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ABSTRACT 

Photovoltaic devices for direct solar to electrical energy conversion can 

potentially furnish large amounts of electrical energy if problems associated with 

fabrication and lifetime can be s01ved. In this proposal to the National Science 

Foundation, Sandia Laboratories is requesting funding for a three year program to 

1) study the material and process problems aSSOCiated with the production of high 

quality CdS-~S solar photovoltaic cells using Chemical Ion Plating and 2) develop 

techniques for the large sca1e production of such cells. The program is designed 

to combine an extensive developmental background in Ion P1atlng, expertise in 

materials and devioe characterization, and a broad base of ana1ytical facilities. 

The first year of the program will address the application of Chemical Ion Plating 

techniques to CdS and ~S and a characterization of films produced by the technique 

The first year's results will then be utilized in the second year of the program 

to study doping and property modification techniques. Depending on the above 

results, the third year of the program will be devoted to the fabrication and 

testing of devices. 

Throughout the proposed program, extensive use will be made of the wide range 

of analytical capabilities at Sandia Laboratories. It is further proposed that 

these facilities could be made available to other laboratories on a cooperative 

basis for the purpose of extending and standardizing the testing performed by 

the several researchers in this field. 
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A. PROPOSAL SUMMARY 

:R!.otovoltaic devices for "direct solar to electrical energy conversion are of 

great interest due to the availability of solar energy and the simplicity of direct 

conversion techniques. These devices can potentially furniSh large amounts of' 

electrical energy with minimal environmental d!lllll\ge and at low overall cost. 

Although the thin film CdS-Cu2S cell is one of' the more promising photovoltaic 

devices, it suff'ers f'rom several problems associated with cell f'abrication and 

lif'etime. The object of this research program is to address the material and 

process problems f'or f'abricating hi~~ ef'ficiency low degradation CdS-Cu2S solar 

cells with high yields using the technique of Chemical Ion Plating. Chemical Ion 

Plating is a technique which is derived from the more general process of Ion 

Plating, which is an atomistic deposition process in which the substrate 

is Bubjected to a high energy ion f'lux auff'icient to cause appreciable sputtering 

bef'ore and during film deposition. When the discharge that supplies the ions 

also contains volatile compounds of' constituents desired in the film, the process 

is called Chemical Ion Plating. 

In the proposed program, Chemical Ion Plating techniques for the deposition 

of' both CdS and ~S will be developed. These techniques have been applied to 

numerous materials for the purpose of' controlling morphology, stOichiometry, and 

other important properties. Initial experiments indicate that similar results 

can be expected with CdS and" CU2S. Tnese techniques could also be applied to 

other semiconductors. 

Using the results of' the deposition experiments, Chemical Ion Plating 

techniques will then be applied to doping of CdS and CU2S f'ilms during deposition. 

Both CdS and CU2S have been doped with a variety of dopants f'or the purpose of 

controlling and modif'ying f'ilm properties. Chemical Ion Plating techniques have 
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been used to dope othel' materials, and are, in principle, applicable to a much 

larger variety of dopants than other techniques. 

Finally, these techniques will be used to fabricate complete devices. Both 

front and back-illuminated devices will be fabricated using a variety of presently 

available materials as substrates and contacts. The cells will be tested under a 

variety of field and laboratory conditions. Throughout the program the tech

nologies developed will be examined for their applicability to large scale 

production of solar cell devices. 

At each step in the proposed program, extensive use will be made of the 

various analytical facilities available at Sandia Laboratories. These facilities 

are among the most extensive in the world. As a means of extending research and 

standardizing analytical techniques, it is proposed that these facilities also 

could be made available to other laboratories on a cooperative basis. Because 

of these existing facilities, this proposal contains no start-up or equipment 

capitalization costs. 

It is estimated that a three year (minimum) program will be required for 

the completion of the proposed program. First year funding is set up at 

$305,000 for a five man-year effort. The proposal contains a detailed accounting 

of the tasks to be accomplished, the personnel involved, and the estimated time 

schedule. In addition, decision points and choices available are enumerated. 

The relation of this work to related activity at Sandia Laboratories and at 

other laboratories is discussed briefly. 



B. RESEARCH OBJECTIVES 

Introduction 

There are numerous discussions of the utilization of photovoltaic devices in 

the literature. Some analysts estimate that significant amounts of the total 

electrical energy needs of the country will one day be generated by photovoltaic 

devices,l This prospect depends primarily on the economics of their production, 

installation, maintenance, and their lifetime. This outlook is true for both of 

the principle devices: S1 single crystal and thin film CdS-Cu2S solar cells. 

Direct gap semiconductors are theoretically preferable in photovoltaic 

devices because of the generally sharper optical absorption edge at the energy 

gap compared to indirect gap semiconductors. The resulting higher absorption 

allows the use of very thin films of material in the device. Heterojunction solar 

cells using direct gap semiconductors have an additional advantage over common 

homojunction cells in that optical adsorption can be controlled so that the 

absorption of incident radiation occurs within a narrow region adjacent to the 

junction. Polycrystalline materials can therefore be used in the cell fabrication 

since photo-carriers can still generate a current in spite of their short lifetime 

and low mobility. The use of thin film technology and small amounts of material 

per'unit power output give the possibility of low cost, high volume fabrication of 

solar cel18. 1,2,3 

Of the hetrojunction photovoltaic cells, the most widely considered is the 

CdS-~S cell. In this system the CdS i.s the n-type material with Eg = 2.4 eV 

and the CU2S is the p-type material with E • 1.2 eV. Several possible band 
g4 5 

diagrams for this cell have been suggested.' This thin film, cell has been under 

intensive development in England,6 France,7 and other European laboratories and is 

used in some of the French satellite systems. Work has also been done on this 
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system in several U.S. laboratories. 8,9 Generally, it is reported that cells 

of 4-6% efficiency can be prepared without great difficulty, though production 

yield can be a problem and there are several existing degradation mechanisms, 
10 

particularly in poorly fabricated and/or protected cells. 

Conventional front illuminated devices for terrestrial applications use a 

zinc-coated copper9 or metallized flexible polymerll such as FEP teflon, MYlar, 

or Kapton, for the substrate and back contact. The CdS layer may then be deposited 

by a variety of techniques such as vacuum deposition12 or chemical spraying.13 

A thickness of about 10 to 30~ is normally required for reasons related to cell 

14 degradation and yield, although thicknesses up to 50~ for evaporated devices 

and down to about 2~ for sprayed devices13 have been reported. A film resistivity 

in the neighborhood of 10 O-cm is desired. The C~S is then formed either by 

chemical spraying,13 an evaporation-annealing process,15 or ion eXChange16 to a 

thickness of a few tenths of a micrometer. A front electrode of gridded copper 

12 is deposited or glued onto the surface. Figure la shows the deSign of a 

typical front illuminated CdS-C~S cell. 

There have also been several recent suggestions into the possibility of 

fabricating new types of back-illuminated cells. Originally, these cells were 

felt to have inherent limitations due to the necessity of dry forming the diode. 1 

However, the use of an optically transparent electrically conductive coating such 

as SnOx ' InxS~_XOy' or C~Sn04 for the back contact deposited on glass or plasti c, 

and a somewhat thinner CdS layer have given back illuminated cells more promise. 

The C~S layer can then be protected more effectively by a continuous metal film, 

16 while high optical absorption is maintained near the junction. Figure lb shows 

the design of a back illuminated cell. 
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Statement of the Problem 

Many of the estimates of CdS-~S cell utilization are based on continued 

break-throughs in both fabrication techni~ues and cell lifetime. 

The research and development program proposed here is directed at controlling 

and reducing the effects of the degredation mechanisms and fabrication problems 

that have hindered the utilization of CdS-Cu2S solar cells. The principle 

degradation mechanisms operational in CdS-Cu2S cells have been identified. 

They are: 

1. Oxidation-reduction reactions in the CU2S layer, These reactions 

result in a change to sub-stoichiometric CU2S, and are the result of 

thermal- and photo-assisted OXidatlon14 ,17 or electrochemical 

reduction. 18 They are believed to cause a reduced optical absorption 

near the junction and "reduced short circuit current. 

2. Field enhanced diffusion of copper through the junction. 15 , 19 This 

is believed to result in an increase in the CdS resistivity near the 

junction. It also can produce copper structures in the junction and 

CdS layer, which cause decreased shunt resistance and eventually 

shorting of the cell. 

3. Thermally and optically stimulated reversible changes in the junction region 

. 11 20 
affecting the C~S stoich1ometry and the CdS. These may be reversed by 

special processing. 

9 21 4. Film inhomogeneities which give rise to hot spots' and enhance C~S 

decomposition and Cu diffusion. 

Several of these degradation mechanisms are enhanced by non-stoichiometric 

C~S and a low density CdS layer. A general problem of poor cell reproducibility 
11,18 

and poor production yield exists because of the lack of deposition control. 
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Possible remedies to these problems which have been suggested involve: 

1. 
14 22 

Operating the cell in a vacuum, an inert atmosphere, or hydrogen 

2 environment to reduce oxidation. 

2. Limiting the cell voltage to below the maximum power voltage and 

4. 

limiting the operating temperature to eliminate electrochemical 

decomposition and Cu diffUsion. l9 

Incorporating chemically active dopants, or "scavangers" into the CdS 

layer to reduce or eliminate the effect of diffusion of copper atoms. 7 

2 
Improving processes and process controls to obtain high density CdS 

layers, stoichiometric Cu2S, and greater film uniformity over large 

areas. 

