preparation conditions, as well as photoexcitation, the 
apparent intergrain barrier height in the PbS films is virtually 
independent of the details of the method of chemical deposition or of 
the nature of the substrate on which the films are deposited (7). This 
result suggests a specific chemical identity to the intergranular 
regions in the PbS, probably associated with oxide formation. 

The adsorption of a gas on the surface of a semiconductor film with ex
change of charge with the film is commonly called chemisorption. Such 
a process of chemisorption can either remove majority carriers or 
supply majority carriers, and photoexcitation may be effective in 
causing either adsorption (by increasing the density of carriers to be 
involved in chemisorption) or desorption (by increasing the density of 
opposite-type carriers). Oxygen chemisorption on n-type CdS decreases 
the conductivity, whereas oxygen chemisorption on p-type PbS increases 
the conductivity. A variety of effects is distinguishable depending on 
whether the adsorbed oxygen interacts primarily with ~he grains, or 
whether the adsorbed oxygen also changes the properties of the inter
grain barriers. 

The temperature dependence of photoconductivity yields the temperature 
dependence of the carrier lifetime. Characteristic behavior can be 
identified with specific types of imperfections. Photoconductivity 
measurements on polycrystalline PbS show that T is controlled by 
sensitizing centers lying 0.22 eV below the conHuction band. Similar 
measurements on polycrystalline Si suggest a high density of states in 
the torbidden gap, lying both above and below the Fermi level, giving 
a behavior similar to that found in amorphous semiconductors (8,9). 
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OPTICAL PROPERTIES OF POLYCRYSTALLINE SEMICONDUCTOR FILMS 

A. H. Clark 
University of Maine at Orono 

Orono, Maine 04469 

Abstract 

Techniques for the determination of optical constants will be reviewed, 
with emphasis on polycrystalline semiconductor films important for photo
voltaic applications. Artifacts produced by surface roughness will be 
discussed. The principle features of the optical constants of ideal 
single crystal semiconductors will be reviewed and used as· a basis for 
discussing effects due to grain boundaries. Two models of grain boundary 
effects - amorphous and single crystal mixtures, and electric field 
broadening of the absorption edge - will be discussed. 

The semiconductor literature contains hundreds of papers detailing optical 
properties of polycrystalline semiconductor films. In the vast majority of 
these papers, the effects of grain boundaries are neglected in the assump
tion (usually justified) that such effects upon the optical properties are 
small. In this presentation, I shall restrict myself to studies of optical 
constants of polycrysta ll i ne semi conductor films which specifically address 
the effects of grain boundaries. This eliminates most of the literature. 

I. Experimental Techniques for Determining Optical Constants 

A. Transmission and Reflectance at Normal Incidence 

Assuming nsubstrate to be real and known, the wavelength A and the 
film thickness d to be known, one may use measurements of T and R 
to determine n and k. (See ref. 1, 2, 3 for details). 

B. Ellipsometry 

Spectroscopic ellipsometry is becoming an increasingly important 
tool for precise determination of optical constants. See ref. 
4, 5 for reviews. In particular the high accuracy obtainable is 
app 1 i cab 1 e for study of small effects due to grain boundaries. 

C. Surface Roughness and Inhomogeneities 

r~ost determinations of thin film properties reported in the litera
ture assume a perfectly smooth film on a perfectly smooth substrate. 
In fact, surface roughness is probably the dominant contributor to 
the uncertainty in most· determinations of optical constants. For 
example, surface roughness the order of 10 A can lead to 0.1% 
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inaccuracies in optical constants (ref. 6). Surface roughness the 
order of 1000 A is not unusual in semiconductor thin films produced 
by certain techniques (ref. 2). 

Spatial fluctuations of the optical constants in the bulk of a 
material can also lead to anomalous transmission and reflectance 
values. In a polycrystalline semiconductor, the presence of grain 
boundaries, stoichiometry de vi at ions, voids, and other imperfec
tions may be expected to lead to such fluctuations. Recently 
progress has been made in characterizing such inhomogeneities using 
precise ellipsometrir. dP.terminrttinn nf npt.ir:r~l r:nnstr~nts at larae 
photon energies (well above the fundamental absorption edge) 
(ref. 7). 

Surface roughness may be taken into account in transmission and 
reflectance measurements (ref. 2), ellipsometric mea~urements; or 
by direct determination of total diffuse reflectance. Bragagnolo 
and Fagen wi~l discuss this latter technique during the following 
session of this workshop. 

I I. Models of the Opti ca 1 Properties of a Polycrystal nne Semi conductor 

A. Amorphous - Single Crystal Mixtures 

In general one would not expect a grain boundary region to be com
posed of amorphous material. The optical constants of grain 
boundaries, however. may sufficiently resemble those of an 
amorphous material that the optical properties of the total 
material may be viewed as due to an amorphous - single crystal 
mixture. The absorption edge of polycrystalline InAs films has 
been reasonably modeled in this way (ref. 2). In addition the 
optical constants of polycrystalline silicon produced by low 
pressure chemical vapor deposition have been accounted for as due 
to a mixture of crystalline Si, amorphous Si, and voids (ref. 7). 

B. Dow - Redfield Model 

Excess absorption on the low energy side of the absorption edge of 
a polycrystalline semiconductor may be due to a Franz-Keldysh 
effect from electric fields arising from the grain boundaries. 
Attempts to model the absorption edge of CdS (ref. 8) and ZnS 
(ref. 9) polycrystalline films based on this effect have been 
made with some success. Unfortunately the materials were not 
sufficiently well characterized to rule out other sources of edge 
broadening. 

III. Conclusions 

Progress to date in understanding optical properties of polycrystalline 
semiconductors-has been rather meager. Effects due· strictly to grain 
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boundaries are often inseparable from those due to other defects and 
impurities. Furthermore most optical measurements have not adequately 
accounted for surface and substrate roughness effects. 

The arrival of high precision spectroscopic ellipsometry promises to 
improve the accuracy of optical constants measured on these materials. 
In addition im~roved techniques for materials preparation and 
characterization should enable investigators to fabricate poly
crystalline films of sufficfent quality in order to better understand 
their optical properties. 
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ELECTRON DIFFUSION LENGTHS IN THE CuxS/CdS CELL FROM SPECTRAL RESPONSE 
MEASUREMENTS 

C. Moses 
SUNY at Ga.n ton 

\.anton, N.Y. 13676 

D. Wasserman 
Department of Engineering Physics 

Cornell University 
Ithaca, N.Y. 

Abstract We have determined the recombination diffusion length of eloc-
trons in CuxS generated by light in standard wet-dip CuxS/CdS solar 

cells. The recombination diffusion lengths were determined from meas
urements of the relative variation in short circuit current with wave
length. For cells with a copper sulfide thickness of .2~ to .3~, dif
fusion lengths have ranged from .08 to .26~. No significant changes in 
diffusion length have been measured after various cell heat treatments 
in air and hydrogen even when large changes in the short circuit cur
rent occured. 

Introduction The recombination diffusion length of electrons in CuxS 
is of considerable importance since it is this length which determines 
how many electrons reach the charge separating interface and conse
quently what photocurrent is ~enerated in the cell. This length has 
been previGusly determined from spectral response measurements (1)(2) 
and from .iunction scans with a light spot (3) and an electron beam (4). 
All of these techniques except (4) have given diffusion lengths char
acteristic of single crystal CuxS/CdS cells or of CuxS evaporated on 
single crystals of CdS. We have chosen to apply the method of refer
ence (1) to ordinary wet-dip cells in order to measure diffusion len
gths characteristic of optically generated electrons in a polycrystal
line CuxS/CdS cell and in order to follow changes in the diffusion 
length as the cell is subjected to post-fabrication heat treatments in 
air and hydrogen. 

Theory A schematic diagram of a Ct.X S/CdS cell is shown in figure 1. 

cllxs thickness 

FIGURE 1 

0 ox X 
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The number of hole-electron pairs generated in the slab dx at a given 
wavelength is prop.ortional to I

0
e-Kx.K where I

0 
is the intensity at x=o 

and K is the absorption constant of Cu 2 S. If one. assumes that only 
those carriers within LD of the interf~ce contribute to the current one 
can sum the contributions from the slabs dx as follows: 

. Q, 
i 8 ~(A) ~e(l-8) I{i-LD} f Ke-Kx dx 

x=Q.-LD 

where isc(A) is the short circuit current at A_, e is the electronic 
charge, B is a factor representing bulk and interface recombination, 
l {£-LD} is the intensity at i-LD=(l-R(A)) I (A) e-K(£-Lu) where R(A) is 
is the fraction of the incident intensity reflected at the plastic 
-Cu2S boundary and I(A) is the incident intensity of the light source. 

The spectral response, which we define as the number of amps per watt 
generated by t.he cell, is then given by the following expression 

S.R. = i~c(A) ~e (1-S)(l-R(A))e-K(i-LD) (i Ke-Kx dx 
l(A) · i-Ln 

At any wavelength this formula predicts an increased S.R. for an in
crease in LD provided that B is constant with wavelength. In order to 
eliminate B from the calculations, B is assumed to be a slowly varying 
function of A, and the ratio of S.R. 's at adjacent wavelengths are taken. 
Taking ratios of the spectral response at adjacent wavelengths also com
pensates for changes in the junction electric field. In addition a bias 
light source wns used to provide a stable junction electric field. If 
the ratio of S.R. 's at two adjacent wavelengths is taken, one obtains 
the following expression. 

S.R. 1 (l-R
2

) e2K
1
i (eK1LD -1) 

(eK2LD -1) 

where S.R. means the spectral response at A1 and the other quantities 
are similarly defined. Thus LD can be determined by a simple program 
if £, K, R, and S.R. values at different wavelengths are known. We 
have measured i and S.R. and used Shiozawa's results (5) forK and R. 

In applying this model to experiment the following assumptions were 
made: 

(a) A Cu2S ~hickness greater than or equal to the diffusion length. 
This is in general agreement with most other measurements on the thin 
film Cu 2S/CdS cell. 
(b) A well detined planar slab ot Cu 2S ot thickness L This is rhe 
most uncertain assumption in this work. In defense of it we ·point out 
that £ is a chemically determined average thickness which has shown good 
reproducibility in repeated trials. Also very little Cd has been found 
in the digested Cu2S layer indicating a rather abrupt transition from 
Cu2S to CdS. 
(c) Carrier generation only in the Cu 2 S. This is insured by analyzing 
data at wavelengths longer than that corresponding to the CdS band gap 
(510 nm). 
(d) A single light pass through the Cu 2S. This is a plausible assump
tion since most of our measurements were made in the visible range 
where the absorption is high. 
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Table 1 

Comments on Cell 

Clevite Cell, #262C2 
£Cu2s=(.34±.03)l.l pre-

heat treatment 

a 10% change in £ pro
duces a 30% change in 
10 for fixed SR ratios. 

Cell #262C2, same£, 

1 hr. heat treat in 
air at 75°C; cell 
showed a 25% increase 
in SR 

Cell #262C2, same £, 

1 hr. additional heat 
treat in air at 160°C; 
cell showed a 20% de
crease in SR 

Comments on Cell 

651 Bl-2• made at IEC, 
£Cu2s=(.24±.02)l.l no 

heat treatment 

468-M2 , made at IEC, 
£Cu2s=(.l8±.03)l.l, pre-

he.Rt treatment. I-V 
curve showed Isc = 
18.75mA, V0 c=.505V, 
Efficiency = 4.0% 

468-M2 , same £, after 
12 hours in H2 ·Argon 
mixture at 150°c. 
1-V curve showed 
Isc=26.10 rna, Voc= 
.520V, 
Efficiency=5.4%, cell 
showed a 25% increase 
in S. R~ 

-:;'. 

:i 

Wavelengths in nm at which 
S .l:L ratios were computed 

550/650 
600/700 
650/750 
700 I 800 
750/850 
850/950 
900/1000 

same 

same 

Wavelengths in nm at which 
S.R. ratios were calculated 

sAme 

same 

same 

-

Ln in 1.1 

.28 

.26 

.24 

.21 

.12* 

.24 

.28 
1 0=(. 2.52 ± 

. 03)1.1 

Lu=C. 255 ± 
.02)1.1 

10=( .235 ± 
.03)1.1 

Ln in 1.1 

r ~ 

1 0=.0821.1 ± 
.051.1 

1 0=( .101 ± 
.04)1.1 

1n=C.091 ± 
.02)]J 

Experimental Set-Up The experimental apparatus consisted of a voltage 
stabilizP.cl tungsten-iodide light sourcP., focussing lenses, a light chop
per and reference cell, various long-pass ±ilters, a monochromator, a 
white bias light, and a sample holder all mounted on an optical bench. 
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The solar cell under study was short-circuited through a l.OQ metal film 
resistor and the voltage across the resistor fed into a lot:k-in ampli
fier. The general procedure was to measure the intensity at the cell's 
position in ~watts/cm2 with a calibrated silicon cell, measure the sh~rt 
circuit current density in ~amps/cm2 for a Cu2 S/CdS cell, and tl.i.vlde the 
two measurements to find the S.R. of the cell in ~amps/~watt. The thick
ness of the CuxS layer was determinedby measuring the copper concentra
tion with an atomic absorption spectrophbtometer and by assuming a plan
ar Cu2 S layer. 

~esults The electron diffusion lengths measured for cells ranging in 
Cu2 S thickness from .34 to .18~ ranged from .26 to .082~. Even though 
significant changes in IV and spectral response curves were seen after 
hea·t treatments, no appreciable changes in diffusion length were measur
ed. Full results are shown in Table 1. 

The uncertainties in the Cu2 S thickness are upper bounds; they were ar
rived at by compounding the errors in the quantities used to determine 
£. The uncertainty in £ is critical since small changes in £ can pro
duce large changes in Ln as noted in Table 1. The uncertainties in Ln 
are standard deviations. The values of Ln listed in Table 1 compare 
favorably to those measured with the SEM by Partain, Oakes, and Green
field (4) on polycry·stalline Cu2 S/CdS cells. They found Ln values of 
.11 to .57W for Cu 2 S thicknesses of 0.2 to 1.0~. Our results also agree 
with the single crystal results of Gill and Bube (3) who found diffu
sion lengths of .1 to .4w by means of a light spot scan of bevelled 
junctions. We do not find good agreement with the single crystal re
sults of Mulder (2) who found Ln=.030 tn .CU)p and Pavelets et al (1) 
who found Ln=.025w in films of Cu2 S evaporated onto single crystals of 
CdS. 

The most unexpected result of this work is the constant diffusion length 
found in situations where a reducing heat treatment had increased the 
short circuit current by about 25% at all wavelengths. This is not ex
pected if the main effect of an H2 heat treatment is to reduce the cop
per oxide present in the cell, hence raise the stoichiometry of CuxS and 
thereby reduce the hole concentration, p. In this case Ln should in
crease because Ln ~~ and T ~ 1/p where T is the recombination life 
time for electrons in CuxS· Thus we conclude that a reducing heat treat
ment has little effect on charge mQvement through the CuxS volume but 
somehow profoundly influences the ability of the junction to collect 
charge. A possible mechanism could be an increase in junction electric 
field perhaps produced by the reduction of CuxO and the subsequent dif
fusion of copper into the CdS. 

Acknowledgements The authors wish to thank Dr. Raymond Serway of Clark
son College of Technology for helpful discussions ?nd for the use of 
laboratory facilities. 

References 
(1) S. Yu. Pavelets, G.A. Fedorus, and Ya. F. Kononets, Soviet. Phys.-

Semicond. 4, 282 (1970). 
(2) B.J. Mulde~, phys. stat. sol. (a) 13, 569 (1972). 
(3) W.D. Gill and R.H. Bube, J. Appl. Phys. 41, 1694 (1970). 
(L,) L.D. Partain, J.J. Oakes, & I.G. Greenfield, 11th IEEE Photovoltaic 

Specialists Conference 1975, Scottsdale, Ariz. p. 454. 
(5) L.R. Shiozawa, Clevite Final Report, ARL 69-0155, Oct. 1969. 