Specific Program Objectives 

The object of this research program is to address the problems assoc.iated 

with the semiconductor materials and the processes for fabricating high quality 

low degradation CdS-Cu2S thin film solar cells with a goal of obtaining as high 

a yield and as low a cost as possible using Chemical Ion Plating. The capabilities 

and flexibility of this technique could provide a Significant part of the advance-

ment needed for the practical utilization of CdS-Cu2S photovoltaic cells. In 

particular, the following aspects will be studied: 

1. Control of CdS stOichiometry and film morphology USing Chemical Ion 

Plating techniques. 

2. Control of the electrical properties of CdS by doping during Chemical 

Ion Plating. 

3. Study of copper diffusion rates in Chemical Ion Plated CdS as a 

function of film morphology and density. 
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4. Study of the effect of chemically active dopants or "scavangers" 

5. 

introduced by Chemical Ion Plating, on the diffusion of copper 

through CdS films. 

Control of stoichiometry and structure of Cu S films using Chemical x 

Ion Plating techniques. 

6. Examine effects of non-stoichiometry and doping on phase composition 

and stability of Cu S. 
x 

The objectives of the first 12 months of this program will be to develop the 

Chemical Ion Plating technology applicable to cadmium sulfide and copper sulfide, 

determine the effect of the CIP deposition process on the electrical and 

morphological properties of CdS, and determine the effect of the CIP processing 

on the stoichiometry, phases and phase stability of CuxS, Longer term objectives 

will involve the fabrication of solar cells and optimizing film properties for 

this purpose. 
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C. RESEARCH PLAN 

This proposal encompasses work involving two important areas. First is the 

versatility and adaptability of Chemical Ion Plating as a materials deposition 

technique. This technique and its application have received extensive development 

at Sandia Laboratories. Second is the experience and analytical capabilities 

available at Sandia Laboratories which will be utilized in the study of materials 

properties and degradation mechanisms. 

Chemical Ion Plating (CIP) is a technique derived from conventional Ion 

Plating,23 in which a developing film is subjected to ion bombardment sufficient to 

cause appreciable sputtering of deposited material before and during deposition. 

When any gas phase constituent or new component desired in the film is added to the 

discharge, the technique is called Chemical Ion Plating. The sputtering is controlled 

by the discharge parameters (principally gas composition and pressure, and discharge 

voltage) and the substrate bias. The source may be any method for injecting 

material into the discharge region, but is usually either a conventional physical 

vapor source Or a sputtering cathode. 

The effects of ion bombardment during deposition (Ion Plating) on the structure, 

morphology, and electrical properties of films have been studied extensively in 

this laboratory. It has been found in experiments at Sandia Laboratories that ion 

bombardment during deposition can increase the density of the deposited material, 

disrupt the columnar morphology usually associated with thick deposited films, and 

modify the crystal structure and orientation of the deposited film.24 Ion bombard

ment can also drastically modify both the stresses imposed during deposition25 and 

the stoichiometry26 of certain kinds of films. Chemical Ion Plating techniques have 

recently been applied to the deposition of CdS, with comparable results.27 (Refer 

to attachments 1-4.) 
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Areas of Required Research 

Task 1. Properties of CIP CdS 

The development of CIP, a deposition system, involves the design of components 

for the various B,1stem functions, such as substrate table and holder, discharge 

electrodes, shielding, etc. There have been several studies performed at Sandia 

Laboratories setting forth the requirements for such a system. 28 ,29,30 Although 

deposition system design studies often have been overlooked in deposition experi-

ments, it has been shown that proper design is a very important aspect of achieving 

quality, reproducible results. In general, a very clean system with high through-

put is required to prevent excessive contamination of the depositing film. In 

addition, the geometry and spacing of the source, substrate, and other electrodes 

must be carefully chosen since they determine the discharge properties, film 

uniformity, and other important parameters. Many of these factors have been 

implemented in the existing system, and others are being added as required. 

The capabilities of such systems are also enhanced by the ability to control 

substrate temperatures and to use either de or rf discharges and biases. The use 

of rf is particularly valuable when insulating or poorly conducting films or 

substrates are required. 

The first of two studies to be completed in the initial 12 month contract 

period is a stuQy of the properties of CIP CdS. There have been numerous studies of 

the physical properties of CdS.31-36 CdS is an n-type semiconductor; the source 

of the carriers being related to a Bub-stoichiometric S:Cd ratio. This sulfur 

deficiency is believed to result in numerous traps and defect complexes in 

the material. 37 

CdS has been deposited by evaporation, sputtering, and chemical spraying. 

Evaporation is generally used for depositing photovoltaic devices due to its 
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generally higher deposition rates and the low resistivities achieved. The low 

resistivity is one result of the sub-stoichiometric composition, and is often 

difficult to control. In general, the CdS is deposited at rates sufficient to 

give the desired resistivity.38,39,40 Several schemes have been designed to 

control the composition by using modified sources and dual source systems .15,38,40,41 

However, some of the complexes that control the resistivity are also believed 

responsible for electrical and optical degradation effects.20 ,34,37,42 Chemical 

Ion Plating has been used to control stoichiometry in several systems,26,27 

including CdS. 

Experiments with sputtering of CdS have reduced sulfur deficiencies by adding 

H2S to the discharge gas.43 Sputtering is preferred for photoconductive, 

acoustoelectric, and several other devices due to the degree of perfection and 

control of stoichiometry it permits. However, the sputtering of CdS is a 

relatively slow process. Chemical Ion Plating can be done at much higher rates 

since the source is not limited to being a sputtering cathode. 

Some studies have been performed on chemically sprayed CdS.35,44,45 Sprayed 

films have also been fabricated into photovoltaic devices, 13 however, the physical 

properties of these types of films are not well known. 

One of the objectives of this proposal is to obtain relatively high 

resistivity (stoichiometric), high density CdS at high rates using Chemical Ion 

Plating. To obtain stoichiometric CdS by vacuum evaporation techniques requires 

the use of very low deposition rates. 34 The eIP process should result in more 

reproducible films with greater stability and density. Once these objectives 

have been established, the films would be doped to the desired levels during 

deposition. Initial results have been obtained using the ClF technique where CdS 

is evaporated through a gas discharge containing H2S, onto a voltage biased 

substrate which is being subjected to ion bombardment. The bombardment is 
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controlled by the substrate bias and discharge parameters. It was found that high 

quality CdS film can be deposited at much higher rates than is possible using 

standard vacuum deposition techniques. 27 Measurements have indicated a tendency 

towards higher resistivity in films deposited with large negative biases. The 

CIP technique avoids many of the stoichiometry problems encountered when trying 

to vacuum deposit CdS at high rates. It also should allow more reproducible and 

controllable processing. The effects of ion bombardment have been studied by 

reflection electron diffraction and were found to include modifications of the 

c-axis fiber axis dispersion through the film. Much more extensive crystallo-

graphic and morphological examinations (using reflection high energy electron 

diffraction, x-ray analysis, scanning electron microscopy, and other techniques) 

and electrical analysis (using resistivity, Hall coefficient, Seebeck coefficient, 

and other measurements) are needed to properly characterize the deposits. 

Task 2. Properties of eIP C~S 

Another objective of this task is to develop techniques similar to those 

described in the previous section for a depositicn system for eIP eu S. This 
~~~~~~~~~~~~x-

system will then be used to study and control the phase composition and properties 

of eIP eu S. The copper-sulfur system has been studied very extensively. Although x 
there are disagreements regarding the details of the phase diagram,46,47 most 

researchers report that in the neighborhood of C~S there are several phases present 

within relatively narrow composition and temperature ranges. The phase diagram is 

summarized in Fig. 2. Most of the reported studies have been on samples that have 

been evaporated, diffused, or cooled from high-temperature-mixture melts. However, 

some studies have been on cuxS formed by ion exchange with CdS in a CuCl solution, 

or dry chemically formed from Cu or CuCl layers vacuum deposited onto CdS and 

subsequently a.nnealed. These la.tter processes often form ternary Cu-S-Cd systems, 
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which may account for some of the disagreements on the phase diagram. The 

morphology of Cu S layers has not been studied extensively, and only a few stud~s 
x 

are extant. 

Although the physical, electrical, and optical properties of the Cu-S system 

have been studied,46-51 relatively little is known about their control in thin 

films of C~Sand the relationship between the above properties and film morphology. 

It is generally believed that C~S (or chalcocite) gives the optimum cell performance 

by maximizing the short circuit current.7 There are numerous studies on the effects 

of various ion exchange fabrication parameters on cell performance.12 ,42 In many 

cells, three or more phases are present within the CuxS layer. 52 However, since 

the cell itself is not well characterized, and the effects of composition profiles 

and junction morphologies are not known, much of the work has only empirical 

significance. 

The objectives of this task are to control the morphology of Cu2S through the 

use of the CIP technique and control of the stoichiometry by adding copper to the 

discharge gas of the system in a manner similar to that of chemical vapor deposition 

(CVD). Several volatilizable copper bearing compounds are known53 and could be 

used. The same techniques outlined in the previous section will be used to 

characterize the C~S films. 

Task 3. Doping of CIP CdS 

There have been many studies on doping of CdS for the purpose of both 

controlling carrier density and type. Experiments to control the carrier type 

have been inconclusive. 54 ,55,56,57 A variety of dopants have been incorporated in 

CdS by co_evaporation,58,6l ion-implantation,55,57 diffusion,37,38,42,60,6l,63-66 

and gas phase introduction into a sputtering discharge. 56 The dopants have been 

used primarily to modify the conductivity, althoughtheyhave also been used for 
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defect and recrystallization studies. Table I gives a summary of CdS doping 

information. Since the densified, low defect CdS as produced in Task I is 

intended to have high resistivity, the first phase of this task concerns the 

introduction of electrically active dopants for the control resistivity by 

the use of CIP techniques. It is expected that the electrical properties 

of the resulting films will be more controllable. 

The second phase of this task is the introduction ofchemicall.y active dopants 

to control the effects of electrochemical migration of copper into the CdS. It 

is indicated in the literature that certain dopants will interact with copper in 

CdS to partially inhibit the effects of diffUsion of copper normally associated 

with degradation. 7 other impurities concentrated near the interface are believed 

to act like a diffUsion barrier. CIP techniques offer a unique capability to 

control these effects. The effect of additions of certain dopants on the morphology 

and structure of the CIP CdS also will have to be studied. 

Task 4. Doping of CIP cu2S 

There are very few experiments on the doping of cu2S. Most of them involve 

residual Cd, Cl, or other impurities incorporated in the C~S during the formation 

(e1 ther ion exchange or dry chemical) of diodes. Another group of dopants in C~S 

is gas (such as H2' 02' H2O or other environmental gases) diffusing in from the 

surface of diodes. These have all been empirical studies relating impurity levels 

to diode terminal properties. The purpose of this task is to study the effects of 

intentional doping of CIP CueS layers. It is known that in certain metallurgical 

systems "dopants~f have been added for the purpose of stabilizing phases. This has 

been used in the stabilization of certain phases of the Cu-S system. 46 

It may also be possible to dope the Cu2S to relieve lattice mismatch strains. The 

versatility of CIP offers an opportunity to stu(]y many dopants not otherwise 

available. If such a dopant could be found for chalcocite (C~S), the diffusion 
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TABLE I 

Impurit;y ~ Method Ref. 

Li Ace. Coevaporation 58 

Al Diffusion 59 

P Ace. Addition to Sputter Gas 56,58 
Implantation 55 

Cl Don. Diffusion 38,42,60,63 

Cu Ace. Diffusion 38,42,59,60,61,63 
Grown with Crys. 54,62 

Zn Diffusion 59 

Ga Don. Diffusion 60 
Grown with C rys • 62 

Ag Ace. Diffusion 38,59,60 
Coevaporation 61 

In Don. Grown with Crys. 59,62 
Diffusion 60 

Pd Diffusion 59 

Bi Ace. Implantation 57,59 

TIll Diffus:io n 64 

Yb Diffusion 65 
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of Cu might be controlled in such a way as to inhibit the diffusion of copper 

beyond the normal chalcocite phase transition point. 

Task 5. Fabrication of CdS-C~S Solar Cells 

Numerous papers have discussed designs for CdS-Cu2S photovoltaic 

cells.7,12,15,17,66,67 Front illuminated cells (Fig. la) have received the most 

attention. Recently, however, considerable interest has developed in back 

illuminated cells due to the potentially higher efficiency and simplified 

encapsulation of this design. While the devices are all similar, the details 

of their construction depend on the fabrication techniques used and the properties 

desired in the device. For example, some researchers have suggested evaporating 

451Jl1l of CdS rather than the conventional 20lJlll in order to increase long term 

stability,14 while cells fabricated by chemical spraying have used 21Jl1l CdS films 

due to higher density.13 Space applications have generally specified transparent or 

partially transparent coated plastic substrates for flexibility, low weight, and 

optical transparency, while terrestrial applications usually specify more rigid 

substrates for mechanical stability. Where weight is not a concern, glass or metal 

foils have been used as substrates. A variety of such materials exists for 

construction of both front and back illuminated devices. Initial work proposed 

here will center on glass, although other materials may be considered for 

specialized applications. 

It is not our intent in this proposal to investigate electrical contacts in 

detail. However, some effort will be made to survey details of work on contact 

materials and te~hniques in order to select materials appropriate to our 

fabrication and testing requirements. Some possibilities for back illuminated 

diodes requiring a transparent electrically conducting back surface electrode 

include SnO , In sn2 0 and C'iL fW) have been used. Opaque back contacts of x x -x Y -,,---4 
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zinc-coated copper, zinc-coated silver-loaded varnishes, and gold-chromium 

metallizations are possibilities for front illuminated diodes. 

The selected contact scheme will be integrated into a research and develop

ment program for the fabrication of CdS-Cu~S photovoltaic cells using the results 

of earlier experiments on CdS and CUxS' The final task will be the testing and 

evaluation of cells, including accelerated life tests, stress testing, standard 

spectral response, and electrical load experiments. 

Additional Comments 

The second area covered by this proposal is the utilization of the extensive 

analytical capabilities at Sandia Laboratories in the evaluation and characteri

zation of solar cell materials and devices. These analytical capabilities are 

among the most extensive in the world and have been assembled as a result of 

work in related areas. The applicable capabilities are summarized below. 

1. Physical and Chemical Characterization Facilities 

The Chemistry and Materials Characterization Department has the function 

of supporting the overall research and development effort at Sandia Laboratories. 

A complete list of capabilities is shown in Table 2. The capabilities and 

facilities which are most applicable to this proposal are described below. Each 

instrument or area of characterizations is directed by a Member of the Technical 

Staff (MTS) who has considerable experience in the particular field. Some of the 

publications of related work on this equipment are listed in section H. 

a. Scanning electron microscopy (SEM) - useful for distinguishing the 

general grain growth pattern, grain sizes, and surface roughness 

of the films. 

b. Quantiment - a computer-controlled automated, microscopic determination 

of grain shape and size distributions. 
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c. Transmission Electron Microscopy (TEM)- would facilitate investi

gations of grain size (using preferential etching), film porosity, 

and the general surface morphology. 

d. X-ray and Electron Diffraction Analysis - these measurements will 

establish the crystallographic orientations of the grains. 

e. Optical Measurements, Ellipsometry, etc. - these techniques yield 

the real and imaginary parts of the dielectric constants of 

transparent films. 

f. Trace Chemical Analysis of the Films - this will be necessary to 

verify doping levels and to search for any impurities introduced 

during processing. Techniques available include: 

1. Quantitative lvet Chemical Analysis 

2. Neutron Acti vation Analysis 

3. Atomic Absorption Spectrometry 

g. Compositional analysis near the interfaces between films. As a 