78 



U
") 

w
 

1--
0 z 

. " 
., 



; I 
. 1 . 

. • 

T-HIS PAGE 
WAS INTENTIONALLY . . .. 

LEFT BLANK 

\ 

. ' 

80 



THE DESIGN AND UTILIZATION OF A MICROPROCESSOR-CONTROLLED 
ABSOLUTE SPECTRAL RESPONSE SYSTEM 

* L.M. Kilgren, N.C. Wyeth, and W.E. Devaney 

l, Introduct;i:on 

Institute of Energy Conversion 
University of Delaware 

Newark, DE 19711 

A fully automated system has been assembled which permits the direct 
monitoring of solar cell output under varying conditions of illumina
tion and bias voltage. The primary system components are a chopped 
monochromatic light source of continuously variable wavelength, a 
lock-in amplifier, and a microprocessor. Analogue-to-digital and 
digital-to-analogue conversion allows the microprocessor to be used to 
control data a,cq:ut.s;:J:.tion and to perform .data conditioning and output. 

2. System Description 

The system is shown schematically in Figure 1. A grating monochromator 
is driven by a stepping motor under control of the micq:Jprocessor. The 
monochromatic beam is focused on the surface of a silvered light
chopping blade placed at 45° to the path of the incoming light beam. 
The transmitted beam illuminates the cell under test through an 
appropriate lens system. The beam reflected from the chopper is 
monitored to give a continuous measurement of the primary beam inten
sity. The light-chopper control provides the reference signal for a 
lock-in amplifier which is used to measure the AC output of the cell. 
An ELH tungsten-iodide lamp driven by a stabilized DC supply provides 
the bias light. The cell under test is mounted on a thermoelectric 
temperature-controlled block with electrical connections for applica
tion of a bias volt<:!-ge and measurement of cell output. A flat pyro
electric detector can be substituted for the cell block and tlte i.nLen
sity-wavelength curve of the monochromatic beam stored in the micro
processor as the monochromator is stepped through the wavelength range 
of 400 nm to 1600 nm (a grating c;hange is made at 800 nm). The micro
processor uses the stored reference intensity curve to compute the 
collection versus wavelength performance of the cell under test and 
then either prints out the digital data or displays the analogue 
information on a video terminal or provides hard copy on 'an x-y plotteL 

*Pre.sent address: SES, Inc. Newark, DE 19711 
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3. Applications 

A major advantage of the present system is the ability to measure the 
spectral response of the cell while under normal operating conditions 
of both illumination and voltage bias. This feature is essential for 
cells such as CdS/Cu2S in which the total illumination strongly influ~ 
ences the collection efficiency{l). 

3.1 Spectral response under normal operating conditions 

The quantum efficiency of a cell or the number of current carr:j.ers 
collected per incident photon is measured as a function of wavelength 
with the cell at zero bias (short circuit current). In addition to 
measuring the collection efficiency of photo-generatPd minority 
carriers, this data cari also provide information on the optical absorp
tion properties of ·the active layers of cellS. The system can be used 
with the chopped monochromatic beam only; alternatively the spectral 
response can be measured while the cell is illuminated with either a 
broad band white light or with a second continuous (DC) monochromatic 
bias beam. 

3.2 Minority carrier diffusion length 

For certain ranges of absorber/generator layer thickness and minority 
carrier diffusion length, the spectral response nf a photovoltaic cell 
can be analyzed to set a lower limit to the diffusion length without 
needing a detailed knowledge of the absorption behavior of the active 
semiconductors (2). The diffusion length in turn can then be used to 
determine the wavelength dependence of the absorption coefficient from 
the spectral response curve. Measurements of this type have been made 
on polycrystalline Cu2S and will be reported. 

3.3 Internal photoelectric emission 

When the photon energy of the incident beam is reduced below the 
smallest bandgap in a junction device, the current due to internal 
photoelectric emission of ca~riers over iunction barriers less than the 
band gap can be detected. The microprocessor is programmed to generate 
a plot of the square root of the normalized response versus photon 
energy which by linear extrapolation to the energy axis gives the 
barrier height (3). Measurements will be reported on both semiconduc
tor heterojunctions and metal/semiconductor Schottky contacts. 

3.4 Interface recombination and junction field studies. 

The use of phase-sensitive detection to measure the cell response to a 
modulated light source superposed on a DC bias light also makes it 
possible to measure the light-generated current as a function of the 
junction bias voltage. Measurements on CdS/Cu2S cells show that the 
light-generated current can vary with applied voltage. The sensitivity 
to blaB-voltage is found to be strongly influenced by the intensity and 
spectral content of the applied bias light and the structure and 
history of the cell under test. This technique which reveals cell 
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EFFECTIVE DIFFUSION LENGTH IN POLYCRYSTALLINE 

I. Introduction 

SEMICONDUCTOR THIN FILMS* 

T. L. Chu-,. E. D. Stokes, and S. S. Chu 
Southern Methodist University 

Dallas, Texas 75275 

Minority carrier diffusion length is an important property of a semi
conductor'· affecting the operation of most of its devices. In a semi
conductor .. under thermal equilibrium, the product of hole and ·electiion 
densities is a constant at a given temperature. However, external per
turbations, such as optical excitation, can produce .carriers in excess 
of the thermal equilibrium values. The excess carriers tend to recom
bine to re-establish the equilibrium conditions; and the average dis
tance a minority carrier diffuses before recombining is referred to as 
"minority carrier diffusion length". Its magnitude is determined pre
dominately by the mechanism of carrier recombination. In direct-gap 
semiconductors, direct electron-hole pair annihilation dominates; en
ergy and momentum can be conserved by emission of a photon with band
gap energy and characteristically small momentum. This direct recom
bination mechanism is characterized by intrinsically short diffusion 
leng.t:h (a few micrometers, for example). In indirect-gap semiconduc
tors, energy and momentum conservation cannot be satisfied in most e
lectron-hole encounters, and carrier recombination occurs through an 
intermediate energy state utilizing a massive third entity, such as an 
impurity atom. This mechanism is characterized by relatively long dif
fusion length (a few hundred micrometers, for example) depending on the 
concentration of recombination centers, and energy a~d momentum are re
leased in consecutive nearly-equal quanta of thermal vibratipn. In ad
dition, trapping also plays a role in indirect-gap semiconductors so 
that conservation requirements are most easily satisfied by electron or 
hole localization on a "trap" rather than by a larger energy transi
tion. 

Numerous methods have been developed for the direct and indirect mea
surement of minority carrier diffusion lengths in single crystalline 
semiconductors. ln most methods, the measurement provides onlY- the av
erage value over a relatively large volume.- However, diffusion length 

*Prepared for the Division of Solar Technology, Department of Energy 
Under Contract No. EY-7n-C-03-12R5. 
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inhomogeneities in single crystalline semiconductors have been observed 
due to re~ombination centers associated with localized chemical and 
structural defects. In polycrystalline thin films, large spatial vari
ations in diffusion lengths are expected since most grain boundaries 
act as recombination centers. The measured ··vi:dues may thus be referred 
to as "effective diffusion length". Polycrystalline semiconductor 
films for photovoltaic applications are usually supported on conducting 
substrates, and this configuration precludes the use of techniques in
volving conductivity modulation. In this paper, two methods for the 
measurement of effective diffusion length in polycrystalline films of 
significant photovoltaic materials are reviewed: the surface photovol
tage method for silicon films and· the .. :scanned electron beam method for 
gallium arsenide films. 

II. The Surface Photovoltage Method 

The steady-state surface photovoltage method is most convenient for the 
direct, high resolution measurements of diffusion length in polycrys
talline silicon films. In this mehtod, the surface of a semiconductor 
crystal is illuminated with chopped monochromatic radiation of energy 
slightly greater than the band-gap of the semiconductor. The electron
hole pairs produced diffuse to the surface where they are separated by 
the electric field of the depletion region to produce a surface photo
voltage. When t<<L, d>>L, at<<l, ad>>l (where t is the depletion lay
er thickness at the surface, d is the specimen thickness, 1 i!::l the dif
fusion length, and a is the optical absorption coefficient), and the 
carrier injection is at a low level, then the incident light intensity 
required :to produce a given surface photovoltage is a linear function 
of the reciprocal absorption coefficient. The extrapolation of the in
cident light intensity versus the reciprocal absorption coefficient 
plot to zero intensity yields "diffusion length" as the negative 
intercept. 

The surface photovoltage method has been extended to shallow junction 
devices, such as solar cells. When the junction depth is considerably 
smaller than the diffusion length, short-circuit current may be used 
instead of the surface photovoltage for the measurement of diffusion 
length in the base region of the device. Thus, the' diffusion length 
may be obtained by measuring the incident light intensity required to 
produce a given short-circuit current as a function of wavelength and 
extrapolating the intensity versus the reciprocal absorption coeffi
cient plot. 

The minority carrier diffusion lengths in cast semiconductor-grade 
polycrystalline silicon and silicon films deposited on polycrystalline 
metallurgical silicon substrates have been measured by the surface 
photovoltage method. The results were compared with those obtained by 
the short-circuit current collection method using Scho~tky barriers 
from the cast material and shallow p-n junctions deposited on metal
lurgical silicon substrates. Diffusion length profiles in these de
vices were also measured using a light beam of about 0.02 cm2 area 
and compared with the diffusion length inhomogeneities in single crys
talline silicon solar cells. 
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III. The Scanned Electron beam Method 

The use of the steady-state surface photovoltage method for the deter
mination of minority carrier diffusion length in direct-gap semicon
ductors is difficult because a high degree of monochromaticity of the 
incident light is required due to the rapid variation of optical ab
sorption coefficients with wavelengths. The scanned electron beam in
duced current method with Schottky barrier collectors has been most 
successful for the direct determination of minority carrier diffusion 
length in single crystalline gallium arsenide. 

In this work, the hole diffusion length in n-type polycrystalline gal
lium arsenide films has been measured on a Au-GaAs Schottky barrier 
structure with a scanned electron beam for carrier injection. This 
method requires. no high temperature processing and optical absorption 
data, and is capable of measuring the diffusion length in single 
grains. An ETEC Autoscan electron microscope was used to inject car
riers and to provide simultaneous measurement of beam position and the 
response of the Schottky barrier. A single grain at the edge of the 
Schottky barrier structure was selected on the basis of size and sur
face topography. The magnification was increased to lO,OOOX to 
20,000X, and the grain positioned on the viewing screen. The signal 
from the beam-induced current was then switched from .Z-axis modulation 
to Y-axis modulation producing an oscilloscope type trace. The system 
was then placed in a linear scan mode to suppress Y-ax.is roaster, and 
an area selected with an apparent exponential shape for the current 
versus position display. This signal was then recorded photographically 
for digitizing and analysis. A plot of the logarithm of the relative 
current versus distance from the barrier was then used to calculate 
the diffusion length in a single grain. These results were compared 
with the hole diffusion length measured in epitaxial gallium arsenide 
films, 
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EBIC AND SCANNING LIGHT SPOT TECHNIQUE FOR INVESTIGATING 
THE RESPONSE OF POLYCRYSTALLINE SOLAR CELLS 

Introduction 

N. Inoue, S. M. Goodnick and C. W. Wilmsen 
Colorado State University 

Fort Collins, Colorado 80523 

Solar cells fabricated with polycrystalline silicon can have large 
photoresponse variation across the cell area as a result of grain 
boundaries and defects which act as sinks for photogenerated carriers. 
We have applied the EBIC and scanning light spot (SLS) techniques to 
the investigation of photoresponse variations in ITO/polysilicon solar 
cells~ For this present work the polycrystalline substrates were cut 
from a float zone refined bule provided by Monsanto. The paper dis
cusses the resolution of the EBIC.and SLS techniques, compares the 
results obtaineq by the two techniques and reports on observations of 
grain boundaries and defects as seen by EBIC. 

Resolution of EBIC and SLS 

In using EBIC., the electron beam can be focused·to a small spot on the 
surface of the cell (in our case 0.1 ~m). However, these electrons 
lose energy over an interaction volume which is much larger than the 
spot size as shown in figure la. The diameter of this volume, R, de
pends on the atomic number of the material and the energy of the inci
dent electrons. The diamete:r lta.s Le~u ~..:ah:ulaled tu be 2. 8 ~rn for a 
15 KeV beam and 6.5 ~m for a 25 KeV beam for Si. In order to estimate 
the resolution of our EBIC analysis, several different experiments 
were performed. Figure lb illustrates the first experiment which 
measures the current as a function of position for a single scan of the 
electron beam across the surface of a cleaved single crystal cell. The 
current response for 15 and 25 KeV electrons is plotted in figure lc .. 
The 90%. of maximum cu·rrent for the two energies occurs at 3 and 6 ~m 
which cqrresponds closely ·with the theoretical va:I_ues qf 2. 8 and 6. 5 ~m·-

In another experiment single electron beam sweeps across various 
locations of a "V" formed by the intersection of two grain boundaries 
were recorded (Fig.-2). For a 15 KeV beam the two grain boundaries 
could be resolved with a 3 ~m separation, which is again the theoreti
cal electron range. Using the intensity modulated mode, _the grain 
boundaries appear to be Approximately R/2 in width. 
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The difference in resolving surface and bulk defects can also be seen· 
in figure 2. The surface debrisis seen in clear focus and are resolved 
to the approximate spot size (0.1 ~m). The bulk defects are convolved 
with the electron interaction volume and thus appear smeared out. In 
the case of SLS, although there is no interaction volume difficulty as 
with EBIC, the spot size is usually much larger than this volume. In 
our system, the scanning mirrors were normally placed between the final 
lens and the solar cell. This allowed scanning over a 0.4 x 0.4 em 
area, but the spot size was approximately 20 ~m diameter. By placing 
a lOX, f = 5 mm microscope objective lens between the scanning mirrors 
and the cell, a 5 ~m spot size was obtained with a field of view of 
approximately 200 square microns. By using single scans of the laser 
it was observed that the spot size to a large extent determined the 
resolution of the SLS technique. By using a high enough magnification 
final lens, the resolution of SLS can approach that of EBIC, however 
the field of view is much smaller and it is difficult (it not 
impossible) to determine the location on the cell. 

Comparison of EBIC and SLS 

Intensity modulated mode EBIC and SLS photographs of the same 0.31 em 
diameter ITO/Si solar cell are shown in Fig. 3. The major features 
are very much the same in both photographs except the EBIC has better 
resolution. This leads to the important conclusion that the EBIC and 
photor~sponse are the same and thus the EBIC technique can be used to 
analyze the photoresponse of a solar cell. 

EBIC Results 

The EBIC analysis of an ITO/silicon solar cell fabricated with Monsanto 
float zone refined polysilicon is shown in Fig. 3b. The EBIC photo
graph shows many grain boundaries not shown in the secondary mode SEM 
photo of Fig. 4. The EBIC also shows areas of intermediate darkness, 
dark and light. The gray and dark area indicate reduced Isc· The 
contrast between these areas can be controlled by a number of factors: 
pre amp gain, emission current and the brightness control. A close up 
of a dark, gray and light area r~veals that all areas contain approxi
mately the same density of defect clusters (Fig. 5). The reason for the 
difference in the average response in the various areas is not known, 
however the defects could be more effective at certain locations or 
the large defects seen by EBIC do not effect the response as much as 
point defects which would not be observed by EBIC. 

Conclusions 

1. The resolution of SLS is determined by the size of the light spot 
while the resolution of EBIC is determined by the electron range. 