check on the extent of diffusion and compound formation at 

interfaces the following analysis methods should prove extremely 

useful: 

1. Auger analysis, combined with ion sputter etching 

2. Ion backscattering spectroscopy 

3. Electron microprobe 

4. Rutherford backscattering 

All of these techniques are capable of giving accurate composition· 

depth profiles under certain conditions. 



TABlE 2 

SANDIA LABORATORIES 
PHYSICAL AND CHEMICAL 
ANALYTICAL TECHNIQUES 

Solution Methods: 

Gravimetry 
Titrimetry 
Coulometry 
Ion-selective Electrodes 
Polarography 
Adsorption Spectrophotometry 
Atomic Absorption Spectrometry 

Direct Analytical Methods: 

Infrared Spectroscopy 
Gas Chromatography 
Neutron Activation Analysis 
Vacuum Fusion - Mass Spectrometry 
X-ray Fluorescence 
SEM-Energy Dispersive 
Electron Microprobe 
Ion Scattering Spectrometry 
Ion Backscattering Spectroscopy 
Secondary Ion Mass Spectrometry 
Appearance Potential Spectroscopy 
Auger Electron Spectroscopy 
Emission Spectroscopy 
X-ray Diffraction 
Nuclear Reaction Spectroscopy 
Ion Induced X-ray Spectroscopy 

Structure/Morphology Analytical Methods: 

X-ray Diffraction 
Powder 
Laue 
Lang 
Pole Figure 

Scanning Electron Microscopy 
Optical Microscopy 
Transmission Electron Diffraction 
Quantimet (Quantitative Metallography) 

Spatial Distribution Methods: 

Ion Scattering Spectroscopy 
Secondary Ion Mass Spectroscopy 
Sputter-Auger Electron Spectroscopy 
Electron Microprobe 
Transmission Electron Microscopy 
Ion Backscattering Spectroscopy 
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2. Electrical Characterization Facilities 

Extensive capabilities exist for the characteristic electrical measure-

menta associated with a solar cell evaluation program. These include: 

24 

1. Electrical Resistivity - Several 4 probe resistivity set ups are 

available for this program. The first, basically a research facility, 

is capable of measuring 4 probe resistivities from - 10+2 to 10+12 O-cm 

from 1.1 K to 400 K. The other two set ups are designed to characterize 

materials with somewhat lower resistivities; one of these is a "portable," 

spring loaded, 4 pin apparatus designed for quick, room temperature 

characterization as well as material inhomogeniety checks. The other 

is capable of measurements of samples in vacuum or inert gas up to 

1100·C. All these facilities utilize the latest state of the art 

FET input, digital, electrometers for current and voltage measurements, 

and in some cases the data is stored and analyzed with a PDP 8 "on-line" 

computer. 

2. Mobility - Two Hall mobility setups are available for use in this 

program for determinations of carrier number and mobility. The first 

is a room temperature "characterization" facility interfaced with a 

PDP 8 computer. The second is a research facility operable 

range 1.1 to 400 K with an extremely high sensitivity (~ x 

over the 
2 

10 -3 cm ). 
v-sec 

This later apparatus can be extended to higher temperature operation 

(up to 400·c) with some minor modifications. 

3. Seebeck Coefficient - Also useful as an analysis method are meaSure-

ments of the Seebeck coefficient. These permit determination of 

the carrier number and scattering mechanisms. Several types of 

equipment are available. The first apparatus is designed for 



fast, low noise, measurements on bulk samples whose impedance can be 

as high as lOll 0; this equipment is also usable for thin film 

measurements with a few modifications. Other apparatus includes a 

quick, room temperature, portable, Seebeck probe and an ion pumped 

facility capable of Seebeck measurements from 76 K to - 1400 K. 

This latter apparatus is also interfaced with a PDP 8 computer for 

rapid data acquisition and analysis. 

4. Minority Carrier Lifetime - Several standard methods will be cross

correlated and the lifetime at various illumination intensities 

will be ascertained. 

5. Current-Voltage and Capacitance-Voltage Measurements - In order to 

probe the nature of electrode-film interfaces, grain boundary barrier 

regions, and the cell p-n junction itself, current-voltage and 

capacitance-voltage plots are invaluable. Equipment for performing 

these experiments includes an automated I-V spectrometer capable of 

taking accurate I-V plots as well as dI!dV versus V and d2I!dV2 versus 

V. All the data from this apparatus is capable of being "on-line" 

computer processed and analyzed. Capacitance-voltage data will be 

obtained using either a General Radio 1615 capacitance bridge with 

a P.A.R. dual phase lock-in amplifier, or a newly acquired, automatic, 

digital, Boonton C-V bridge. 

6. Measurements of Cell Efficiency - Measurements of cell efficiency as 

a function of illumination and temperature will be implemented using 

both indoor Xenon lamps and actual sunlight conditions. Equipment 

for this phase of the program includes FET input-electrometers for 

current end voltage measurements--these being interfaced with the PDP 8 

computer. 
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D • MANAGEMENT PLAN 

The tasks to be performed in this CdS/Cu2S heterojunction solar cell program 

are presented below. A milestone schedule indicating important decision points is 

also presented in Figure 3 . 

Program Management 

George Samara, Manager of the Physics of Solids Research Department, is to be 

the program manager. The program manager will be responsible for program direction, 

coordination and control of costs and schedules. Status reports, topical reports 

and the documentation will be proposed or controlled by the program manager. A 

block diagram of the program organization is presented in Figure 4 . 

Donald M. Mattox, Supervisor of the Surface Metallurgy Division, is to be the 

principal investigator. This division has had extensive involvement with thin film 

physics and .technology. Other organizations which will have extensive involvement 

are the Electrical Transport Division (involved with transport phenomena), Solid 

State Electronics Division (involved with device development and analysis), Ion

Solid Interactions Division (extensively involved with Rutherford backscattering 

experiments), and the Materials Analysis Division (involved with scanning electron 

microscopy, transmission electron microscopy, electron and X-ray diffraction, 

microprobe, ion backscattering, and other techniques). The capabilities of the 

laboratory are summarized more extensively in Section C. The pyramidal organiza

tional structure at Sandia Laboratories is designed to encourage intergroup 

cooperative work on projects such as this. 

Task 1 - Properties of CIP CdS 

This task consists of the development of a system for the Chemical Ion Plating 

of CdS and the characterization of CIP films. The principle system variables to be 

studied are system geometries, evaporation rate effects, discharge voltage, and 
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Figure 3 

MILESTONE SCHEDULE 
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substrate bias and temperature. Fabrication and technology studies will be 

performed by R. S. Berg (Surface Metallurgy Division). The film properties that 

are most important are: 

1. Film morphology, including crystallite size distribution, fiber axis 

dispersion, and their uniformity. 

2. Film density. 

3. Electrical properties transverse and normal to the film, including 

resistivity, mobility, carrier lifetime, and carrier density. 

The morphology analysis will be carried out by the Materials Analysis Division 

using a variety of techniques. Studies on the diffusion of copper in CdS will be 

done by J. A. Borders (Ion Solid Interactions Division) using Rutherford back

scattering and by the Materials Analysis Division using ion scattering 

spectrometry. The electrical studies will be performed by R. D. Nasby (Electrical 

Transport Division). The task is designed to determine optimum parameters for film 

densification and the controllability and reproducibility of deposition conditions 

and electrical properties. 

Task 2 - Properties of CIP Cu2S 

This task consists of a developmental program parallel to Task 1 on C~S. The 

principle system parameters are the same. However, the most important film 

properties are somewhat different. They are: 

L Phase diagram (stoiChiometry and c.rystallography) and the development of 

a relatively simple laboratory test to determine composition. 

2. Morphology and uniformity. 

3. Electrical properties, including resistivity, mobility, lifetime, and 

carrier densities. 
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4. Stability and redox reactions resulting ~rom optical, thermal and chemical 

stimulus. 

5. Optical properties (emissivity and absorptivity). 

Work on parts I and 2 will be per~ormed cooperatively by R. S. Berg and the 

Solid State Electronics Division. Electrical property studies will be per~ormed 

by R. D. Nasby (Electrical Transport Division). Stability and optical properties 

measurements will be performed by the Materials Analysis Divisions and by R. K. 

~uinn (Solid State Materials Division). 

Task 3 - Doping o~ ClP CdS 

This task consists of the characterization o~ the electrical and chemical 

properties o~ CdS ~ilms produced by introducing dopants into the films by the CIP 

process. Since the CIP technique permits much more versatility in selection of 

dopants than other techniques, it is anticipated that a number of new dopants will 

be investigated. The dopants are intended to perform the following functions: 

(1) regulate the electrical properties (resistivity, mobility, lifetime, carrier 

density, etc.), and (2) control the effects of diffusion of copper in CdS. Studies 

will also be carried out to determine the effects, if any, of the dopants on the 

stability, density, morphology, etc., as studied in Task 1. These studies will be 

carried out by R. S. Berg and R. D. Nasby, together with a variety of analytical 

groups including the Materials Analysis Division, Ion-Solid Interactions Division, 

and others. 

Task 4 - Doping 0'1' ClP CU2S 

This task parallels Task 3, and consists of the characterization of the effects 

of dopants on the electrical and metallUrgical properties o~ C~S. The principle 

~nction o~dopants in CU2S are to control the resistivity and stabilize the phase 

36 



structure. In conjunction with this, it is important to determine the effects of 

doping on the other properties of C~S. This task will be done by the same 

personnel as Task 3. 

Task 5 - Fabrication of CdS/Cu2S Solar Cells 

This task consists of several Bubtasks, including surveys of previous work 

in contact materials and the fabrication and evaluation of cells produced using 

the materials techniques developed in Tasks 1-4. Both front and back contact 

cells will be considered. This will be coordinated by D. M. Mattox. Fabrication 

techniques will be under the direction of R. S. Berg. An extensive effort will 

be made to characterize the junction by a variety of techniques. These will 

include profiling studies, performed by J. A. Borders and the Materials Analysis 

Division, junction capacitance studies, performed by R. D. Nasby, and load

degradation studies, performed in cooperation with the Solar Energy Projects and 

Systems Divisions. 

Decision Points 

In the first 12 months of the study sufficient information should be generated 

on the effect of the CIP deposition technology on the properties of the CdS and 

C~S film to determine whether or not the approach has merit. If practical high 

density CdS films and stoichiometric C~S films can be produced, then the second 

phase of the program can be funded to tailor and optimize the properties for use 

in a solar cell configuration. 

Since the analytical and standard evaluation techniques developed for use with 

our program wculd be applicable to any CdS/C~S program, we propose to ms.ke our 

capabilities available to other investigators. This will entail developing a 

rapport with other investigators and a mutual appreciation of the problems of 

fabrication and analySis. 
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E. RELATED PROOBAMS AND ACTIVITIES WITHIN THE LABORATORIES 

The major activities at Sandia Laboratories involve the research, development, 

design and testing of the non-nuclear portion of nuclear weapons systems. A prime 

concern in this work is the reliability of components and systems. This require

ment has led to extensive high-technology development programs and to in-depth 

programs in solid state theory, electronic component testing, and degradation 

simulation. In particular, the Surface Metallurgy Division (D. M. Mattox, 

supervisor) has a long history in research and development in thin films; the 

Electronic Technology Department (C. M. Tapp, manager) has extensive experience 

in transferring thin film component technologies to production facilities; the 

Solid State ElectIOnic Division (D. G. Schueler, supervisor) in solid state 

components research and development; Electrical Transport Division CR. T. Johnson, 

supervisor) in electrical properties; and the Ion-Solid Interactions Division 

(S. T. Pi c raux , supervisor) in radiation damag~ in semiconductors and diffusion 

studies using Rutherford Backscattering analysis. A very extensive materials 

characterization department supports these efforts. 

Sandia Laboratories has a very active solar-thermal program concerned with 

collecting energy in the form of heat for utilization in heating, cooling, and 

electric power generation. Sandia proposed the "total energy concept" where 

collected thermal energy would be used for electrical power generation and the 

waste heat would be used for other community requirements. Current programs are 

in the development and utilization of parabolic focused and central "power tower" 

collectors. Groups involved in this work include the Solar Energy Projects Division 

(R. H. Braasch, supervisor), Solar Energy Systems Division (R. P. Stromberg, 

'supervisor), and the Plowshare Technology Division (A. C. Skinrood, supervisor). 

These groups are supported by the Materials and Process Directorate (L. M. Berry, 

director) • 
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Sandia also has an in-house photovo1taics program aimed at (1) ascertaining 

sources of degradation and improving overall cell efficiency of thin film cells, 

especially CdS/Cu2S, (2) a scheme for solar photovo1taic-so1ar thermal integration, 

and (3) solar cell modeling and parameters studies at room and elevated temperatures 

using the Sandia Device Simulation Computer Code. 

Section H lists some publications in work related to the proposed photo voltaic 

program. 
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F. RELATED PROGRAMS IN OTHER ORGANIZATIONS 

Mr. J. Jordan of Quantrol, Inc. has been actively pursuing the use of chemical 

spray techniques; however, Quantrol has relatively little analytical back-up in 

this effort. By doping the chemical spray, the properties of the CdS can be 

modified in what is claimed to be a controlled manner. The C~S layer can also 

be formed by spray techniques. conceptually, this approach is amenable to high 

volume production but may suffer fromthe problem of energy economics since the 

substrates must be maintained at a high temperature for an appreciable length of 

time. One aspect of our proposal is the initiation of a cooperative analytical 

program, in which Sandia's analytical capabilities would be avialable to other 

investigators. Some initial contacts with Mr. Jordan have been made. 

Vacuum deposition-ion exchange techniques are the most conventional approach 

to the fabrication of CdS-Cu2S cells~ Dr. K. Boer of the Uhiversity of Delaware 

is a principal U.S. investigator in this field. This approach is also used by 

the French in their production effort. Vacuum deposition processes are difficult 

to control, particularly the vacuum deposition of compounds. No yield or quality 

data on their cells has been published. Other organizations are studying the use 

of materials other than CdS and C~S in the heterojunction. It is proposed that the 

use of other materials can circumvent some of the degradation problems encountered 

in the CdS/C~S system. 

Most of the NSF /RANN grantees and those seeking grants seem to have a rather 

limited technological and analytical back-up. As part of this proposal we would 

like to consider ~he possibility of making our technological, analytical and 

testing facilities available to others working in this area. This would have the 

effect of providing them with facilities and capabilities which they do not now 

possess and in addition, a common testing and evaluation program could be developed 
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to allow meaningful comparison to be made between devices fabricated by the various 

techniques from various investigations. 

Since our proposed fabrication technique is unique among CdS-C~S investiga

tions, there can be no direct comparison made with the programs. From the 

standpoint of Thin FUm Technology, it is expected that this fabrication technique 

will be less process sensitive than are the vacuum deposition techniques. 
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G. UTILIZATION 

The use of large area CdS/Cu2S photovoltaic arrays for electrical power 

generation is a concept which has been widely discussed in the literature. The 

feasibility of this concept depends on the economics associated witb production, 

installation, maintenance, and cell lifetime. The technology needed for high 

volume fabrication of large area thin film systems is well deve10ped* and the 

thin film industry needs data on the economic aspects of this program in order 

to make decisions on whether or not to become involved. 

The object of this program is to systematically develop the technology needed 

to fabricate CdS/C~S thin film photovo1taic devices which may be made reproducible, 

with. high yield, high efficiency and with long usable lifetime. By understanding 

and controlling the individual steps in fabrication it is expected that the 

information necessary for technology transfer will be generated and the data 

necessary for economic evaluation will be provided to the thin film industry 

through publication and presentation of results. 

Sandia Laboratories will be available for active participation in the technology 

transfer to organizations interested in scaling up the process to high-volume 

production. Such technology transfer to production agencies has been an important 

function in Sandia's activity for the past 25 years. 

*For example, LOF has been producing 8 x 106 ft.2 per year of decorative glass 
(10' x 12') using 2-1ayer thin film coatings. 
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H. PERSONNEL AND BIBLIOGRAPHIeS 

Sandia Laboratories' experience in program management associated with the 

research, design, and development of nuclear ordnance provides the basis for the 

approach used in this proposal. The key personnel involved in major parts of the 

program have been identified, and their resumes follow. In addition, several 

other organizations will be involved with specific aspects of the program. Rather 

than identify all of the numerous personnel that might contribute, bibliographies 

have been prepared which show the breadth and depth of the capabilities at Sandia 

Laboratories in several key areas. These bibliographies are not intended to be 

complete, but are only illustrative of the capabilities at Sandia 
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NAME: George A. Samara, Program Manager 

Education 

B.S. - Chemical Engineering, University of Oklahoma, 1958 

PhD - Chemical Engineering/PhySics, University of Illinois, 1962 

Employment BaCkground 

Sandia Laboratories: 1962-1963, staff Member, Applied Physics Research 
Department 

U.S. Army Electronics Laboratories,: 1963-1965, Project Officer, Institute 
for Exploratory Research (Solid State) 

Sandia Laboratories: 1965-1967, Staff Member, Physical Research Department; 
1967-1971, Supervisor, Solid State Research Division; 
1971-Present, Manager, Physics of Solids Research 
Department 

HQnors 

- Winner 1974 Ipatieff Prize, American Chemical Society 

- Chairman 1974 Gordon Conference - Research at High Pressure 

- Army Commendation Medal (1965) for outstanding service (Research) 

- University of Illinois Fellow 1958-1959 

- University of Oklahoma Honors Graduate 

Research Interests 
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- Electronic Structure: Electrical Transport and Insulator and Semiconductor 