2. With high magnification, the resolution of SLS can be improved but 
the field of view is greatly reduced. 

3. The response seen by SLS and EBIC are the same and therefore it 
appears that the EDIC yields a realistic photoresponsc map. 
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4. Grain boundaries reduce Isc over only a short range. 

5. There are many defect clusters in the Monsanto poly. 
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SOME INVESTIGATIONS ON THE INFLUENCE OF 
DEFECTS/GRAIN BOUNDARIES ON PHOTOVOLTAIC 

MECHANISMS IN POLY-CRYSTALLINE SILICON FILMS* 

B. L. Sopori and A. Baghdadi 
Motorola, Inc., Solar Energy R & D Department 

Phoenix, Arizona 85005 

Photovoltaic mechanisms in single crystal silicon are known to be sen
sitive to defects and impurities which may be present in the starting 
material and/or introduced during Solar Cell processing. In the case 
of poly-crystalline films, the presence of grain boundaries (GB) can 
also exert profound influences on photovoltaic mechanism via i.ucreased 
carrier generation-recombination, impurity segregation, and alterations 
in barrier height. Consequently there are strong spatial variations in 
photoresponse of polycrystalline solar cells, and it is common experi
ence that solar cell characteristics like V0 c and Isc are not well re
lated to the "average" diffusion length, L (or lifetime, T). 

This paper will describe the results of a continuing study which is 
aimed at: (i) Influences of defects and grain boundaries on the local 
values of L (ii) relationships between local values of L and the local 
photoresponse, and (iii) definition and measurement of an average value 
of L, <L>, in a polycrystalline cell, which can be well related to so
lar cell characteristics. We have utilized several non-destructive 
methods which can measure local parameters like L, T and photoresponse 
with high spatial resolution. These include: 

(i) The surface photo-voltage(SPV)method for measurement of T.. This 
technique can be used on as-grown or partially processed films or so
lar cells. The method consists of determining the spectral dependence 
of the pho~o-signal generated due to the presence of a depletion type 
region at the surface of unprocessed films or at the p-n junction for 
processed cells (0.8 ~m ~A~ l.O~m). A plot of the light intensit~ IA 
transmitted into the film vs. reciprocal abso~~tion coefficient, a 1

, 

is a straight line whose intercept with the o. axis is the diffusion 
length. To increase the spatial resolution ('VlOL) the conventional 
method is modified by using a focussed optical beam (diameler =d). 
However, this necessitates some corrections· being made (depending on 
d/L) to determine the diffusion length. 

(ii) The current phase-shift (CPS) technique. This method is based on 
the fact that when a modulated light source illuminates a semiconductor, 
the carriers generated exhibit a phase-shift 0, with respect to the in~ 
cident light. This phase-shift is related to the carrier lifetime, T, 
by the relation tan ¢ = WT/2. By using a schottky barrier to collect 
the carrier, the phase difference between the short circuit current and 
the indident light can be measured. Measurements can be made using a 
Hg contact or a p-n junction. 

(iii) A focuaoed laser sr:;;nn·lPl" (FLS) with a beam size 'V5]Jm (multi-wave
length option) to measure the spatial variation in photo-response 
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. (iv) The SEM/EBIC technique to directly P.VAluate (qualitatively) the 
electrical activity of a particuiar defect. 

Investigations were carried out on laser-grown polycrystalline films 
(thicknesses 4-10 mils). These films exhibit varied defects including 
grain boundaries, twin planes and "twin bundles", stacking faults, and 
dislocations. Dislocations (within a grain) range from relatively low 
densities (104/cm2) to high densities (4 x 106/cm2). Results obtained 
to date have shown: 

1. Local variations in L are well related to variations in the dislo
cation density. Films with a dislocation density of ~5 x 105 cm-2 ex
hibit typical diffusion lengths of about 50 ~m. Presence of GB's and im
purity segregates can degrade diffusion lengths·further. 

2. Photo-response, both current and voltage, measured at long wave
length (A= 1.15 ~m) operation of FLS show good correlation with the 
diffusion length. However, at short wavelengths (A = 0.63L8 ~m) only 
L vs. Isc shows a good correlation; an anti--correlation is observed for 
L vs. Voc• This behavior is particularly useful for characterizing the 
nature of a GB. A typical dependence of short wavelengths photoresponse 
on the diffusion length is shown in figure 1. 

3. Twins and low angle GB's have very little influence on L. This, in 
general, is in agreement with our results from EBIC studies indicating 
the lack of EBIC response at a majority of twin boundaries. However, 
we have also observed that some "twin-bundles" can exhibit fairly strong 
electrical activity. Figure 2 shows EBIC pictures of two diodes (lmm in 
size) fabricated on RTR ribbons. The diode in Figure 2a has a high den
sity of twins and some GB (as seen under an optical microscope). It is 
seen :that only about 30% of the twins are active. In contrast, a ma
jority of twins in diode 2(b) exhibit electrical activity. Although 
several speculative arguments can be presented to explain this behavior, 
fun:h~r investigations are needed. 

4. Large angle GB's can cause significant changes in the photoresponse 
and can exert influence upto a few mm away from the GB. Figure 3a 
shows diffusion length mapping in the vi.cinity of a large angle GB. 
Corresponding variations in the short and long wavelengths FLS current 
responses are shown in Figures 3b and 3c respectively. It is clear 
that the influence of a GB extends farther when the carrier generation 
;is. due to long wavelength excitation. 

§~ +~hg~ogepieties in silicon ribbons may be divided into two groups. 

(a) Regions of varying diffusion length but homogeneous in other ma
terial properties. In this case the overall cell may be rP.gArded as 
~qnstit~ted py s~all individual cells, and the measured diffusion 
length will average o~t the good and the bad areas. Figure 4 shows the 
results of an experiment c?,rried out using two cells. Curve #1 was ob
tained on a low diffusion length cell, and curve #2 on a 50 micron dif
fusi~n length cell. The averag~ value for the diffusion length would 
then be given by: -1 <L> = k ( L1A1 + L2A2 ) • A 
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where<L>represents the average value for the two cells; Li, Ai are the 
diffusion lengths and the areas, respectively of the cells (i = 1,2). 
A = A1 + A2 is the total area, and k is a constant determined by the 
experimental conditions Curve #3 was obtained by measuring the 
total response from both cells illuminated simultaneously. Thus the 
diffusion length measured by curve #3 falls between the values measured 
on individual cells, shown in curves #1 and #2. 

(b) The presence of a transverse field associated with certain GB's 
can result in considereable internal carrier transport between the in
homogeneous regions. In such a case the "average" values measured by 
SPV, and CPS can be in significant error. 

6. FLS long wavelengths response, in conjunction with one-point SPV 
calibration, can be used to determine <L> . <L> measured in this way 
shows an excellent correlation with Isc· 

7. In some cases measured values of L are light intensity dependent
higher intensity resulting in lower values of L. This effect is be
lieved to be caused b y the inhomogenieties of t ype 6b. 
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SCANNED LASER RESPONSE STUDIES OF CURRENT TRANSPORT IN 
POLYCRYSTALLINE CZOCHRALSKI AND DENDRITIC WEB SILICON MIS SOLAR CELLS 

J. R. Szedon, T. A. Temofonte and T. W. O'Keeffe 
Westinghouse Researr.h A.nd Development Center 

Pittsburgh, PA 15235 

To date, most considerations of polycrystalline silicon for solar cell 
applications have been based on the assumption that grain boundaries 
should act as surfaces of very high recombination velocity . Cell per
formance is expected to fall off as grain size is reduced, due to photo
carrier loss by recombination at the boundaries and to increased diode 
opposing current A.ssociated with the grain boundaries. (1,2) It has been 
recognized that grain boundary behavior may be more complex than that just 
described, nP.pending on details of the field conditions near the boun
dary. (3) Controlled diffusion producing collecting barriers at grain 
boundaries which contact that produced on the top surface has been report
ed. (4) Similar treatment to reduce the effective recombination velocity 
at grain boundaries might alleviate the performance degradation expected 
for very small grain sizes. Up to the present time, practical cell work 
on polycrystalline silicon has focussed on using materials with large 
grains (>200 ~m), which behave as single crystal material of comparable 
diffusion length. (5,6) 

A year ago work began at Westinghouse to investigate MIS solar cells on 
silicon material of good basic quality encompassing a range of grain sizes 
and distributions. Initially the approach was to determine if the grain 
size effects on short circuit current density and open circiut voltage 
were consistent with grain boundaries having very high surface recombin
ation velocities. MIS cells were chosen since their processing can be 
done at low temperatures having less effect on grain boundary properties 
thAn, for example. the conditions associated with forming diffused junction 
barriers. Czochralski material grown using a polycrystalline seed was 
used for the initial work. A polishing etch procedure, adequate for re
moving saw damage in single crystal material c~so ~ m), produced preferen
tial etchine of thP. surface. Irregular features delineated by this etch 
were assumed to be grain boundaries. 

The cells were evaluated in terms of their open circuit voltage vs. loga
rithm of short circuit current density. A range of irradiance values 
(50 to 1000 mW/cm2) was produced by varying the distance between the cell 
under test and a quartz halogen lamp. For five small area (~0.01 sq. em) 
baseline cells having few or no discernible etch features, the character
istics were similar, with little spread in behavior. At irradiance values 
below 230 mW/rm2, diode ideality (n) factor values we~ about 1.1. The 
sp~ead in open circuit voltage values indicated about 30% higher opposing 
current in the poorest cell as compared with the best . For a similar cell 
with a high density of surface etch features, a somewhat larger n-factor 
value (1.5) was obtained and the diode opposing current was inferred to be 
about 90% higher than for the cell with the lowest V0 c value in the base
line group. For a larger cell with a comparable density of etch features 
a higher n-factor value (J.O) and a much lower value ol V0 c were obtained 
for AMl conditions. Ordinarily such results might be taken to support the 
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degrading effect of grain boundaries on cell performance. This would have 
been a premature conclusion for the experiments described. A second cell 
of 0.1 cm2 size with a surface feature density comparable to that de
scribed above exhibited V0 c vs. log Jsc behavior nearly co-incident with 
that of the best base-line cell. 

A second line of study was begun using scanned laser spot photocurrent 
response of selected MIS cells. (7) With this method, the electrical 
activity of grain boundaries can be observed directly, e.g. as shown in 
Fig. lb. Comparison with a reflection image (Fig. Ja) produced by the 
same apparatus, reveals that many surface features have no direct corres
pondence with the grain boundaries of reduced photocurrent response. 
Many of the parallel features in the right hand portion of Fig. lb are 
thought to be twin lines with no electrical activity. These results 
demonstrate that detailed studies of polycrystalline silicon require 
careful and definitive identification of electriC'Hlly active grain boun
daries. The scanned light spot apparatus handles this problem well and 
can provide additional information useful in analyzing material and cell 
behavior. 

Figure 2 shows the region below the upper electrode finger in Fig. 1 at 
higher magnification, with emphasis on the portion involving a number of 
vertical, suspected twin lines (Fig. 2a). The terminuses of these lines 
lie along the upper branches of the "Y" shown in Fig. 2b. Figure 2c shows 
the effects of grain boundaries on the photocurrent amplitude along the 
horizintal line "B" in Fig. 2b. The response cusps in Fig. 2c indicate 
a maximum local photocurrent loss of 30 to 40% for the grain boundaries 
shown. The higher figure is typical of the darkest features in Fig. lb. 

From Fig. lb, the length of the grain boundaries giving lower photocurrent 
response is estimated to be about 4.53 x 10 3 ~m. In treating the grain 
boundary photocurrent response, an effective width of 16 ~ m is estimated 
for the region of reduced response from Fig.

2
2c. Thus, over the entire 

cell the affected area is a~out 7.2 x 10 4 11m • With thP nnminal cell 
area of about 8.6 x 10 5 ~ m , the grain boundary area of reduced current 
response is about 8% of the total. Since the maximum reduction in ampli
tude of response is estimated to be 40% locally, this implies that the 
overall short circuit response of the cell to light of the lHsP.r wave
length would be about 3% lower for the cell in question in comparison to 
one free of grain boundaries. Somewhat larger influences might be ex
pecLeu for longer wavelength excitation. Short circuit current for this 
cell was about 8% lower, under simulated AMl illumination, than for simi
lar cells free of grain boundaries. 

An estimate of the expected effect in the cell of interest of the erain 
boundaries on open circuit voltage can be made. The length of grain 
boundary walls (assumed to penetrate through the wafer thickness of about 
250 ~ m thickness) is 4.53 x 10 3 ~ m. Since both sides of the wall are 
expected to affect diode opposing current, the net area of the grain 
boundary walls is 2.3 x 10 6 ~ m2. The overall area of the cell, including 
the grid, is 1.0 x 10 6 ~m2. For the observed reduction in Voc' this 
cell requires an opposing current 1.9 to 2.3 times larger than in the 
monocrystalline cells on the same wafer. Thus, the density of opposing 
current from the grain boundary walls should be 40 to 60% of that for the 

102 



monocrystalline case, if opposing current from the planar areas is the 
same in both cases. 

Similar studies were made on cells prepared in polycrystalline dendritic 
web silicon. This form of the material results under very particular 
growth conditions. For solar cell work it has the advantage of being 
composed of crystallites with the same basic orientation. Use of this 
material presents the opportunity to investigate grain boundary effects 
on solar cells in material of less complex polycrystalline nature than 
the Czochralski grown silicon. In particular, X-ray topography can be 
used to identify grain boundaries. Studies of photovoltaic behavior and 
of scanned light spot response for small MIS solar cells in the dendritic 
web material gave similar results to those for the Czochralski material. 

This preliminary report is intended to highlight some of the problems in 
identifying electrically active features in polycrystalline silicon solar 
cells. The use of high resolution, scanned light photoresponse and re
flection behavior are very useful! tools for this purpose. Using these 
for detailed analysis of polycrystalline material, we expect to elucidate 
influences of various heating and ambient treatments associated with 
annealing or cell fabrication. Such studies should establish the roles 
played by material grain size, purity and preparation and by cell process
ing in limiting solar cell performance. 

This work was supported in part by U.S. Department of Energy Contract 
No. EY-76-C-03-1282. The authors are grateful to Dr. R. G. Seidensticker 
of the Westinghouse R&D Center for providing the polycrystalline dendritic 
web silicon. 
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Figure 1. (a) Reflection and (b) photocurrent images of a laser (6330 ~) 
scanned, Al-Si0 2-pSi solar cell produced in polycrystalline Czochralski Si. 