to-Metal Transitions 

- Dielectric and Ferroelectric Properties 

- Ferromagnetic Properties 

- High Pressure Phenomena 



Publications 

Over 60 publications in the technical literature plus a number of Sandia 
Reports. The following is a partial list. 

"Temperature and Pressure Dependence of the Dielectric Properties of Ionic 
Crystals and the Properties of Soft Mode Ferroelectrics," in the volume 
"Materials Under Pressure" of the Honda Memorial Series on Materials Science 
(to be published 1974). 

"Pressure and Temperature Dependences of the Dielectric and Ultrasonic 
Properties of Polychlorotrifluoroethylene (PCTFE)," with I. J. Fritz, 
J. Polymer Sci. Letters, Accepted (1974). 

"Solar Energy: Sandia's Photovoltaic Research Program," with D. G. Schueler, 
Sandia Report SLA-74-0281, May 1974. 

"Solar Energy: Photovoltaic Conversion for Terrestrial Applications," Sandia 
Report SLA-74-0280, August 1973. 

"Pressure and Temperature Dependences of the Dielectric Properties and Raman 
Spectra of Rb1l2P04' rt with P. S. Peercy, Phys. Rev. B§., 2033 (1973). 

"Anharmonic Effects in KTa0"l! Ferroelectric Mode, Thermal Expansion and 
Compressibility," with B. MOrosin, Phys. Rev. B£, 1256 (1973). 

'Terromagnetic Materials, Dynamic High Pressure Applications, Dielectric and 
Ferroelectric Materials and Applications, and High PresSure Sintering," Four 
Chapters in a Report of the National Academy of Sciences/Materials Advisory 
Board Committee on High Pressure Technology (NMAB Report-303, January 1973) . 

"The Gruneisen Parameter of the Soft Ferroelectric Mode in the Cubic Perovski tea, " 
Ferroelectrics g, 177 (1971). 

'~ffects of Pressure on the Magnetization of Ferrites: Anomalies Due to Strain
Induced Anisotropy in Porous Samples," with R. C. Wayne and R. A. Lefever, 
J. Appl. Phys. 41, 633 (1970). 

"The Effects of Hydrostatic Pressure on Ferroelectric Properties, 11 Chap. 3, 
pp. 155-239, in Advances in Hi~ Pressure Research, Vol. III, R. S. Bradley, 
Ed., Academic Press (London) 1 9.-

"Effect of Pressure on the Metal-Non-Metal Transition and Conductivity of 
Fe304'" Phys. Rev. Letters 21, 795 (1968). 

"Temperature and Pressure Dependence of the Dielectric Constants of the 
Thallous Halides," Phys. Rev. 165, 959 (1968). 

"Insulator-to-Metal Transition at High Pressure," J. of Geophysical Research 
72, 671 (1967). 

"The Compressibility and Electrical Conductivity of' Cadmium Sulf'ide at High 
Pressures," with A. A. Giardini, Phys. Rev. 14c, A 388 (1965). 



Publications (Cont f d) 
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"Temperature Coefficient of Resistance of the High Pressure Phases of Si, Ge, 
and Some III-V and II-VI Compounds," with S. Minomura and H. G. Drickamer, 
J. Appl. Phys. 33, 3196 (1962). 

"The Effects of Pressure on the Electronic Structure and Conclucti vi ty of 
Insulators and Semiconductors," PhD Thesis, University of Illinois (1962). 

"Pressure Induced Phase Transitions in Some II-VI Compounds," with H. G. 
Drickamer, J. Phys. Chem. Solids 23,457 (1961). 



NAME: Donald M. Mattox, Principal Investigator 

Education 

B.S. - Eastern Kentucky State University (Physics) 1953 

Graduate work - Massachusetts Institute of Technology 
(Meteorology - USAF) 1953-54 

M.S. - University of Kentucky (Physics) 1960 

Employment Background 

1973-Present 

Supervisor, Sandia Laboratories, Surface Metallurgy Division--Supervised 
approximately 10 persons involved in: Thin film technology development 
(sputtering, vacuum evaporation, ion plating), fabrication of thin film 
photovoltaic materials by Chemical Ion Plating surface-to-surface con
tact studies (friction and electrical contacts), surface cleaning studies 
(sputter-cleaning, UV/03-cleaning and plasma cleaning), development of 
selective solar absorber coatings (electrodeposition, vacuum evaporated 
and gas evaporated), chemical vapor deposition (wear resistant coatings 
and superconductor materials), hydrogen diffusion in metals (surface 
properties, diffusion properties, thermal desorption studies). 

1969-73 

Supervisor, Sandia Laboratories, Surface Physics and Chemistry Division-
Supervised approximately 10 persons involved in: Thin film technology 
development (sputter-deposition, vacuum evaporation, ion plating), surface 
analysis research and development (Auger spectroscopy, appearance potential 
spectroscopy), organic adhesives (engineering data generation) effects of 
ion bombardment on film properties (gas incorporation, morphological changes), 
thin film metallization, physics of gas discharges as related to sputtering. 

Supervisor, Sandia Laboratories, Ceramics and Thin Films Division--Supervised 
approximately 10 persons involved in: Thermodynamics of surfaces, thin film 
deposition technology, electrical properties of rare earth hydrides, ceramic
to-metal seals, strength and fracture of ceramic materials, chemical vapor 
depOSition of ceramics (boron nitride), thin film metallization (composite 
film metallization, direct gold metallization of oxides). 

1961-66 

Staff Member, Sandia Laboratories--Involved in thin film technology develop
ment (invented ion plating process), adhesion of thin films, electrical 
properties of semiconductor materials. 
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1957-61 

Graduate research assistant and instructor--University of Kentucky 

1953-57 

Lieutenant USAF--Meteorologist 

Honors and Professional Activities: 

Sigma Xi - 1953 
American Vacuum Society 
American Pnysical Society 
Board Member--Thin Film Division of American Vacuum Society 1971-present 
Chairman Program Committee (Thin Film Division) 21st National Meeting, 

American Vacuum Society, Anaheim, California, October 1974 
Member Program Committee--22nd National Meeting, American Vacuum 

Society - to be held in Philadelphia, October 1975. 
Instructor--American Vacuum Society, Sputtering and Ion Plating 

Technology Short Course (presented at National Meetings) 1972-73 

Publications 

L.R 

"Deposition of Semiconductor Films with High Solar Absorptivity" to be 
published J. Vac. Sci. Technol. 

"Ion Plating - A Review and Update," Proceedings of 6th International 
Conference on Electron and Ion Beam Science and Technology," to be 
pUblished. 

"Recent Advances in Ion Plating" to be published in Jpn. J. Ap.:;:>l. Phys. 

"Effect of Ion Bombardment During Deposition on Thick Metal and Ceramic 
Deposits: J. Vac. Sci. Technol. 11, 671 (L974). 

"High Absorptivity Solar Absorbing Coatings" J. Vac. Sci. Technol. 11, 
793 (1974). 

"Surface Cleaning by Ultraviolet Radiation" J. Vac. Sci. Technol. 11, 
474 (1974). 

"The Role of Surface Cleanliness on the Properties of Films Deposited by 
Ion Plating Techniques" Proceedings of the 1973 International Conference 
on Sputtering and Its Applications (The rrench Vacuum Society, Volume des 
Comptes Rendus, ler Colloque International de Pulverisation Cathodique et 
ses Applications-C.I.P. 73, Montpellier, France, 2-5 Octobre, 1973), p. 359 
Societe Francaise du Vide, 19, rue du Renard 75004 Paris (F). 

"Incorporation and Behavior of Helium in Sputter-Deposited Films" Pro
ceedings of the 20th National Vacuum Symposium of the American Vacuum 
Society, J. Vac. Sci. Technol. 11, 52 (1974). 



"Thin Film Metallization of Oxides in Microelectronics," Thin Solid Films 
18, 173 (1973). 

"Deposition of Metal Films by Laser-Controlled CVD~ Proceedings of the 4th 
International Conference on Chemical Vapor Deposition, Edited b¥ G. G. 
Wakefield and J. M. Blocher, Jr. (Electrochemical Society, 1973), p.l96. 

"Sputter Deposition and Ion Plating Technology," AVS Thin Film Division 
Monograph (1973). 

"FUndamentals of Ion Plating~ Special Proceedings Issue of the 19th National 
Vacuum Symposium, American Vacuum Society, J. Vac. Sci. Technol. 12, 47 (1973) 

"Physical Properties of Thick Sputter-Deposited Glass Films~ J. Electrochem. 
Soc., 120, 1535 (1973). 

"Structure Modification by Ion Bombardment During Deposition;' J. Vae. Sci. 
Technol. ,2, 528 (1972). 

"Incorporation of Helium in Deposited Gold Films;' J. Vae. Sci. Technol. Q, 
194 (1971). 

"Composite Film Metallizing for Ceramics;' J. Electrochem. Soc. 117, #n, 
1461 (1970). -

And 38 other publications dealing with thin film research and development 
and surface science. 

Presentations 

"Clean Surface Technology;' (Invited) Gordon Research Conference on Adhesion, 
August 1974. 

"Recent Advances in Ion Plating;' (Invited), 6th International Vacuum Con
gress, Kyoto, Japan, Merch 1974. 

"The Role of Surfa.ce Cleanliness on the Properties of Films Deposited by 
Ion Plating Techn1ques';(Invited), 1973 International Conference on Sput-· 
tering and Its Applications, Sponsored by the French Vacuum Society, 
Montpellier, France, October 1973. 

"Thin Film Metallization of Oxides;' (Invited), 27th Annual Frequency Con
trol Symposium, Sponsored by the U.S, Army Electronics Command, Cherry 
Hill, New Jersey, June 1973. 

"Ion Plating - Concepts and Applications;' (Invited), NASA Technology 
Utilization Conference on Sputtering and Ion Plating, Cleveland, Ohio, 
March 1972. 

And many other presentations at professional society meetings, industrial 
and academic locations. 
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Patent Disclosures 
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"A Method for In-Situ Formation of' Dif'fusion Barriers During Vapor Deposi
tion of Non-Reactive Metals" (1974). 

"A Method of' Hydrogen Containment in Metals Through Surf'ace Adsorption of 
a Polar Molecule Barrier", October 1973. 

"A Method for Monitoring the Diffusion of Hydrogen into the Surf'ace of' 
Metals", September 1973. 

"A Storage Device f'or Removing from and Preventing Recontamination of' 
Metallic Surfaces by Oxidizable Contaminants", September 1973. 

"Stabilization of Tantalum Nitride Resistors", August 1973. 

"Atmospheric Pollution Detector", June 1973 

And others 



NAME: Raymond S. Berg 

Education 

B.S. - Electrical Engineering, Purdue University, 1964 

M.S. - Electrical Engineering, Purdue University, 1966 

PbD - Purdue University, 1972 

Employment Background 

1972-Present 

Member of the Technical Staff, Sandia Laboratories. 
techniques, control and modification of morphology; 
into materials; transmission electron microscopy. 

Involved with deposition 
incorporation of gases 

1967-71 

Graduate Instructor in Electrical Engineering, Purdue University. 

1960-64 

Industry-University Cooperative Student, Automatic Electric Laboratories, 
Northlake, Ill. 

Honors and Professional Activities 

NDEA.-IIT Fellow, 1964-67 
Tau Beta Pi Engineering Society 
Sigma Pi Sigma Physics Society 
Sigma Xi 
Institute of Electrical and Electronic Engineers 
Electron Microscopy S8ciety of America 
American Vacuum Society 
Education Committee of the American Vacuum Society 
Program Chairman, 11th Annual Symposium, New Mexico Chapter, American 

Vacuum Society 

Publications 

"Deposition of CdS by Evaporation Through a Gas Discharge"(w/R. D. Nasby), 
Proceedings of the 21st National Vacuum Symposium, J. Vac. Sci. Technol., 
to be published. 

"Incorporation and Behavior of Helium in Sputter-Deposited Films", (wiG. J. 
Kominiak and D. M. Mattox), Proceedings of 20th National Vacuum Symposium, 
J. Vac. Sci. Technol. 11, pp. 52-55 (1974). 
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"Deposition of Metal Films By Laser-Controlled CVD", (wiD. M. Mattox), 
Proceedings of the 4th International Conference on Chemical Vapor Deposi
tion, The Electrochemical Society, Princeton, N.J. (1973). 

"Deposition of Metal Films by Laser-Controlled CVD"(",/D. M. l..jattox), 
Extended Abstract, J. Electrochem. Soc. (August 1973). 

"Block Line Interactions in Coarsely Crystalline Permalloy Films'; Ph.D. 
Dissertation, Purdue University (1972). 

"A Survey of Non-Ohmic Phenomena in Materials'; Automatic Electric Labora
tories, Inc., Report PD-OIIO (1964). 

Presentations 
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"Deposition of CdS by Evaporation Through a Gas Discharge", (",/R. D. Nasby) 
21st National Vacuum Symposium, American Vacuum Society, Pasadena, California, 
October 8-11, 1974. 

"Block Line Interactions in Coarsely Crystalline Permalloy Films," (wi F. J. 
Friedlaender and L. F. Silva), International Magnetics Conference, Toronto, 
Canada, May 14-17, 1974. 

"Effect of Thin Film Geometry on Helium Incorporated Into Gold Films", 
(wiG. J. Kominiak and D. M. Mattox), Third Annual Symposium, Florida 
Chapter of the American Vacuum Society, St. Petersburg, Florida, 
February 6-7, 1973. 

"Incorporation and Behavior of Helium in Sputter-Deposited FiL'lls", (",/G. J. 
Kominiak and D. M. ~lattox), 20th National Vacuum Symposium, American 
Vacuum Society, New York, New Y:>rk, October 9-13, 1973. 

"Deposition of Metal Films by Laser-Controlled CVD", (w/D.M. Mattox), 4th 
International Conference on Chemical Vapor Deposition, Electrochemical 
Society, Boston, Massachusetts, October 7-12, 1973. 

"Incorporation and Behavior of Helium in Sputter Deposited FilmS", (w/G. J. 
Kominiak and D. M. Mattox), Conference on Surface Studies, Do;r Chemical 
Co., Golden, Colorado, September 5-7, 1973. 

"Evaluation of Magnetic Films by Lorentz Microscopy, H Midwest Section, 
American Vacuum Society, Argonne National Laboratory, Argonne, Illinois, 
May 21-22, 1970. 



NAME: Robert D. Nasby 

Education 

B.A. - Physics, Rice University, 1961 

M.S. - Physics, Solid State, Purdue University, 1963 

PhD. - Physics, Solid State, University of Texas, 1967 

Work History 

Sandia Laboratories: 1968-present, Staff Member. Research on transport 
properties of materials with specific areas of: 
electrical and thermal transport properties of SiGe 
thermoelectric alloys, precipitation of dopants in 
SiGe thermoelectric alloys, and the electrical 
properties of CdS films produced by Chemical Ion Plating. 

Texas Instruments Incorporated: Summer Employment, 1960,62,63, and 64. 
Studied effects of semiconductor processing 
steps on electrical properties of base silicon 
slices, reliability stUdies of a Mariner 
spacecraft electronic package, reliability 
production moniter for Ranger spacecraft 
electronic package, missile feasibility 
study. 

Honors 

- Texas Instruments Inc. Fellowship, University of Texas, 1964-1967 

- General Electric Foundation Scholarship, Purdue University, 1961-1962 

- Member Sigma Pi Sigma 

- Who's Who in the West 

Publications 

"Deposition of CdS by Evaporation Through Gas Discharge," with R. S. Berg, 
J. Vac. Sci. and Technol., to be published, Jan. 1975. 

"Application of the Lifshitz-Slyozov Theory to Precipitation of Phosphorus 
in Silicon-Germanium Thermoelectric Alloys," with E. L. Burgess, J. Appl. 
Phys. 45, 2375 (1974). 

"Characterization of the Thermoelectric Properties of Silicon-Germanium 
Alloys," with E. L. Burgess, Sandia Technical Review SIA-73-0651; The MC2730 
Radioisotopic Thermoelectric Generator: A Development Report, SIA-74-0046 
(1974) • 
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'~oom Temperature Electrical Properties and Dopant Precipitation for SiGe 
Thermoelectric Alloys," with E. L. Burgess, Proc. Seventh Intersociety Energy 
Conversion Engineering Conference (1972), p. 130. 

"Precipitation of Dopants in Silicon-Germanium Thermoelectric Alloys," with 
E. 1. Burgess, J. Appl. Phys. 43, 2908 (1972). 

"A Concept for a Chemically Powered Thermoelectric or Thermionic Power Supply," 
Sandia Laboratories Report SC-RR-70-640 (1971). 

"Hall Effect in Lithium-Ammonia Solutions," with J. C. Thompson, J. Chem. 
Phys. 53, 109 (1970); and in Metal Ammonia Solutions, ed. William L. Jolly, 
Benchmark Papers in Inorganic Chemistry Series (Dowden-Hutchinson, 1972). 

"On Measurement of the Hall Effect in Metal-Ammonia Solutions," willi J. C. 
Thompson, J. Chem. Phys. ~, 969 (1968). 

'~ Study of the Hall Effect in Metal-Ammonia Solutions in the Metal to Non
Metal Transition Region, fI PhD Dissertation, University of Texas (1967). 



NAME: Rod K. Quinn 

Education 

B.S. - Chemistry, Southern Methodist University, May 1961 

M.S. - Physical Chemistry, Southern Methodist University, August 1963 

PhD. - Inorganic Chemistry, University of Texas, June 1967 

Employment Background 

Sandia Laboratories: June 1967-present. Staff member in materials research 
division of solid state research department. Duties 
have included a variety of research problems in 
electrochemistry, solid state chemistry, and inorganic 
crystal synthesis. The instruments and techniques 
adapted to and used in these programs include 
stationary electrode voltammetry, ring-disk 
voltammetry, rotating ring-disk cyclic voltammetry, 
Faraday magnetic susceptibility, quadropole mass 
spectrometry, differential scanning calorimetry, 
thermogravimetry, differential thermal analysis, vapor 
transport-crystal growth, and UV-vis-near IR spectrometry 

Texas Instruments Incorporated: 
(Semiconductor Research and 
Development Laboratories) 

June 196o-August 1961. Engineer in charge of 
coordinating device development for a 1-3 amp 
power transistor, 2N2l50, with particular 
responsibility for materials and materials 
compatability problems. 

Texas Instruments Incorporated: 
(Semiconductor Research and 
Development Laboratories) 

Professional Activities and Honors 

Summers 1959, 60, 62 and 64. Various 
responsibilities in materials problems 
related to semiconductor devices. 

R. A. Welch Fellowship 1965, 1966, 1967 

Member, American Chemical Society 

Member, Honorary Society Phi Lambda Upsilon 

Member, Honorary Society Sigma Xi 

Member,' Electrochemical Society 

Publications 

"Electrochemistry at Thin Solid Films," with N. R. Armstrong and N. E. 
Vanderbough, J. Vac. Sci. Technol, in press. 
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"Rotating Ring Disk Electrode Studies of the Electrochemistry of Aromatic 
Carbonyl Compounds in the Solvent Sul:folane," with N. R. Armstrong and 
N. E. Vanderbough, J. Electrochem. Soc., in press. 

"NMR and Susceptibility Studies of pt-Rh Alloys," with H. T. Weaver, 
Phys. Rev., 10, 1816 (1974). 

"Compositional Dependence of Structural and Thermal Properties of As-Te 
Amorphous Alloys," Materials Res. Bull..2 (6),803 (1974). 

"Surface Nucleated Crystallization in Gel ~Te8oAs~ Semiconducting Galsses," 
with R. T. Johnson and C. J. Miglionico, Materials Res. Bull. 9 (5), 667 
(1974). -

'Vo1tammetry in Sulfolane I: The Electrochemical Behavior of Benzaldehyde 
and Substituted Benzaldehydes," with N. R. Armstrong and N. E. Vanderborgh, 
Analytical Chemistry, 46, 1759 (1974). 

''Electrical and Structural Properties of Annealed As -Te and As -Te-I 
Semiconducting Glasses: Surface and Bulk Effects," with R. T. Johnson and 
J. A. Borders, J. Non-Crystalline Solids, 15, 289 (1974). 

"NMR and Susceptibility Studies of Pt-Rh Alloys," with H. T. Weaver, Proceedings 
of the Nineteenth Annual Conference on Magnetism and Magnetic Materials, 1973, 
Boston, Mass., 297. 

"Spontaneous Generation of Acoustic Signals During Switching of Amorphous 
Semiconductors," with A. C. Beattie and R. T. Johnson, Jr., Proc. of the 
Fifth International Conference on Amorphous and Liquid Semiconductors, 1973, 
Garmisch-Partenkirchen (F.R. Germany), J. Stuke and W. Brenig, eds., Taylor 
and Francis CTD, London, pp. 881-887. 

"Electrical Transport and Structural Properties of Bulk AS-Te-I, AS-Te-Ge, 
and As-Te Chalcogenide Glasses," with C. H. Seager and D. Emin, Phys. Rev. 
BQ, 4746 (1973). 

"Nuclear Resonance and Magnetic Susceptibility Study of Platinum - Group IV A 
Compounds," with H. T. Weaver, R. J. Baughman, and R. C. Knauer, J. Chem. 
Phys., 59,4961 (1973). 

"Magnetic and Structural Properties of Manganese Pyridine Linear Chain Salts," 
with P. M. Richards and B. Morosin, J. Chem. Phys., 59, 4474 (1974). 

"Thermally-Induced Structural and Electrical Effects in Ge-Te-Based Amorphous 
Alloys," with R. T. Johnson, Jr., J. Non-Crystalline SOlids, 12, 213 (1973). 

"Preparation, Single Crystal Growth, and Characterization of ptSi and PtGe," 
with R. J. Baughman, Mater. Res. Bull. 1,1035 (1972). 

"Low Temperature Faraday Susceptibility Apparatus," with R. C. Knauer, Rev. 
Sci. Instrum. 43, 1543 (1972). 

"Thermally Induced Surface and Bulk Electrical Effects in Semiconducting 
Glasses," with R. T. Johnson, Jr., J. Appl. Phys. 43, 3875 (1972). 



"Nuclear Resonance and Susceptibility Studies on ptSi," with H. T. Weaver, 
R. C. Knauer, and R. J. Baughman, Solid State Communications 11,453 (1972). 

"Small Polaron Hopping Motion in Some Chalcogenide Glasses," with D. Emin 
and C. H. Seager, Pbys. Rev. Letters 28,813 (1972). 

''Electronic Transport Measurements in the As-Te-I Chalcogenide Glasses," 