Figure 2. Magnified views of thP 

cell of Fig. 1. (a) Reflection anu 
(b) photocurrent images for the 
Sdwe cell reglon. A photocurrent A
trace A.long the horizontal line "B" 
in (b) is given in (c) to show the 
magnitude and spatial extent of 
photocurrent reduction near typical 
grain boundaries. 
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INFRARED ELECTROLUMINESCENCE AS A DIAGNOSTIC TOOL 
FOR POLYCRYSTALLINE GaAs SOLAR CELLS''< 

G. W. Turner, J. C. C. Fan and J. P. Salerno 
Lincoln Laboratory, Massachusetts Institute of Technology 

Lexington, Hassachusetts 02173 

We have found that infrared electroluminescence is an effective diag
nostic tool for characterizing polycrystalline GaAs solar cells. Initial 
experiments ~n si~gle-crystal GaAs shallow homojunction cells, which 
utilize an n /p/p structure with electroplated contact metallization 
and an anodized antireflection coating, showed that increased intensity 
and uniformity of the electroluminescent emission from forward biased 
cells is correlated with improved photovoltaic response. Such a cor
relation has als£ been reported for single-crystal GaAlAs-GaAs hetero
face solar cells . We have extended ~he e~ectroluminescence technique 
to the study of cells with the same n /p/p shallow-homojunction struc
ture that are fabricated on polycrystalline GaAs layers grown by chemical 
vapor deposition (CVD) on large-grained substrates of either GaAs or Gz. 
Two cell configurations have been used. In the first, small (0.002 em ) 
circular cells are fabricated in a dense, regular pattern that yields 
devices located on single and multiple grain boundaries as well as on 
areas free from 2rain boundaries. The second configuration utilizes 
larger (0.063 em ) rectangular cells having four contact fingers, per
mitting the observation of devices extending over multiple grains. For 
both configurations, electroluminescence from individual cells is 
excited by using a curve tracer and either observed with an infrared 
microscope sensitive to wavelengths between 0.8 and 1.2 ~m or spectrally 
analyzed with a grating spectrometer. As in the case of single-crystal 
cells, the intensity and uniformity of the electroluminescence from the 
pnlyrrystalfine cells correlates with the photovoltaic response. The 
information that can be obtained by this method includes: observation 
of grain boundaries, including those not detected by optical microscopy; 
differentiation of "active" and "passive" grain boundaries; observation 
of metallization imperfections due to abrupt surface morphology of the 
CVD layers; and the detection of junction inhomogeneities due to uneven 
growth, crystallographic defects, etc. A typical photomicrograph 
obtained by the electroluminescence technique for one of the larger cells 
is shown in Fig. 1, together with a photomicrograph of the same cell 
obtained by the EBIC technique. Each of these techniques has specific 
advantages and disadvantages in the analysis of the cell response. 
Further development of the electroluminescence technique, including the 
fabrication of polycrystalline cells with transparent electrodes in 
order to permit observation of transmitted infrared radiation, is in 
lJ.LUg.L· e~~. 

1. S. Kamath and G. Wolff, final technical report AFAPL-TR- 78-76, 
Jnn. 1979. 

*This work was sponsored by the Department of Energy and the Department 
of the Air Force. 
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(A) 

(B) 

Fig. 1. (A) Infrared Electroluminescence 
(B) E. B. I. C. (with Amplitude Trace) 
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STUDY OF GRAIN BOUNDARIES IN GaAs BY SCANNING LIGHT MICROSCOPY 

R. Fletcher, O.K. Wagner, & J.M. Ballantyne 
School of Electrical Engineering 

Cornell University 
Ithaca, N.Y. 14853 

Scanning Light Microscopy (SLM) is a useful tool for investigating the 
electronic structure of grain boundaries in polycrystalline semiconduc
tors. It reveals directly the presence or absence of electric fields 
associated with the grain boundary and can be used to.measure localized 
values of the minority carrier diffusion length in its immediate vicin
ity. 

The technique consists of measuring one of a number of specimen proper
ties as a focussed light spot is raster-scanned over a small area of 
the specimen surface by means of suitably controlled orthogonal mirrors 
in the beam path.l,2 In our system a HeNe laser (633 nm) is used as 
the light source and the spot diameter is l ~m. · Of special interest 
are measurements of the de short-circuit photocurrent, since thes.e can 
be used to reveal directly the presence of lateral internal fields in 
the semiconductor. When the light spot scans such a region, photogen
erated electron-hole pairs are separated by the field causing current 
to floJAr in ;m Axt.ernal short circuit. Similarly, under open-circuit 
conditions a photovoltage is registered as the photogenerated charges 
are separat~d by the internal fields. It is also possible to measure 
short-circuit photocurrent under voltage bias; this enables one to fol
lmv the rearr:mgP.mP.nt of the internal--fields with bias. 

We have stmli ed a number of grain boundaries via SLM in GaAs bicrystals 
prepared from unintentionally doped (n-type) polycrystalline s.ource 
material. We have also investigated epitaxial layers (n-type) grown by 
LPE and MBE on semiinsulating bicrystal substrates, but the results 
tend to be more complex; consequently, we shall report here principally 
the results on bulk bicrystals. 

The grain boundaries fall into two categories: those with internal 
fields and those with none. In all cases we have measured, those spec
imens with internal fields detected by SLM exhibit a highly nonohmic 
current-voltage (I-V) relationship across the grain boundary. Such 
specimens block current up to approximately ± lOV, then conduct precip
itously. In contrast, specimens with no internal fields behave ohmi- · 
cally. 

The nonohmic behavior is similar to that observed previously in Ge,3 
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and can be expl~ined on the basis of negatively chargeJ states at the 
grain boundary, which results in the formation of a space-charge region 
on both sides of the boundary. This model, which has been analyzed in 
detail by Taylor, Odell, and Fan,3 predicts blocking action up to a 
bias voltage of ± 4~/q as long as the charge at the interface remains 
fixed with bias. (~ is the zero-bias barrier height at the grain 
boundary and q is the electronic charge.) Our measurement of the zero
bias conductance as a function of temperature indicates that the bar
rier height~ is substantial, i.e.,~= 0.8 eV. Evidently, th.e inter
face charge increases with bias because the observed onset of conduc
tion at lOV exceeds 4~/q by approximately a factor of three.· 

In most cases tf:e detailed structure of the photocurrent as a function 
of distance ·of the spot from the grain boundary c-.::m hA understood in 
terms of the Taylor, Odell, and Fan model. The photocurrent changes 
3ign abruptly aL the grain boundary .• then decays smoothly to zero on 
either side. The change in sign reflects the discontinuity of the 
electric field at the grain boundary, while the decay is caused by the 
diffusion of holes to the deplet.ion erlge and varies as oxpCI xi/Lp), 
where x is the distance of the light spot from the grain boundary and 
Lp is the diffusion length for holes. Exponential fits to the decay 
yield values of Lp between 1 and 2 ~m. 

The structure of the photovoltage is very similar to that of the photo
current, but as a rule the decay away from the depletion edge is less 
rapid and varies markedly from specimen to specimen. The decay can be 
made nearly as rapid as that in the photocurrent by flooding the spec
imen with white light. (Flooding with light does not alter the struc
ture of the photocurrent.) This observation suggests that the ambient 
concentration of holes at the normally depleted surface is influencing 
the photovoltage. 

By biasing the specimen and measuring short-circuit photocurrent, the 
shift in fields from one side of the grain bounda;ry to the other ca.n be 
observed. The shift occurs at very low bias levels of approximately 
30-50 mV and appears at fir'st to be inconsistent with a barrier height 
of 0. 8 eV. However, it must be remembered that the light is absorbed 
very close to the surface (within -1/4 ~m), and photogenerated holes 
are swept to the surface by the fields associated with the depleted 
surface. There the energy of the holes (with respect to the top of the 
valence band in the bulk) is comparable to the barrier height. Thus, 
'the two .results are in fact consistent. 

This work was supported thrmi&h. a suhcont.r;:wr· with tht:' Rockwell Inter 
national Science Center in a program supported by the U.S. Department 
of Energy (Contract No. EG-77-C-03-1712) and administered by the Solar 
Energy Research Institute. 

l. T. H. DiStefano, NBS Special Publication 400-23, 197 (1976). 

2. C. N. Potter & D. E. Sawyer, Rev. Sci. Instrum. 39, 180 (1968). 

3. W. E. Taylor, N.H. Odel'.J., & H. Y. Fan, Phys .. Rev. ~' 867 (1952). 
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BARRIER HEIGHTS AND PASSIVATION OF 
GRAIN BOUNDARIES IN POLYCRYSTALLINE SILICON* 

C. H. Seager and D. S. Ginley 
Sandia Laboratories,t Albuquerque, New Mexico 87185 

A simple, frequently presented model for the electronic structure of a 
grain boundary in an n-type semiconductor is shown i~ Fig. 1. We have 
recently completed an extensive series of transport measurements on 
single grain boundaries in neutron transmutation doped polysilicon with 
the intent of investigating the applicability of this model. If thermal 
emission of electrons over the barrier predominates, the zero-~ias con-

ductance, G0 , across such a.barrier will be proportional toe- B/kT and 

the observed activation energy, EACT' of this quantity will be r~B- T::B]. 
Seager and Castner1 observed such an Arrenhius behavior for G k:ove 
270 K for large mismatch angle barriers in silicon; a plot of0 their acti
vation energies versus dopant density is shown in Fig. 2. If ¢B is 
linear in temperature (as simple theory would suggest), EACT is """'¢B 

(T = 0), hence the vertical scale of Fig. 2 can be interpreted as the 
low temperature barrier height. The general Nd dependence of these data 
is in accord with expectations. As the donor density decreases an in~ 
creasingly smaller amount of excess negative charge is transferred to 
the bounda~y (for a fixed value of ~B). This leaves the Fermi energy 
in the barrier near its value in the neutral condition (~B in Fig. 1). 

Fig. 1 
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Thus, the barrier height in this "saturated regime" should be constant 
and equal to EFG - ~B; if ~B is temperature independent, this implies 

a constant value of EACT (as observed) equal to EC - EFB" 

We have made more extensive measurements of G
0 

on samples lying in this 
saturation regime; measurements of the zero-bias barrier capacitance, 
c0 , have also been completed--these latter data give direct information 
about ¢B since: 

2 (eNdee 0 ) 1/2 
C

0
(per ~ ) = B¢B (1) 

Figure 3 shows the values of ¢B deduced from 4 probe capacitance measure
ments on several samples havin~ a donor density n~ 1.43 x lol5 cm-3. In 
agreement with our simple picture, ¢B appears to have a temperature de
pendence very close to that of EFG; ·furthermore, the deduced value of 

EACT' ~ 0.6 ev, is close to that observed by Seager and Castner1 in this 

regime. 

Measurements of G0 over a wide temperature range for these samples reveal 
that the situation is not without complications, however (Fig •. 4). In 
the range where most of the capacitance values could be determined with 
sufficient accuracy very substantial deviations of the slope of G0 
towards lower values are evident. The extent of this non-Arrenhius 
regime varies substantially from sample to sample, as shown, while the. 
capacitance behavior of all samples is virtually identical from 200 to 
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300 K. A clue as to how this behavior can be understood can be obtained 
by examining the data for sample l8A. After etching off about 5-10 ~ 
from the surface of the specimen bar, the low temperature conductance 
decreased more than a decade while the capacitance changed only by the 
few percent expected from the reduction in barrier cross-sectional area. 
This etch undoubtedly removed a considerable amount of the damage intro
duced while sawing the sample to size, and this observation suggests that 
dislocations and stacking faults crossing the grain boundary can lead to 
substantial current shunting at low temperatures. Such shunts would not 
be expected to affect measurements of the parallel equivalent capacitance. 
We thus suggest that. .the high temperature Arrenhius regime in the G

0 
data 

reflects the· "intrinsic" behavior of the grain boundary barrier. More 
data on samples doped to higher phosph~rous concentrations are presently 
being obtained to check these conclusions. 

Further information about the electronic structure of grain boundaries 
can be obtained by measuring the bias dependence of grain b~undary bar
rier conductance and capacitance. Recent theoretical work by Pike and 
Seager2 has resulted in a model for the bias dependence of G; they show 
that data of this type can be used to ~~fold the density of grain bound
ary electronic states above the zero-bias Fermi level (for n-type grains). 
We will discuss data of this type obtained on single boundaries. · The 
importance of the effects of current shunting via defects will be empha
_sized and some suggestions will be made concerning modifications of the 
original theoretical assumptions made by Pike and Seager. 2 

Given the modest degree of understanding of grain boundary properties 
discussed above, several facts concerning their effects on the operation 
of polycrystalline photovoltaic devices become clear. The first is that 
the substantial depletion regions present near grain boundaries at doping 
levels in the 1015 - lol7 cm-3 range will act as very effective minority 
~A.rrier tra:ps. Secondly, it is also the very states causing these deple
tion layers which are likely to be the most effective recombination s~tes 
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for trapped minority carriers. Prior work on the energy levels associated 
with the dangling bonds at edge dislocations makes these specific defects 
a likely choice for the near midgap states inferred from grain boundary 
measurements. 

Recent experiments at Sandia Laboratories3 and at IBM4 suggest that the 
electronic character of these grain boundary states can be markedly 
changed via in-diffusion of monatonic hydrogen at elevated temperatures. 
Figure 5 shows the results of. a series of such treatments on the conduc
tance of a single boundary (of ~ 1 mm2 area) in silicon. The hydrogen 
plasma treatments (ambient ~ 320-380°C) are seen to markedly increase 
the boundary conductance while the other types of treatments (heating in 
vacuum at - 600°C) desi~ned to drive out thF. hynrogPn, return the bound 
ary to a lower conductance state. Because of the relationship between 
G0 and ¢B, we expect that the marked increas.es in G0 seen after hydrogen 
exposure refl.ect a substantial lowering of ¢B--implying a removal of many 
of the defect states caused by the grain-to-grain mismatch. The data in 
Fig. 6 reinforces the explanation of barrier height lowering by showing 
that hydrogenation causes substantial decreases of EACT relative to the 
virgin state. Further work has shown that the e:t'fec'ts of these hydrogen 
treatments only extend some 25-100 ~ into our bulk polysilicon samples. 
This suggests that even larger conductance changes could be effected by 
the treatment of thin films of fine grained silicon. We have recently 
obtained data that bears out these expectations. Discussions of the 
kinetics of this process will also be presented. 

Finally, we will discuss the results of hydrogenation of some primitive 
polysilicon photovoltaic devices. Substantial improvements in device 
efficiencies, fill factors, minority carrier lifetimes, and long wave
length spectral response have been seen following these treatments. The 
implications of these data suggest that hydrogenation may be H viable 
treatment for the passivation of silicon grain boundaries, enhancing the 
prospects for the production of chear>er, mnrP efi:'icient thin film oilicon 
solar cells. 

*This work sponsored by the u.s. Department of Energy under Contract 
DE-AC04-76-DP00789. 

tA u.s. Department of Energy facility. 
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ELECTRICAL TRANSPORT PROPERTIES IN INHOMOGENEOUS MEDIA 

R. Landauer 
IBM Thomas J. Watson Research Center 

P. 0. Box 218, Yorktown Heights, New York 10598 

The oral version of this paper contained selected 
subsections of a recently published review. 1 The abstract of 
the earlier review follows: 

The history of this field is reviewed, with emphasis on the 
relationship to the development of molecular field concepts 
in dielectric theory, in the last century, and with emphasis 
on the relationship to the study of disordered structures, 
in recent decades. A few of the many methods for 
calculating effective conductivities will be presented and 
discussed. One of these is based on the direct macroscopic 
application of the Clausius~Mossotti relationship. In that 
connection we emphasize the shortcomings of the commonly 
accepted Lorentz derivation for the internal field and 
restate a less well known existing alternative derivation. 
The aymmptrical and unsymmetrical effective medium theories 
of Bruggeman are presented. Connection is made to transport 
in randomly chosen resistor networks, to. percolation 
threshold problems, and to transport in magnetic fields in 
the presence of inhomogeneities. Two more specialized 
topics are also discussed. One of these is the variability 
in field effect transistor threshblds arising from the 
limited size of the samples in which threshold is determined 
by the onset of percolation. The other specialized topic: 
The occurrence of strong spatial 'inhomogeneities in fields 
and currents in metals, in the presence of lattice defects, 
even though the mean free path is large compared to the. 
extent of the defect. 

1 Electrical Transport arid Optic~! Properties of Inhomogeneous 
Media, J. C. Garland, D. B. Tanner, eds. (American Institute 
of Physics, New York, 1978)pp. 2-45. 
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GRAIN BOUNDARY RESISTANCE MEASUREMENTS IN 
POLYCRYSTALLINE GaAs 

M. J. Cohen, J. S. Harris, Jr. and J. R. Waldrop 
Rockwell International Science Center 

Thousand Oaks, California 91360 

The electronic transport processes in polycrystalline materials which domin
ate their behavior and determine their application to solar cells are: (i) 
majority carrier flow via drift perpendicular to grain boundaries, and (ii) 
minority carrier flow b~ diffusion both perpendicular and parallel to the 
grains. These processes are influenced by scattering, trapping and recombi
nation, as well as by potential barriers along grain boundaries which result 
from lattice distortions, dangling bonds, or an accumulation of impurity atoms. 

Increased photocarrier recombination at grain boundaries competes with minority 
carrier diffusion to the junction and reduces the short circuit current of 
solar cells. The open circuit voltage is reduced through leakage currents 
due to grain boundaries which traverse the junction. The added series resis
tance due to the reflection of majority carriers by the potential barrier at 
grain boundaries further reduces the power which can be extracted from poly
crystalline solar cells. 

Until the carrier transport properties in polycrystalline materials are under
stood, it will be impossible to develop accurate models of polycrystalline 
solar cell performance. The models are essential to provide a sound basis for 
optimized polycrystalline cell design. We have used Auger Electron Spectro
scopy to perform the first measurements of the resistivity of a single grain 
bounnAry in polyr.rystalline GaAs and discuss the impl.ications to solar t.:ell 
performance. 

The measurements described in this talk were performed on both unintentionally 
doped b·ulk. Ga_A R ann on layers of ;n-GaAs ( Sn doped) grown on semi-insulating 
GaAs substrates by Molecular Be~ Epitaxy (MBE). The samples all contained 
a relatively long single grain boundary oriented perpendicular_to the surface. 
Ohmic contacts were applied which either spanned the grain boundary or were 
located entirely within a single crystal region. 

The samples were mounted on T05 headers and loaded in a Science Center designed 
and built Scanning Auger Microscope which is essentially an ultra high vacuum 
scanning electron microscope (all metal seals, 7 x 10-9 Torr without baking) 
which contains a minj 8.t1Jr17.ed. cylind:r:i.cal mirror Auger analyzer. 

In the Auger process, a high energy electron (20 KeV in our case) strikes 
an atom and the interaction results in the ionization of one of its core 
electrons. The atom relaxes to its ground state by the ionization of an 
electron whose kinetic energy is characteristic of the transition involved 
and the atom from which it was emitted. As the escape depth of an Auger 
electron is relatively short (10-20A), Auger analysis j_s a useful surface 

·chemical analysis tool and when performed in a SAM, chemi~al information 
123 



from an area <l~m can be obtained. 

An important subtlety is that the emitted electro~ has a characteristic 
energy relative to the potential of the host atom while the Auger analyzer 
is always referenced to laboratory ground. When a sample is biased away from 
ground, the entire Auger spectrum is shifted by an energy proportional to 
the bias voltage. This effect is demonstrated in Fig. 1 where the 272 eV 
carbon line is shown under various bias conditions. In the Auger potential 
profiling experiment, a voltage is applied between the two ohmic contacts 
and the potential profile across the sample is determined by using the energy 
shift of the 272 eV line as a spa.t.i ;;~lly r..-solved cont3.otlcoo voltmeter. 

Figures 2a and 2b show the results of the Auger potential profiling experiment 
performed on a lightly doped MBE sample ( n = 2 X 101 5 em - 3 

) without and wj_ th 
a grain boundary, respectively. A potential of 4V was applied across the 
sample without the grain boundary. As observed in Fig. 2a, the two ohmi~ 
contacts are at equipotentials (oV and 4V) A.nd the voltage increases linearly 
between the contacts. This linear behavior indicates a spatially homogeneous 
conductivity throughout the sample. The electric field observen of F. = ? ¥ 

J 4 . 
10 V/cm and the measured current of 4.8 x 10- A agrees with the measured 
mobility (6450 cm2 /V-sec) and net carrier coric.entration (2 x l015 cm- 3 

). 

Figure 2b shows the results of the same experiment performed on a lightly 
doped sample containing a grain boundary. In this case 6v was applied across 
the sample with a resulting current of 6.2 ~ 10-4 A. Starting from the left 
ohmic contact, the voltage increases linearly across the sample with a slope 
of 2.4 x 103 V/cm. In the vicinity of the grain boundary, the voltage increases 
more rapidly and eventually straightens to approximately the same electri~ 
field as on the left side of the grain boundary. ·The voltage drop across the 
grain boundary (the displacement of the two straight lines shown in the figure) 
is ~.6 V. The electric field strength in the single crystal region on either' 
side of the grain boundary together with the measured current again are ·in 
agreement with the carrier concentration and mobility determined by Hall 
measurements. 

The data can be understood in terms of a simple model in which the existance 
of localized band gap interface states at the grain boundary pin the fermi 
levels in the single crystal regions on either side resulting in a-double 
depletion region (Fig. 3). Using this model, the potential profile data can 
be used to determine the potential barrier to majority carrier transport due 
to the gra;i n botmdary. 

In order to further explore the implications of this model, we have performed 
I-V, C-V and EBIC measurements as well as Auger Potential Profiling measurements 
on unintentionally doped bulk material. These data will be presented and their 
implication to polycrystal solar cell performance will be discussed. 
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Fig. 2. (a) Potential profile of single crystal MBE sample. (b) 
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EFFECT OF INTERFACE RECOMBINATION AT p-n JUNCTION PERIMETERS 
ON PHOTOLUMINESCENCE AND CURRENT 

C. H. HENRY 
Bell Laboratories 

Murray Hill, New Jersey 07974 

The interfaces forming the perimeters of AtxGal-xAs p-n junctions, such 
as cleaved surfaces or etched surfaces are regions of intense nonradiative 
recombination. Almost all of the p-n junction 2kT current is due to 
recombination at these nonradiative perimeters. When an uncontacted 
sample is studied in photoluminescence, these interfaces produce broad 
nonradiative regions known as large dark spots. The-rate of interface 
recombination can be quantitatively evaluated from measurement of either 
the 2kT current or the large dark spot line shape. The 2kT current is 
usually explained in terms of the Sah, Noyce, and Shockley model of p-n 
depletion layer recomb~nation. We develop an alternative model in which 
we show that recombination at a depleted surface will have 2kT char
acter.l,2 The rate of surface recombination is R = s 0 (np)l/2 = 
s 0 ni exp(eV/2kT) where s 0 % 4xl05 cms-1 for x = 0.08 active layers with 
etched surfaces. This form of the recombination rate follows naturally 
from the requirement that the interface remain neutral. This model 
should be applicable to describing the effect of other defects cutting 
across p-n junctions, such as grain boundaries or dislocations. 

1. C. H. Henry, R. A. Logan and F. R. Merritt, J. Appl. Phys. 49, 3530 
(1978). 

2. C. H. Henry and R. A. Logan, J. Vac. Sci. Techno!. 15, 1471 (1978). 
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GRAIN BOUNDARY EFFECTS AND CONDUCTION MECHANISM STUDIES IN CR-MIS SOLAR 
CELLS ON POLYCRYSTALLINE SILICON* 

W. A. Anderson, S. L. Hyland,** A. E. Delahoy,**, and K. Rajkanan 
State University of New York at Buffalo 

Electrical Engineering Department 
4232 Ridge Lea Road 

Amherst, New York 14226 

Introduction 

Studies of photovoltaic processes in polycrystalline silicon are being 
conducted to evaluate the use of this material as a potential low-cost 
replacement of the more costly single crystal silicon cell. The MIS 
structure is selected because of the ease· of fabrication and adaptabil
ity to a future low-cost process. The Cr-MIS design has produced a 
12.2% efficiency [1] on single crystal silicon using a process applic
able to the polycrystalline silicon material. Wacker "Sils<il" silicon 
was selected for study because of its availability and proven perfor
mance in p-n junction formation. The object of this study was to gain 
some initial insight into the effect of grain boundaries on photovol
taic and dark response of polycrystalline solar cells. Data on photo
voltaic response, spectral response, laser scan studies, conduction 
mechanisms, and surface states will be considered herein. 

Summary 

Wacker "Silso" silicon samples were chemically polished to present a 
suitable surface for a MIS solar cell. The Si. was· etched in CP4A, 
rinsed in deionized water, heated in o2 at 950° C to grow an oxide, 

and finally rinsed in HF and then deionized water to remove the oxide 
prior to fabrication [1]. A Cr-MIS solar cell was fabricated by ther-

0 0 0 0 

mal evaporation 
s·tructure [1]. 

to produce a 5 A Cr/50 A Cu/30 A Cr/20 A oxide/ Si 
A peak AMl photovoltaic response of V 0.50 V, J 

oc sc 
I 2 24.2 mA Cm, FF = 0.73 and efficiency = 8.8% has been obtained using 

this design on "Silso" silicon. 

Spectral response data were obtained using a Schoeffel GMlOO monochro
mator and a reference cell calibrated at NASA-Lewis Research Center [2]. 
These data show the polycrystalline samples to have a lower infrared 
response than similar samples on single crystal silicon. The diffusion 
length was obtained using the technique outlined by Stokes and Chu [3] 
and showed a 15-50% lowered value when compared to 70 ~m measured on 
single crystal silicon. Figure 1 shows a plot of J as a function of 

sc 

* Research supported by the Departme.nt of Energy. 

** Rutgers University 
Electr.i cAl F.neinP.P.ring Department 
P.O. Box YUY 
Piscataway, New Jersey 08854 

131 



measured diffusion length. Data points for polycrystalline silicon cells 
are compared to a theoretical curve based on single crystal silicon. 
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Figure 1: Short-Circuit 
current density 
as a function of 
diffusion length 
for polycrystal-
line Si. MIS 
solar cells. 

Two laser scan studies were made to compare photocurrent response be
tween Cr-MIS cells on single crystal and polycrystalline silicon sub-o 
strates. A direct comparison is given in Figure 2 using single 6328 A 
laser scans on the samples in question. A higher absolute response is 
given in the single crystal substrate case. 

1 
.... 

~ 
.... 
=> 
u 

"' u 

SINGLE CRYSTAL CELL ( 298 uA) 

POLVCRYSTALLINE CELL ( 176 uA) 

(0.0 uA) 

BUS 

OAR 

r 

-DISTANCE 

0 

Figure 2: A single 6328 A 
laser scan com
paring MIS cells 
on single and 
polycrystalline 
Si. 

Use of equation 1 [4] predicts a 4% decreased current at A = 0.633 ~m 
using Lp = 80 ~m for a single crystal substrate and Lp 40 ~m for the 

T exp (-a.W) (1) 
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polycrystalline substrate. The greater experimental decrease was caus
ed by grain boundary effects. A more thorough surface scan was per
formed at the National Bureau of Standards by Dr. D. E. Sawyer [5]. The 
photograph in Figure 3 shows the results of a 0.633 ~m laser scan with 

70 rnA current bias on the 2 cm
2 

sample. The dark regions at grain bound
ary locations are about 80 ~m in width or 40 ~m (one diffusion length) 
on either side of the grain boundary. This corresponds quite closely 
with data reported by Dared et.al. [6] in their grain boundary study. 

0 

Figure 3: A multiple 6328 A 
laser scan show
ing grain bound
ary recombination 
in polycrystal
line Si. 

Surface state studies on Cr-MIS solar cells have been previously re
ported [7]. The shape of the surface state distribution for MIS cells 
on single and polycrystalline substrates is similar but the latter sub
strate gives a factor of 10 increase in magnitude [1]. This predicts 
an open-circuit voltage (V_ ) of 0.51 V using a polycrystalline suh-

uc 
strate compared to 0.64 V using a single crystal substrate according 
to the equation 

V = 0.65 - 2.1 x 1014D 
oc s 

(2) 

where D is interface state density. These values agree very closely 
R 

with the experimentally verified decrease in V from 0.60 V to 0.50 V 
or 

when using poly rather than single-crystal substrates which is mainly 
attributed to the interface state effect. 

Light I-V data served to reveal a 50% decrease in the n-value in the 
equation 

J J 
0 

qV 
[exp(nkT) -l] - Jsc (3) 

as compared to the n-value from dark 1-V data. This decreased n-value 
was accompanied by an increased barrier height (¢b) from about 0.80 eV 

to 0.95 eV. Similar but lesser effects were reported by H. C. Card [8] 
for Au-nSi-MIS diodes on single crystal silicon. We inte~pret the nRta 
for C.t:-HIS cl:!lls uu p-type Wacker silicon to be due to trapping effects. 
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Traps are filled during illumination which reduces the loss of carriers 
due to unfilled trap states giving rise to a decreased n-value and in
creased ~b. The large magnitude of change is indicative of the high 

trap density in this silicon both on the surface and at grain boundaries. 

Small diodes on polished and un-polished Wacker Si have been tested 
using C-V tests, and I-V tests from 77° K to 300° K. The unpolished 
Si produces diodes which exhibit spac~ charge limited behavior evi-

denced by a non-linear plot of l/C2-v and t n (I) -V. A current-volt
age behavior of 

I KVn ( 4) 

was observed with n ~ 2 for V > 0.1 V and n ~ 1 for V < 0.1 V. This 
indicates severe space charge limited effects for n ~ 2 and shunting 
effects for n ~ 1 which are also verified by temperature data. Polish
ing the poly-Si prior to fabrication also results in diodes exhibiting 
space charge limited conduction . In this case, n ~ 7.5 for V > 0.1 V. 
The value of n may be related to density of interface states which is 
significantly reduced by polishing the poly-Si. 

In conclusion, several studies have been made using MIS solar cells on 
Wacker polycrystalline silicon. Effective dittus~on length ~s lim~ted 
by the silicon formation process and by grain boundaries. A laser sur
face scan shows the effects of grain boundary recombination to extend 
one diffusion length on each side of the physical boundary. An increas
ed interface state density, caused by the silicon surface and by grain 
boundaries, is shown to decrease open circuit voltage. Space charge 
limited conduction has been observed. 
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STUDY OF SPATIAL INHOMOGENIETIES IN PHOTOSENSITIVE 
MATERIALS USING DC AND MICROWAVE TECHNIQUES 

Introduction 

by 

P. Herczfeld, L. Hanlon* and J. Wargin* 
Department of Electrical Engineering 

Drexel University . · 
Philadelphia, Pa. 19;!.:,.04 

Spatial inhomogenieties of photoconductivity are known to arise from 
nonuniform distribution of recombination centers and traps produced by 
molecular disturbances such as impurities, defects, and grain boundar
ies. These inhomogenieties may be characterized by DC and microwave 
biased photoconductive measurements. Such measurements have been per
formed on CdS crystals, polycrystalline films, and powders. Marked 
differences are observed between the DC and the microwave results. 

Experimental Considerations 

To observe the interaction of a microwave field with a photosensitive 
material, a photoconducting sample was placed on a microwave integrated 
circuit (MIC)'transmission line, as shown in fig. 1., and 
from above. The section of the MIC coplanar waveguide containing the 
sample was made part of a 10-GHz microwave reflection bridge shown 
schematically in fig. 2. A change in the samples conductivity, due to 
illumination, or change in temperature, is detected by observing the 
change in the microwave reflection from the sample arm of the bridge. 
It b shown t.ha.t the change of conductivity, !:f:J 8 , is given by the simple 
expression: 

!:f:J 
s 

= 
2/J. a 

where a is the attenuation constant in the sample arm of the bridge 
measured in nepers/m and Zs is the impedance of the section of the 
microstrip line with the sample. The sample's environment was carefully 
controlled. The entire system could be evacuated and the temperature 
could be varied from cryogenic to room temperatures. Conventional ohmic 
contacts could be placed on the sample and standard DC measurements 
could be performed. All the DC and microwave measurements were carried 
out under indentical ex_perimen tal cutu.li tions. 

A variety of measurements were made including (i) photoconductive 
spectra, (ii) lux-ampere characteristics, (iii) optical quenching (iv) 
photoconductive rise and decay time and (v) noise spectra. The differ
ences in the DC and microwave results are summarized below. 

*Presently with Hewlett Packard Company. 
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Experimental Results 

The results of various measurements performed on CdS crystals, thin 
films and powders are discussed below. 

Photoconductive Spectra. For all the samples the microwave photores
ponse versus wavelength curve was narrower than the DC biased curve and 
showed a shift in the peak response-to shorter wavelengths. The mag
nitude of the microwave photoconductivity was typically two orders of 
magnitude higher than the DC conductivity of single crystals. For 
powders a difference of eight_orders of magnitude was observed. 

Photoconductive Rise and Decay Time. For all the samplPS we. detected 
a faster rise and decay time with a microwave baising. The ratio of 
microwave biased decay time to DC biased decay time ranged from 1.4 to 
3.5. Modulated light experiments gave similar results. 

Infrared Quenching of Photoconductivity. Quenching of the photoconduc
tivity due to infrared illumir..ation ~vas reduced by up to an order of 
magnitude in the microwave measurements compared to the DC measurements 
performed under identical conditions on the same CdS samples. 

Lux-Ampere Characteristics. Lux-ampere characteristics in photoconduc
tors are characterized by the relation 

a a fs 

where f is the intensity of the light and the exponent s is a charac
teristic number. For the DC measurements three regions were identified. 
At low ligh't intensities we had s = 1, at medium light intensities 
s = 1/2 dependences and finally at high. illuminations s was less than 
.1/2 indicating saturation. For the microwave case we observed values 
for s between 1/2 and 1 for low and medium illumination, while at high 
intensities we found s = 1/2; i.e. no saturation. 

Photoconductive Noise Spectra. The DC biased noise spectra was domin
ated by generation-recombination ·(g-r) and diffusion type frequency 
dependence. The microwave haisP.il noise· spectra, however shuweu no 
evidence of carrier diffusion. 

Discussion 

All the experimental observations r.onld be tJ.xplaincd on the. basis that 
the photoconductive samples are spatially inhomogeneous. If crystal 
defects, impurities, and other localized disturbances exist they will 
cause localized trapping and deep recombination states. If these traps 
and recombination centers are non-m1iforw~y distributed in the sample 
they will cause local variations in the carrier density and hence in the 
conductivity. The inhomogeneous sample wil'l contain relative high and 
low conductivity regions. The microwave propagation interacts strongly 
with the high conductivity regions, but not with the low conductivity 
regions. The DC photocurren.t on the other hand will be controlled by 
the high resistivity regions. The microwave measurements reflect 
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the material properties and carrier transport of the high conduc
tivity regions while the DC experiments give the same information 
about the low conductivity regions. The combination of the DC and 
microwave study enables one to estimate the relative conductivities 
and relative size of these regions. 

The microwave measurements are electrodeless (non destructive) and 
repeatable, so that they are well suited for process control applica
tions. They are being evaluated at present to track the evolution of 
CdS from powder to completed device to improve fabrication yield. 
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CAPACITANCE AS A TOOL FOR INVESTIGATING THIN-FILM 
CdS/Cu

2
s HETEROJUNCTIONS 

W.J. Manthey and N.Convers Wyeth 
Institute of Energy 'Conversion 

University of Delaware 
Newark, Delaware :(.9711 

An important limitation of the efficiency of the CdS/Cu2S cell results 
from recombination of electron-hole pairs at the junction interface, 
whereby some of the current is lost. We wish to measure and understand 
this interface recombination, determine its influence on the region 
near the interface, and relate the recombination to cell production and 
material characteristics. 

The electronically active features of this region include interface 
states associated with lattice mismatch, and a population of donors 
and acceptors. The interaction of the various traps and interface 
states with each other and with free carriers will produce correspodd
ing changes i.n the june tion capacitance. This paper describes a 
technique that has been developed at the Institute of Energy Conversion 
to measure the capacitanre of operational solar cells under varying 
conJiliona, and thereby elucidate koy physic~l propertiPs of the het~r~ 
junction regions. 

Because of the high conductance of the illuminated cell under zero or 
forward bias, it is difficult to use a standard capacitance bridge. 
Our method, patterned after that of Shewchun and Waxman (1), uses a 
lock-in amplifier to measure the susceptive component of an AG signal, 
in such a way that the large conductive component does not interfere 
with the measurement. Figure 1 shows the circuit. 

The DC bias of the cell can be set at any point on the I-V curve below 
about 200 mV forward bias using the function generator. An AC signal 
of 10 mV at 10 kHz is then superposed on the DC bias voltage. This AC 
signal is strong enough to produce a readable output hut small enough 
(VAc < kT/e) that the region swept thru can be considered uniform. The 
frequency is within the range where the oscillating charge in the 
junction region is able to respond, and the resulting cell current has 
a component 90° out of phase with the voltage and proportional to the 
cell capacitance C. The output of the lock-in amplifier is a DC 
voltage equal. tn the rrns value of this out-of-phase component. The 
current amplifier allows one to measure the current in the cell with·~ 
out introducing any additional impedance. 
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.CdS/Cu2S·cells are subjected to heat treatments during efficiency 
optimization during which copper ions diffuse into the CdS where they 
act as acceptors, reducing the positive charge in the space-charge 
~egion of the CdS. This increases the width w of this region and 
reduces both the junction capacitance and local electric field, which 
vary· inversely with w. 

The cell capacitance in the dark is typically in the range of 1 to 10 
nF/cm2. Under illumination the capacity increases and at an intensity 
equivalent to AM1 is usually in the range of 30 to 100 nF/cm2. Under 
illumination holes were generated and trapped in the CdS causing the 
space-charge region to become more positive and theretore narrower. As 
a consequence-the collection efficiency nc also increases with illum
ination,often very substantially. Analysis of the var.tat.i.on of local 
electric field, obtained from C, with nc indicates that interface 
recombination velo.city is between 6 x J04 and 2 x 106 cm/sec2. 

A major advantage of the present technique is that .the capacit;:mr.e can 
be measured under actual operating conditions and capitalizes on the 
sensitivity of the capacitance to the intensity and spectral. content 
of the illumination. More traditional photocurrent measurements are 
less able to differentiate between the various changes taking place. 
1he use of this technique to monitor the influence of bias voltage and 
illumination on capacitance is described elsewhere (3). 

Our technique is also well suited to the observation of transient 
variations of capacitance, provided that the time constants of interest 
are greater than both the response time of the lock-in amplifier, 
1 msec, and the period of V AC, here 0 .. 1 msec. Because of the differ
ence in energy gap he.tween CdS and Cu2S, trap loading and unloading is 
best accomplished by abrupt changes in illumination, rather than in 
junction bias (4). Analysis of these transients allows the evaluation 
of capture and emission constants, both optical and thermal, and the 
spatial distribution of traps. A typical transient response is shown 
in Figure 2. To simulate the actual operat.ion of the cell we usually 
make use of multi-beam excitation. A steady, short-wavelength beam 
creates holes in the CdS which load .the traps, and a second, long
wavelength beam is chopped to stimulate the transient responses. 

A problem arises when large changes in capacitance are produced. The 
C a:: 1/w relation is no longer valid if there are inhomogeneities in 
trap density so that the transient C(t) cannot be relied upon to vary 
exponentially. To overcome this difficulty, =we have adapted the 
constant-capacitance method of Pals (5). Figure 1 shows the necessary 
circuit modification in dotted lines which automatically varies the 
bias voltage of the cell to maintain the capacitance at a cqnstant 
value. The time decay of the negative feedback signal is characteris
tic of the traps at a constant depth in the junction· 
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CORRELATION OF GRAIN BOUNDARY ELECTRICAL PROPERTIES WITH 

GRAIN BOUNDARY IMPURITIES IN MULTIGRAINED SILICON 

USING SURFACE.ANALYTICAL TECHNIQUES 

L.L. Kazmerski and P.J. Ireland 
Photovoltaics Branch 

Solar Energy Research Institute 
Golden, Colorado 80401 

The applications of complementa~y surface analysis techniques - Auger 
electron spectroscopy (AES) and secondary ion mass spectroscopy (SIMS) -
to the comparative compositional analysis of grain··and grain boundary 
regions in multigrained silicon are presented. The method incorporates 
in-situ ultrahigh vacuum fracturing of the material with the surface 
sensitive techniques to delineate differences in elemental composition 
between the inter- and intra-grain regions. The method is used to pro
vide the first direct physical evidence for the localization of impuri
ties at the grain boundaries in silicon grown by the casting and direc
tional solidification techniques. 

The multigrained silicon samples used in this study were obtained from 
three different sources. Two of these (termed Si-A and Si-B) were pro
duced by a "conventional" casting process in which the silicon was mol
ten when poured into the shaping crucible held slightly below the melt
ing point of the silicon. The third sample type (termed Si-C) was pro
duced by the directional solidification process. This differs from cast
ing in that solid silicon was initially loaded into the crucible and 
l::i·uLl::ielJ.ueuLly heated into th~ molten phase. ln either case, the cooling 
and cooling rate were precisely controlled to provide optimum grain size 
and structure. Both c:arbun and mullite crucibles were used to form the 
multigrained silicon ingots which were then sliced into thin (<1 mm 
thick) sheets. 

The surface analytical operations were performed in a Physical Electro
nics Industries model 590 scanning Auger microprobe (SAM) system with 
secondary ion mass spectroscopy ca~abilities. The minimum beam diameter 
uf the SAM was measured to be 1600A. A differentially-pumped ion gun 
was used for depth profiling and SIMS. Its beam diameter could be fo
cused to 140 ~m. The base pressure of the analysis chamber was 1.2 x 
10- 10 torr. An Extranuclear laboratories quadrupole mass analyzer was 
used for the SIMS, and elemental and molecular species 1-1000 AMU could 
be analyzed. The samples were inserted using an introduction/transfer 
system which preserved the UHV chamber conditions~ minimizing contamina
tion to this volume. A sample fracture stage permitted the in-situ, 
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ultrahigh vacuum exposure and comparison of both intragrain and grain 
boundary regions. By the UHV fracturing technique, potential contamina
tion to these surfaces from sorbed species was minimized, thus ensuring 
that the resulting data were not artifacts of the experiment. The cham
ber environment was monitored during the experiment with a separate 
quadrupole mass analyzPr with residual gas analysis capability. 

This investigation involve~ the application of two surface analysis 
techniques, SAM and SIMS, to the solution of the impurity segregation 
problem. Although each contributes its inherent diagnostic quality (e.g. 
submicron spacial resolution, non-destructive analysis, monolayer sur
face sensitivity, quantifiable data and nearly uniform elemental sensi
tivity for SAM; increased sensitivity, usually 100 times better than 
Auger, isotope and molecular fragment identification for SIMS), the 
methods are complementary. Thus, they provide for more dependable and 
less ambiguous results if used, as in this study, for essentially simul
taneous analysis during the diagnostic procedrire. 

Auger Studies 

An Auger mapping of a grain boundary area is presented in Fig. 1. These 
data were taken on an internal region of cast sample Si-A, grown in a 
mullite crucible. The secondary electron image of the fractured grain 
boundary does show some irregularities as indicated at points 1 and 2. 
The Auger maps of this region do give evidence to impurity concentra
tions, Ni, Al and C, in these areas with oxygen prevalent throughout. 
It should be emphasized that the Auger maps here indicate build-up of 
the impurities, which can be remnants.due to fracturing, and lower con
centrations of each are detectable throughout the grain boundary regions. 
No impurities were found in the grain interior. The grain boundary lo
calization of the Ni and Al (in the form of NiO and Al203, probably 
from the crucible) is verified by the depth-compositional profiles. 

These Auger electron spectroscopy data are presented as representation 
examples of the localization evidence. Cast samples (Si-A and Si-B) and 
the directionally-solidified samples (Si-C) showed similar results. 
Only the elemental .impurities, due to the difference in crucible and 
starting materials, differed between sample types. Essentially no im
purities, outside of the C-inclusions for sample Si-C, were deLected in 
the interior of the grains. Since the Auger technique is insensitive to 
~oncentrations at or below the 10 18 /cm 3 -level, the deLermination of 
trace impurity content necessitated the use of auulher surface-sensi
tive method. 

SIMS Studies . 

Generally, SIMS provides at least 100 times the sensitivity to trace 
elements than that attainable by Auger spectroscopy. It is, however, 
limited in spacial resolution by the broader diameters (usually greater 
than 100 ~m) of the ion probes. In the configuration for those experi
ments, SIMS can be performed on the same region as the SAM investiga
tions without moving or otherwise disturbing the sample itself. 
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The analysis once again could be performed on adjacent grain and grain 
boundary fractured regions . Fig . 2 presents a typical SIMS spectrum 
for a region found by fracturing through a grain - this from sample Si-A. 
A controlled oxygen leak (10- 7 torr) is used to enhance secondary ion 
yields. The SIMS spectrum indicates primarily the presence of Si; the 
only impurity is the intentional dopant. The oxides result from the 
oxygen leak, and the Na and K result from the inevitable inclusion of 
the top and/or bottom surfaces of the thin samples (previously exposed 
to the atmosphere) in the SIMS analysis. In contrast, many impurities 
are observed in fractures at the grain boundary (see Fig. 3). These 
data are taken on the identical region as that prese nted in the Auger 
studies of Fig. 1. In addition to the C, Ni and Al,trace impurities in
cluding Ti, Cu, B and Mg are detected. None of these appear in the 
corresponding analysis performed 6n the grain region. SIMS profiles do 
confirm that the impurities are localized at the boundary and do not 
significantly penetrate the grain it s elf. 

Electrical Characterization 

The electrical properties of selected grain boundary regions are in
vestigated using high-resolution SAM methods. Preliminary conductivity 
data correlating the grain boundary elemental composition with elec
trical behavior are presented. Some evidence is reported which indicates 
that the electrical a c tivity of the grain boundaries differs in a given 
sample and depend upon the localization of impurities in that region. 
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DIFFUSION LENGTH MEASUREMENTS IN Cu2S 

W. J. Biter and T. W. O'Keeffe 
Westinghouse Research and Development \.enter 

Pittsburgh, PA 15235 

Detailed knowledge of the electronic properties of Cu2S is essential to 
the understanding of the Cu2S/CdS thin film cell. We wish to report 
measurements of diffusion length and other electronic properties of 
thin Cu2S layers obtained by a scanned laser beam technique. CdS 
single crystals were used for the major portion of the work but some 
initial results will be reported with the Cu2S formed on CdS thin film. 

Light probes scanned across a beveled junction have been used by a 
number of authors (1,2) to measure the transport properties of various 
materials. Mechanically produced bevels suffer from the possible 
effect of surface damage introduced by the polishing upon the elec
tronic properties of the material. The present work produced the 
required variation in Cu2S thickness by depositing a CuC£ layer onto 
the CdS by evaporation through a raised mask using a broad source. 
Subsequent processing (3) produced a Cu2S layer of tapering thickness 
in the CdS substrate. 

The thickness of the Cu2S layer was determined by a direct measurement 
of the transmission using a silicon detector mounted behind the sample. 
The photocurrent from the heterojunction was monitored simultaneously 
with the measurement of the transmission using a scanned Re-Ne laser. 
This apparatus is shown in Fig, 1. We choose to display this data 
directly as a plot of photocurrent versus transmission obtained from an 
oscilloscope trace. This method is insensitive to local variations in 
the Cu2S thickness which would interfere with the usual method of 
measuring thickness based on position across the bevel. The technique 
was very simple to apply and allowed rapid comparison. 

It w·as found more useful to make the theoretical predictions of photo
current versus active layer thickness in terms of photocurrent versus 
transmi8sion using the electronic properties as parameters. Experi-. 
mental curves obtained were very close to theoretically predicted 
shapes. The most significant feature of the curve is the location 
and magnitude of the peak photocurrent response, which can give an 
immediate estimate of diffusion length and junction losses. 

Figure 2 is a typical experimental curve taken directly from the 
oscilloscope (::;oinewhat smoother) with the AXP.R re-;tnLeqJ.ceted. The: 
photocurrent (vertical axis) has been normalizecl to the laser beam 
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intensity as measured by the silicon detector using a previously 
determined value for the silicon quantum efficiency at 6328A. 

The Cu2S transmission (horizontal axis) is more precisely the Cu2S 
internal transmittance and represents the amount of light lost by 
absorption alone in the Cu2S thickness, i.e., not ineluding reflection 
losses. The appropriate correction for reflection and CdS losses have 
been made to the axis scale. The extension of the curve beyond 100% 
is due to optical interference effects which were not fully investigated. 

The shape of the curve is very consistent with that expected 
theoretically. The value of transmission corresponding to the peak 
response can be used to extract diffusion lengths information. The 
height of the peak response gives information on other loss mechanisms, 
in particular the surface recombination. For the example shown, the 
diffusion length was .42 micrometers and the surface recombination 
velocity less than 103 em/sec. 

On other samples, diffusion lengths from .2 to .6 micrometers 
for photoelectrons in Cu2S were obtained with no detectable change with 
heating while values for the surface recombination velocity appeared 
to be less than 104 em/sec. A change in the losses associated with 
the junction seemed to be the dominant change with heat treatment. 

References 
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MEASUREMENT OF RESISTIVITY OF THIN CdS FILMS ON BRASS SUBSTRATES 

S. Hogan and S. Wagner 
Solar Energy Re~earch Institute, Golden, CO 80401 

and 

F. Barnes 
Dept. of Elect. Engr., University of Colorado, Boulder, CO 80309 

This paper reports a non-destructive resistivity measurement technique 
for thin semiconductor films deposited on metallic substrates. This 
technique addresses a serious measurement problem in current photovoltaic 
research. At present, samples are characterized after application of ohm
ic or Schottky barrier contacts by two point through-resistance or by 
capacitance-voltage measurements, respectively. Contact metallization is 
inconvenient for routine evaluation because it eliminates a sample from 
subsequent solar cell fabrication thereby preventing a one-to-one corre
lation of resistivity with photovoltaic behavior. The technique reported 
here involved determining the sample resistivity by a field perturbation 
analysis on a semi-confocal Fabry-Perot resonator. The sample is mounted 
within the cavity and quality factors both with and without the film 
present are related to resistivity. 

ExL~mdvc uoc of micr01•7<JVP characterization of dielectric materials has 
been reported. Determination of semiconductor resistivity has also been 
accomplished using microwave methods. These techniques involved sample 
insertion into waveguides 1

'
2 and into cavities 3

• The methods employed, 
however, imposed strict restrictions on sample shape or thickness which 
prohibited their use on samples of arbitrary thickness backed by a con
ducting surface. 

The resonator cavity and its important dimensions are shoWn in Figure l. 
A nearly semi-confocal configuration was chosen so that the confocal re
quirement of d=b/2 was ignored. The value of d (-6 em) was purposely kept 
smaller than b/2 .(SO em) to minimize diffraction losses out of the cavi
ty. The 'M' sized waveguide was connected to the resonator with field 
couvl.i.ctg accomplished with 8 (). 107 ~.;m diameter iris through the 0. 025 em 
thick wall. 

The field dist:r.ihution with the cavity under resonance has been ~hown 4 

to most closely be described by combined Hermite-Gaussian funcLlons. Al
though a solution in closed form is possible, it becomes necessary to 
perform numPri r.al integrations· for each new sample material or thickness 
in order to describe tlie [ lelds at rccoi).ance <-~s simple pLwe waves 5 • 

This is well suited in the near semi-confocal confjguration for the 
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region near the flat plate where the sRrnple is mounted. 

The derivation of the film resistivity expression relies on several as
sumptions, the first of which is the assumption that the electric field 
effectively terminates at the film/substrate surface. This assumption 
is satisfied if two conditions are met; the skin depth in the metal is 
much less than the substrate thirkness~ and the semiconductor skin depth 
is much larger than the film thickness. Metals .of typical conductivity 
satisfy the first requirement if they are greater than several ~rn thick. 
The skin depth in the semiconductor, o, is given by 

(1) 

where ~is the perme-ability of thP s.;rniconducotor. The expe-r.imentwas set 
to operate at 92GHz which gave a range of o from 30 ~rn for a p of: 
0.01 Qcrn to 29 ern for p=lOOO Qcrn. Typical thin film processes involved 
in photovoltaic device fabrication give both film resistivity and thick
ness in the defined limits of operation. For the experiment as estab
lished at 92GHz, a substrate thicker than several ~rn is adequate, while 
acceptable skin depth restrictions allow measurements of samples whose 
p varies from 0.01 Qcrn to 1000 Qcrn. 

Another condition to be satisfied is avoiding substantial phase shift 
within the semiconductor. This requires the wavelength within the film 
to be much larger than the fiJ.rn thickness, a requirement which is easily 
met for most applications of interest. The final important condition to 
be satisfied regards the physical dimensions of the sample. The sample 
diameter must be at least twice the field spot size (beam radius) at the 
flat plate. The spot size, W, is deterrnineo from 

k k 
W = (2d/../TT) 2 /[(4d/b)-(2d/b) 2

]
4 (2) 

For the dimensions of the cavity used and the generator wavelength (A.) 
employed, a spot size of 1.5 ern was determined. The requirement of sam
ple size to be greater than 3 ern to a side is generally met in current 
photovoltaic device structures. 

The derivation of an expression for the resistivity can be accomplished 
using the above mentioned assumptions. The film p c.an be stated as 

p = s/rwsd(l/Q -1/Q )] 
s 0 

(3) 

where s is the sample thickness (film only), d the distance separating 
the reflectors, w the angular frequency of resonance, E the dielectric 
constant of the semiconductor, and Q and Q represent the cavity qual
ity factor with ttJe fi_lrn sqrnple rnoun~cq al}8 the substrate only mounted, 
r~spectively. 

Three polycrystalline CdS films deposited on 51 ~rn thick brass substrates 
were measured. The field generation was accomplished by us~ of a Kly
stron at around 92 GHz. The frequency was determined using a waverneter, 
while the standing wave indicator method of deterrninitig tavity Q6 was 
used. Measurements of Q were made by wax mounting a piece of brass, 

o I 
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the size of the sample, onto the flat reflector plate. The value of Q 
was then measured by mounting the sample of film on substrate to the s 
plate, again by means of a low temperature wax. An alternate method 
using only the sample would be to make the measurements first with the 
film side face down, for Q , then reversing the sample to measure Q . 
[The method of measurement

0
by hand is quite tedious, and it is recoffi

mended that microprocessor control be utilized to limit inaccuracies 
and minimize testing time.] For the three samples tested, a multitude 
of Q measurements were taken and averaged. Using those values and the 
others as listed in Table 1, the value of p was determined by use of 
equation 3. These values are also listed in Table 1 as PMW, along with 
a value of Piv· The Prv values are resistj_vities determined from current
voltage measurements carried out independently on other portions of the 
sample using indium contacts pressed onto the CdS film. 

Table 1 

Sample 740A Sample 715 Sample 763 A 

s (JJm) 38.4 30.0 30.1 
d (em) 6.23 6.00 6.34 
Qs 423 2613 3678 

Qo 1437 6915 4179 
f (Hz) 91.32 X 10 9 91.16 X 10 9 91.57 X 10 9 

Pmv Wcm) 0.1 4.3 29.5 
p IV (S'tcm) 0.7 4.2 30.4 

In conclusion, as seen from the excellent correlation in measured 
values, we have demonstrated· a technique for resistivity determination 
of thin semiconductor films on metal substrates. Because of the open 
cavity the .sample is accessible. This permits the possibility of ex
pansion of the technique to measuring photoconductivity by illumination 
::~c: T•TPll as \il.eterffi;ininr' temperature effects. The measurement of c·arrier 
lifetime is also possible. 

We would like to express our appreciation to Dr. R. Hall of the Insti
tute of F.nerey r.nnversion for providing the CdS samples and the PTv 
data. We also thank Drs. R. Hayes and E. Kuester for helpful dis
cussions. 
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ELLIPSOMETRY OF THIN SILICON DIOXIDE FILMS 
ON ROUGH POLYCRYSTALLINE SILICON SURFACES 

T. David Burleigh*, Sigurd Wagner, and Theodore F. Ciszek 
Solar Energy Research Institute, Golden; Colorado 80401 

Thickness and refractive index of oxides were determined with an auto-
matic ellipsometer equipped with a He-Ne laser source (~ = 632.8 nm). 
Measurements were carried out on wafers prepared from two types of cast 
polygrain and one CVD polycrystalline rod. The surface roughness ranged 
from fine polish (with 0.05 pm alumina) to as-cut. Roughness values were 
derived from surface profiler traces. 

On polished single crystal reference samples, the oxide thickness ranged 
from -3.5 nm (room temperature oxidation) to -130 nm (oxidation at 
950 C). For roughness substantially below the measuring wavelength, the 
oxide thickness is equal to that of the reference sample. Roughness in 
the vicinity and above the measuring wavelength results in thickness 
values higher than on reference samples for thin oxides, and comparable 
to the reference samples for thicker oxides. The data are reproducible. 
They can be used to determine the - at least apparent - oxide thickness 
on a rough surfa~e once a calibration curve has been established. 

The apparent refractive index of the oxide exhibits a maximum for rough
ness values comparable to the measuring wavelength. 

*Summer Student. 
Pr~sPnt Address: Depa~tment of Metallurgy ilnd Materials Scier1c~. 
Massachusetts Institute of Technology, Cambridge, MA 02139 
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Experimental Determination of the Photon Economy in Polycrystalline 
Thin Film Photovoltaic Materials and Devices 

J. A. Bragagnolo 

Institute uf Ener·gy Conversion 

E. A. Fagen 

Department of Electrical Engineering 
University of Delaware 
Newark, Delaware 19711 

ABSTRACT 

A full quantitative analysis of the photon economy of a photovoltaic 
device requires that every incident photon be accounted for. This in
formation in turn serves as input to the ~nalysis of charge transport 
and by combining these two analyses it is possible to relate the current 
at the external terminals of the device to the number of incident pho
tons. If photovoltaic devices consisted of plane-parallel layers of 
homogeneous isotropic media, the photon economy problem would yield to 
knownanalytical methods. In practice, however, polycrystalline thin 
film devices depart from this prescription in every particular. Among 
the consequences are diffuse scattering at all interfaces due to rough
ness, either adventitious or deliberately introduced, and diffuse volume 
scattering due to grain boundaries and orientation effects. On one hand 
these effects greatly complicate the measurement of intrinsic optical 
properties, while on the other, they afford the device engineer certain 
degrees of freedo~ which can be turned to advantage. 

In this paper we describe the techniques of optical measurement and ana
lysis employed by the Photovoltaic Device Analysis group at the Institute 
of Energy Conversion of the University. of Delaware. The key element in 
this body of techniques is the use of a Gier-Dunkle model SP-220 absolute 
directional reflectance attachment ("integrating sphere") in a manner 
which compels the user to account for all residual absorptance. The 
power and utility of this technique are illustrated by its application 
to two hitherto unsolved problems: 

1. Determination of the Intrinsic Absorption Edge of Polycrystalline 
Thin Films of Zn3~2· 

Vacuum evaporated thin films of this material exhibit slightly textured 
or non-specular surfaces whose apparent roughness increases with film 
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thickness. Transmittance measurements in the specular mode with ca. f/10 
detector collection geometry (Beckman 'Acta' MIV) yield pronounced 
(a > 103 cm-1) and substantially wavelength-independent absorption tails 
at energies below the nominal uanugap. Insertion of. supplementary beam 
condensing lenses, however, which effectively enlarge the aperture ratio 
of the detector to ca. f/1, sharply reduces these tails, indicating that 
the absorption is largely spurious and due to light scattered out of the 
detected beam. We therefore perform all thin film transmittance an~ 1ye
flectance measurements in the integrating sphere, using a procedure 
shown in Fig. 1. 

The essential feature of this procedure is that the longitudinal axis of 
the sphere is rotated slightly with respect to the optic axis of the mono
chromator by means of a nodal slide, permitting the sample beam to clear 
the oample mounting poat. The sample in turn .i.s slightly uffset from 
this post in such a way that it can be flipped up into the beam or down 
out of the way, while remaining near the center of symmetry. In step (a) 
both beams are permitted to strike the sphere wall and a reference spec
trum is run. In step (b) the sample, backed by an absorber, is flipped 
up .into the beam and the total reflectance spectrum R (A) is measured. 
In step (c) the absorber is removed, and the sum of reflectance and trans
mittance spectra, R (A)+ T (A), is measured.~he total transmittance 
spectrum T (A) is then obtained by subtraction. 

Comparison of the reference spectrum obtained in step (a) with that ob
tained in step (c) far in the passband of the sample affords a direct 
and sensitive test for residual absorbance. Similarly, comparison of 
the reflectance spectrum obtained in step (b) far in the stop band of 
the sample with that obtained on polished bulk samples ensures the ac
curacy of reflectance measurements and the correctness of surface prep
aration techniques. By assigning relatively low (~ 1%) tolerances to 
permissible discrepancies, and discarding aU data-taking runs which 
fail to meet these criteria, data with a high degree of internal consis
tency are obtained. As a result, the intrinsic absorption edge of eva
porated thin films of Zn3P2 was revealed to be exponential and to con
form to Urbach's rule,(2) contrary to earlier reports on analogous 
materials. (3) 

2. Analysis of Photon Collection Efficiency of Polycrystalline CdS/Cu2S 
Cells. 

Thin-film polycrystalline CdS/Cu2S cells of over 9.0% efficiency and AMl 
short-circuit currents in excess of 27 mA/cm2 have been recently reported 
by the lnstitute of Energy Conversion.(4) Reflection measureme~ts as a 
function of incidence angle with the cell at the geometrical center of 
the sphere, showed that the specular component of reflected light is 
negligible. Further analysis using reflectance and transmittance mea
surements, indicates that as many as 80% of the incident photons are 
absorbed in the Cu2S layer, which generates 95% of the minority carriers 
(Fig. 2). 

The morphology of the strongly textured CuzS layer ano CdS/substrate 
interface is the dominant. factor in determining the high optical effi
ciency of thin-film CdS/Cu2S cells. The latter arises from both light 
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capture at textured front cell surface and trapping caused by diffuse 
reflection at the CdS/CuzS and CdS/substrate interfaces. This leads 
to total internal reflection of outgoing photons at the outer cell 
boundary and reduces re-emission losses of thin-film CuzS/CdS cells to 
a ~raction of their value for a specular multi-layer device. 
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EXPE~IMENTAL TECHNIQUES USED TO EVALUATE CRAIN BOUNDARY DEFECTS 

IN THIN SEMICRYSTALLIN~ SILICON SHEET MATERIAL 

Zimri c, P1,1tney 

Semix, Incorporated 
15809 Gaither Road 

Gaithersburg, Maryland 

ABSTRACT 

William F. Regnaul~, 

Semix·, Iucorpora ted 
15809 Gaithir Road 

Gaithersburg, Maryland 

Various test techniques have been applied to evaluating the 
effect of grain boundary dcf2cts on the electrical performance of 
solar cells made from thin semicrystalline silicon sheet material. 
Two types of defect structures have been investigated. The first 
is an "open" grain structure, which leads to an ohmic solar cell 
shunt by Allowing either diffusion or metal evaporation to proceed 
from the front to the back of the cell. A second type of str~cture 
also is highly shunted; however, in this case the cause is apparently 
a· high den!:: ::i. t y of r e co 1!1. bin at ion cent e r s a r is i ng · f rom de f e t t s a t 
t h e g r 'l in to o u n d a r i e s . G r a :L n b' o u n dar i e s in s em i c ry s t all in e s i 1 i c on 
generally have li.ttle or no effect on the electrical performance 
of tbe cell. 

A variety of experimental techniques were used to study the 
physical and electrical characteristics of semicrystalline samples. 
F~~st~ thE physical structure of the s~rface was investigated using 
both SEN and :)plical wethods. In or.der to emphasize the· crystal 
st1uct1tre of the surface. samples were prepared using ~ preferential 
chemical etch. Optical studies were also carried out on samples 
that were angle la?ped and stained using a copper solution to 
clearly delineate the diffused regions. Uigh quality single crystal 
and Pemicrystalline wafers were used as controls in all processing 
r:;topc:. 

Second, the electrical response of the comple.ted solar cells 
was investj.gated. After the illuminated cell response was measured, 
leakage tests were conducted as a functi6n of temperature under 
bath forward and reverse bias, revealing major differences in the 
analytical form and activation energy of the defect leakage mechanis~.s. 

The sp~ctral response of the cells was measured as a function 
of the ~av~length of the incident illumination. In order to 
cal~ulate the ·photogenerated current as a function of the number 
of photons hitting the device surface it was necessary to 
measure the reflectance of the cell surface. Again the results 
of the polycrystalline sam~les were ~omparcd with the results 
obta,:i.ner!: Irom the single crystal cc;n_trolf:. 

The ne[ result of these tests was a differentiation between 
the types of structural defects and resulting electrical performance. 
It is believed that this type of comprehensive investigation will 
lead tc " ~~tter undcrstDnding of defect structura of "devices 
made from s•!micrystall:Lne and polycryst~lline thin film sheet 
m a t e r J. ,1l .. 
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ETCHING OF CdS FILMS AND ITS EFFECT ON THE MORPHOLOGY OF 
THE Cu2S LAYER OF CdS THIN FILM SOLAR CELLS 

F. A. Shirland 
Westinghouse Research and Development Center 

Pittsburgh, PA 15235 

High output CdS thin film solar cells have generally been made using a 
strong HC£ etch of the CdS film prior to formation of the Cu2S layer. 
The etch has been used because appreciably higher cell outputs, by a 
factor of 2 or more, are obtained. However, there has been little 
understanding of the function of the HC£ pre-etch. Very little data 
have been reported on the effect of different etching parameters even 
though different laboratories have used different etching conditions. 

A study of the morphology of the Cu2 S layer of CdS thin film solar 
cells (1) showed that one of the results of the HC£ pre-etch is the 
formation of etch pits in the CdS film, and that·the Cu2S layer which 
is subsequently formed penetrates into CdS grain boundaries from the 
side walls of the etch pits as well as from the upper surface of the 
film. These penetrations appear to be ·beneficial to cell output. The 
purpose of the present study was to investigate the effect of etching 
parameters on variously processed CdS films to better understand how the 
pre-etch affects the topography of the upper CdS film surface and thence 
the morphology of the Cu2S layer. Preliminary results are presented on 
the effect of different etchant concentrations, temperatures and times 
on the formation of etch pits and on the texturing of variously 
processed CdS films. 

Vacuum evaporated CdS films are polycrystalline. Films that have been 
most successful for thin film solar cells have crystallite diameters of 
about 1 to several micrumelers. The crystallites are preferentially 
oriented with the +c axes growing approximately up from the substrate 
but with their a axes randomly oriented to each other. HC£ attacks 
these films more rapidly at grain boundaries and at regions of high 
strain. There are two principal effects: texturing of the upper film 
surface, and randomly scattered etch pits. The pyr.::tmiding of the 
grains appears to result from the anisotropic nature of the etch. It is 
beneficial for solar cells since films so textured are effective light 
traps - that is, the surface is antireflecting. 

The formation of.etch pits is somewhat more complex. Etch pits 
probably occnr .<~t rP.gi ons where there is severe strain built into the 
film, or where there is a concentration of dislocat:ions. The eteh pll.:s 
formed on representative films are large (from about 1 to several 
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micrometers across), and deep (from about 10 to about 20 micrometers). 
As noted, these etch pits appear to start between grains rather than 
within grains, and a whole grain or even several grains may be consumed 
in the formation of a pit. 

The number and distribution of etch pits for a given etching treatment 
varies widely for differently prepared CdS films. Systematic data have 
not been obtained on this aspect, but in general it has appeared that 
CdS films grown at more rapid deposition rates develop a higher density 
of these etch pits. Also, the topography of the substrate of the film 
appears to have a major effect on the density of the etch pits. It has 
been noted that the higher output cells made at the Westinghouse R&D 
Center, and earlier cells made at the Clevite Laboratory, are usually 
characterized by a high density of distributed etch pits. Lower output 
cells are usually characterized hy fewer etch pits or by etch pits that 
are bunched in scattered clusters. 

Texturing and etch pitting occur simultaneously. However, there are 
indications that weaker etching solutions may favor texturing over 
pitting while very strong etching solutions seem to cause pitting to 
occur more rapidly than texturing. 

A number of experiments have been carried out using weaker concentration 
etchants and lower temperature in order to slow the etching enough to 
observe more clearly how the reaction proceeds. As etching time in
creases the edges of the crystallites are attacked more and more until 
a blunt pyramid ~i~h an apex angle of about ~0° is formed at the top of 
each crystallite. With further etching, the edges continue to be 
attacked more rapidly than the apexes resulting in a sharper delineation 
of individual crystallites and an increase in upper surface area. The 
apex angle becomes more acute. Also, as the etching time is increased, 
the depth of penetration of the etch pits (at the surface), and the 
number of etch pits per unit area also increases, but not in proportion. 
Increasing the temperature of the etch speeds up the reaction, as wo~ld 
be expected. The increase in temperature does not appear to change the 
nature of the pyramiding nor of the etch pits. 

lt has long been recognized that the substrate of the CdS film, and the 
preparation of the substrate surface pri.or to film depnsi.t:i.on have a 
major effect on the output efficiency that can be obtained from cells 
made from the films. Featureless substrates, thos~ with a very fine 
surface texture, and those with variable surface features generally 
yield low output cells. Those substrates with a somewhat coarser, but 
uniform~ surface texture generaJly YiP.ld hi~her 0111 f1111 I'Pll~. This· 
seems to be at least partially correlatable with the deeree of pitting 
which occurs during the pre-barrier etch. It seems that the most 
successful substrates impart a degree of disorder to the grown CdS films 
which is conducive to deep etch pitting, and probably also to deep 
penetration of the Cu 2 S into grain boundaries. 

SEM photographs of variously etched CdS films are presented which led to 
the observations and preliminary conclusions discussed above. However, 
it is emphasized that a limited number of such observations have been 
possible to date, on CdS films deposited under a relativ~ly narrow range 
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of conditions. More extensive work.is needed to corroborate the 
preliminary conclusions and·to optimize CdS film etching. 
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EFFECT OF SUBSTRATE ORIENTATION ON THE PROPERTIES 
OF THE PbS-Si HETEROJUNCTION. 

H. Elabd, A. J. Steckl, and W. Vidinski 
Rensselaer Polytechnic Institute 

Troy, New York 12181 

ABSTRACT 

The PbS thin film deposited at room temperature from chemical solution 
on a monocrystalline Si substrate [1,2] should approximate most close
ly an abrupt junction between the two materials. Since no appreciable 
interdiffusion is thought to occur at room temperature, the interface 
between a PbS grain and the Si substrate should be atomically sharp. 
PbS-Si heter·ostructures were studied by electron rn.i.croscopy, X-ray dif
fraction and analxsis and Auger electron spectroscopy. Thin PbS films 
(t = 1000 - 6000 ~) were deposited on Si substrates with (100) and 
(lll) orientation. The as-grown PbS has been found to consist of a 
uniform polycrystalline film and chain-like clusters. The PbS grain 
size as estimated from the SEM experiments falls in a range of 1500 to 
4000 R, as shown in Table l. For (lll) Si and glass substrates, the 
grain size is in the 1800 - 2000 R rRnge. For (100) Si, the grain 
size is significantly larger, ~3500 A. The crystallite orientation 
was also found to be very strongly substrate dependent, as shown in 
Fig. l. For the PbS-Si (111) case, the crystallite preferred orienta
tions are along the [220] and [311] directions as evident from the 
dominant intensity of the d220 and d311 lines. On the other hand, for 
the PbS-Si (100) heterostructure, the dominant line is d2oo signifying 
a strong [100] orientation. PbS films grown on amorphous glass sub
strates exhibit a similar but much weaker [100] orientation. Films 
grown on unpolished Si (100) substrates exhibit no dominant line but 
l'atheL' L·esemble the PbS pm1dGr diffra'="t.i on pattern. The diffraction 
data for PbS films grown on different Si and glass substrates is pre
sented in Table 2. The experimental evidence therefore suggests that, 
in spite of the large lattice mismatch (~8.9%) and different crystal 
structures in Ll:te Pb3~8i heterostructure, there is A close crystallo
graphic relationship between the Pb and S atoms and the Si surface. 

Auger electron spectroscopy was utilized to detect the presence of 
foreign atoms at the PbS-Si interface. The Gpatial distribution of 
interface constituents was determined by repeating the AES scans at 
several locations at the film-substrate interface. No impurity peaks 
with the exception of a minor oxygen peak (~l at. %) were detected at 
the interface between PbS and either Si (100) or (111), indicating the 
absence ot any slgalfh:ant itisulo.ti vc barriers. A t.ypi cal cornposi tion 
depth profile of the PbS (100) Si heterostructure is shown on Fig. 2. 
The interface oxygen concentration in the PbS-Si (100) structure is 
roughly twice that present in the PhS-Si (lll) structure. It is pos
sible that the presence of foreign atoms, such as oxygen, at the 
heterojunction interface is the result of interaction with dangling 
bondo rather than Lmiform oxidation. 
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A physical three-dimensional model was constructed in order to study 
the relative orientation of PbS and Si crystallographic planes at the 
heterostructure interface. The type and density of dangling bonds at 
the interface was calculated for various substrate and film orienta
tions; Correlations and comparisons between the experimental X-ray 
diffraction data and the theoretical calculations based on the model 
are presented. 
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SuBSTRATE 

SI <100) 

i 
I SI (111) 

GLASS * 

Table 1. 

MEAN CRYSTALLITE DIMENSION SEf1 Esn MAT~ oF 
X-RAY DIFFRACTION SIZE (A) 

0 

(A) A :: .B 

3430 3400 - 3800 

1850 1500 - 2000 

2020 1400 - 2700 

Tabulation of Various Estimates of the · 
Average Grain Size in 4000 ~ PbS Films 
* Grain size of PbS-Glass reported here 

comparee clo3ely to that L'eJ:JOI'Le~ by 
G. W. Mahlman, Phys. Rev., 103, 6, 
(1956). -
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Fig. 1. X-Ray Diffraction Data 
of PbS Film [on Si 
(111) and (100)]. 
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X-RAY DIFFRACTION DATA OF PbS 

PbS POWDER SAMPLE 

dzoo 
dill 

d220 

ld~l d420 
I I - II' I I 

PbS-Si!llll 

dzzo d311 

I ,.,I, I 
PbS-Si 000) 

dzoo 

I I I 
50 100 

DIFFRACTION ANGLE, (28) 

r<IUO) I/ lo 1/10 
r·out.Hr.n PnS-S 1 0 lJ) l'nS - ffi.IIS~ -----

fi.7.5 21.05 5G.25 
1011 UNDETERMINED 100 
7.5 HlO 32 .. ttl 

ll. 5 97.89 J.8.75 
U5 ILIJ(j 

3.5 2fi.32 11,111) 

111NEII 7.BfJ 1.79 
36.8q 8,011 
7.89 2.G8 

13.1G 

-· 

Table 2. Tabulated Diffraction Data of PbS 
Film Grown on Different Substrates 
* Diffraction Da,ta of the A. S. T .M. 

Data File. 
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Fig. 2. Auger Electron Spectroscopy Composition 
vs Sputter 'l'ime (the interface width 
6wM and Oxygen Peak Width 6ox are esti-

mated using the etch rate of Si02 ). 
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MEASUREMENT TECHNIQUES IN THIN FILM POLYCRYSTALLINE 
MATERIALS AND DEVICES ('SOLAR CELLS) 

H. K. Charles, JL'. and R. J. King 

PRC Ene:r:gy Analysis Company 
7600 Old Springhouse Road 
McLean, Virginia 22102 

A. P. Ariotedjo 

Solar Energy Research Institute 
1536 Cole Boulevard 

Golden, Colorado 80401 

A discussion of the theory relevance and applicability of basic 

bulk material and single crystal semiconductor measurement techniques 
to thin fi+m polycrystalline materials and devices will be made. The 
measurement techniques to be emphasized inclnc'IP. resistivity (i.e., 
in-line four point, Van der Pauw and spreading resistance methods) 
and the Hall effect. Parametric expressions for resistivity and the 
Hall effect will be presented which include correction factors for 
film thickness, grain ·size, grain boundary conductivity and the in
fluenceot the subst:rate. The u~e uf ulher electronic me.:tcurement 
techniques in obtaining materials parameters necessary for the 
resistivity and the Hall effect expressions will also be reviewed. 
These measurements include: surface photovoltage, diode reverse re
covery·time, photo conductivity, capacitance-voltage methods, and 
thermo-electric conductivity. Materials characterization and analysis 
techniques such as scanning electron microscopy (SEM), secondary-ion 
mass spectrometry (SIMS), Auger electron ~lJeL:Lruscopy (AEC), .:tnd · 
X-ray crystallography will be presented in their dual role of providing 
necessary sample parameteL· Vdlue~· fu1.: Lhe del:'ivcd .:tn.:tlytioal expres
sion and also serving as an independent means of verification for 
some of the results determined by the basic electronic measurement 
techniques. The material characterization methods provide information 
on grain size, morphology, and many other parameters including: 
impurity con!-ent, film thickness, .doping profiles, and device junction 
deplh. 
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The technical literature will be surveyed to determine the most 
widely applied thin film resistivity and Hall effect analytical and 
experimental measurement. met.hods. Widely used measurement techniques 
for other relevant parameters (e.g. , minority carrier lifetime, di-ffu
sion length, etc.) will also.be identified, and an estimate of their 
efficacy in yielding results (i.e., parameter values) for thin films 
consistent with overall device performance will be made. To facilitate 
the dissemination and widespread utility of this information, key 
device parameters and their respective measurement methods will be 
identified and discussed using matrix methods. Measurement techniques 
producing the most effective- performance indicators will then be 
analyzed for needed improvements, greater measurement reproducibility, 
etc. 

Specia~ emphasis will be placed on the influence of grain size 
and grain size measurements on key device parameters and overall 
device performance. Curves for the resistivity and Hall effect co
efficient as a function of grain parameters will be developed. The 
problems associated with the extension of single crystal semiconductor 
measurement theory to polycrystalline thin films will be reviewed. 
Consideration "'-'ill be given to new (or little used) techniques which 
offer promise in thin films for estimating the relevant 6r poten
tially useful parameters. The aspects and importance of test device 
fabrication ~ethods (e.g., junction delineation, sample sectioning, 
selective etching, capacitive and ohmic contact application) t.o the 
measurement results will be discussed. Particular attention will be 
paid to ohmic contacts on polycrystalline thin films. 
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