with C. H. Seager and D. Emin, J. Non-Crystalline Solids 8-10,341 (1972). 

"Compositional Dependence of the Thermal, Structural, and Electrical Properties 
of AS-Te-I Glasses," with R. T. Johnson, Jr., J. Non-Crystalline Solids 7, 
53 (1972). -

'Vaporization Associated with Surface Electrical Switching As-Te-I and As-Te
Ge Glasses," with R. T. Johnson, Jr. and D. A. Northrop, Solid State 
Communications 2, 1397 (1971). 

''Electrical Conductivity and Surface Layer Formation in Semiconducting 
AS50Te45I5'" with R. T. Johnson, Jr., Solid State Communications,2, 393 (1971). 

"The Growth of Rhenium (VI) Oxide Single Crystals by a Vapor Transport 
Mechanism," with P. G. Neiswander, Materials Res. Bull. ,2, (5) 329 (1970). 

'Metal~mmonia Solutions. VII. The Electrolysis of Liquid Ammonia Solutions 
of Aluminum (III) Iodide and Magnesium (II) Chloride," with J. J. Lagowski, 
Inorganic Chemistry 2, 414, (1970). 

'Metal-Ammonia Solutions. IV. Spectra of Dilute Metal-Ammonia Solutions, It 
with J. J. Lagowski, J. Pbys. Chem. 73, 2326 (1969). 

"Metal-Ammonia Solutions. III. Spectroscopy of Qua ternary Ammonium Radicals, " 
with J. J. Lagowski, J. Phys. Chem. 72, 1374 (1968). 

"The Magnetic Susceptibility of Tantalum Diselenide," with R. Simmons and 
J. J. Banewicz, J. Pbys. Chem. 70, 230 (1966). 
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NAME: Bruno Morosin 

Education 

University of Oregon, Eugene, Oregon; major: chemistry; minors: physics 
and math; BA (1956). 

University ofWashin~ton, Seattle, Washington, Physical Chemistry (x-ray 
diffraction); Ph.D. (1959). 

Employment Background 

Sandia Laboratories, 1961 to present; research concerns the relationships 
of crystalline structure EL~d physical properties, emphasizing anisotropic 
thermal expansivities, thermodynamic properties of solids, polymorphism 
and phase transitions, magnetic interactions and chemical bonding; super
visor (1967) Chemical Physics, (1969) Electronic Properties in Solids, 
(1971) Structural Phenomena in Solids, (1973) Solid State Materials. 

Honors and Professional Activities 

American Men of Science; served on committees of the American Crystallo
graphic Society; member of American Physical Society; refereed papers for 
Acta Crystallographica, Physical Review, Inorganic Chemistry, Journal of 
Applied Physics, Journal of Applied Crystallography, and Journal Chem. 
Phys. Sol. 

Publications 

Authored or coauthored over 80; those appearing during 1973 and 1974 are 
as follows: 

"Structure Refinements on Dichloro- and Dibromobis (Pyridine) Copper (II)," 
Acta Cryst. (at press). 

"Structural and EPR Search for Exchange Striction in Pyrazine Copper 
Acetate," w/R. C. Hughes and Z. G. Soos (Princeton), Acta Cryst. (at press). 

"Electron Spin Resonance and Structure of Magnetically Inequivalent Chains 
in CuC12·2NC5RJ," w/R. C. Hughes, P. M. Richards, and W. Duff'y, Jr. (Santa 
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Structure Modification by Ion Bombardment 

during Deposition' 

D. M. Mallox and G. J. Kominiak 

Sandia Laboratories, Alburquerque, Ne"JJ Mexico 87115 
(Received 28 July 1911) 

It is shown that continuous or intermittent ion bombardment during deposition can change the 
growth mode of thick deposits formed by sputtering or evaporation, The columnar morphology 
commonly found when deposits exce€d 1 iJ. in thickness can be disrupted and the deposit densified 
by negatively biasing the deposit and subjecting it to ion bombardment during growth, This 
effect is found to occur in a number of metal systems and may be attributed to resputtering during 
growth, In the case of sputter deposited tantalum, the density of 6wp thick films can be increased 
rrom 14- g/cm~ at 0 deposit bias to 16,3 g/cmi at -500-V bias, The macroscopic stress in the 
deposited film is also shown to be a function of the deposit bias. It is proposed that this growth 
habit modification may also be obtained in sputter deposited nonmetal1k materials and chemkal 
vapor deposits by ion bombarding the deposit during growth, 

Introduction 

With the advent of high capacity evaporation and 
sputtering equlpment and techniques, interest in thick 
deposits of metals and alloys has increased. These 
thick deposits have been used to form coatings and 
freestanding shapes such as al10y coatings on gas 
turbine blades,' and titanium foiL' Of particular con
cern are the morphology, density I and adherence of 
thick deposits formed by sputter deposition and elec
tron beam evaporation. Closely related to the prob1em 
of adherence is the stress introduced into the deposits 
during deposition.3 

A major problem in the formation of thick deposits 
is the columnar morphology which usually occurs 
when the deposit thickness becomes greater tha.n about 
1 p. This growth habit determines many of the physical 
properties of the deposit, The usual procedure (or 
disrupting the growth of this columnar habit is to 
deposit the material on a heated substrate, allowing 
recrystallization and grain growth during deposition," 
This is effective when depositing relatively low melting 
elements and alloy., but is not feasible when de
positing refractory materials. The columnar mor~ 
phology obtained when chemically vapor depositing 
(CVD) tungsten may be disrupted by mechanically 
disturbing the surface during deposition' and the 
smoothness of tungsten CVD coatings may be in
creased by ion bombardment of the deposit during 
growth.' 

• This work supported by the U. S, Atomic Energy Com~ 
mission, 

It has been proposed that resputtering of films 
during sputter deposition is an important factor in 
obtaining good coverage over steps. '1.8 The resputtering 
tends to fill in growth defects present in the films at 
steps thus providing a "healing" mechanism. The 
same effect has been noted in the bias sputter deposi~ 
tion of metal films into slots' and in the coverage of 
surfaces coated by the ion plating process,10 

Recently it has been reportedll that copper de
posited by high rate sputtering (> 100 A/sec) using 
krypton exhibits recrystallization and grain growth at 
room temperature whereas low rate sputter deposits do 
not. This effect is attributed to a higher stress and 
defect density in the high rate deposits than is found 
in the low rate deposits. A substrate bias effect was 
also noted and is attributed to the reduction of oxygen 
contamination in the copper deposit with the applica .. 
tion of a small negative bias (-75 V). Similar effects 
have been reported in other bias sputtering studies.l! 
Although appreciable gas may be trapped during the 
sputtering process,lI little krypton was incorporated 
into the sputter deposited copper. Trapped gas has 
been found to affect the grain growth in thin 
films,I4 

The object of this study was to investigate the effect 
of deposition techniques and parameters on the mor· 
phology and properties of thick deposits (1 to 25 ,,) of 
tantalum, Of interest were techniques capable of 
disrupting the columnar habit and densifying the 
deposits. 
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TABLE I Crystallite size. 

Bias Temperature 
(Volts) (,C) Structure 

+200 300 /3-Ta+bcc-Ta 
0 600 I3-Ta+bcc·Ta 
0 300 bcc-Ta 

210 300 bcc-Ta 
suo 300 bcc-Ta 
500 600 bcc-Ta 

'~·Ta Il ..... k., too ~trOIl8: to 2l1OW be<;; crystalUte sbe meaauremenL 

In the case of tantalum under these bias deposition 
conditions, the visual habit modification of the deposits 
seems to occur when the substrate bias is greater than 
200 V negative. This varies somewhat with substrate 
temperature in that the columnar morphology is more 
obvious at the low temperature ("" 20 0 e) studied than 
at the higher temperature (600°C). 

It is found that the habit modification can be made 
to occur at any stage of the deposition. Figure 4 shows 
a polished and etched tantalum deposit which began 
growth on a grounded substrate and shows the typical 
columnar habit. A -500-V bias was then applied and 
the habit immediately became less columnar, If the 
bias is shut off, the habit again becomes columnar. 

As one would expect, the density of the deposits is 
related to their morphology and was found to increase 
with negative substrate bias. Densities were deter
mined by weighing the substrates before and after 
deposition and measuring the deposit thickness on 
metallographic sections. Figure 5 shows the density 
variation obtained on deposits formed on carbon at 
300°C as a function of substrate bias. Each point 
represents an average of at least three samples. The 
bulk density for tantalum i. 16.6 g/cm'. 

The relative macroscopic stress in the su~trate
deposit system was determined by a cantilever tech
nique often used to determine the stress in electro
deposits. to By knowing the dimensions and modulus of 

18.5 

ItO 

} 
c.IU ,. 
~ 

'" 0 

iii 
c l4.0 

13.0 
~--~~~~~--~H~a--~~0--~ID·D~0-+7.1*DD~+~~~0~ 

suasTRATE BIAS v. VOLTS 

F,GURE 5. Density of 6-J! thick tantalum deposits formed at 
JOO°C as a function or substrate bias during deposition. . 

Crystallite Crystallite 
size (I) from Duo size (A) from D21l Note 

364 133 
• 

757 207 
414 140 (200) 1 
211 63 (200) 
219 61 (200) 

Increasing (200) 
intensity 

the beam and the film material, an absolute value for 
stress may be calculated. Since one would expect the 
modulus of the deposit material to vary with habit, we 
did not determine an absolute value for stress but 
rather determined the relative stress. This was done by 
measuring the defle<::tion of to-mil thick graphite 
beams and expressing the stress as the sagitta length as 
measured by a toolmaker's microscope, Typical beams 
were 3.8-cm long and th~ modulus of the poco gmphite 
beams was measured to be 10.8 X 1010 dyn/cm2,l1 
Figure 6 shows the relative stresses measured as a 
function of substrate bias normalized for slight differ~ 
ences in deposit thickness, beam modulus, and beam 
length. The more dense deposits formed at high nega
tive bias exhibit the most stress. All sputterwdeposited 
tantalum showed intrinsic compressive stress as has 
been reported with other sputter deposited metalsY' 
At higher substrate biases there was a decrease in 
deposition rate of up to 20%. 

ReJative crystallite size was determined using x-ray 
line broadening techniques. Table I shows the size vari
ation as a function of substrate bias and temperature. 
The measurement of size was complicated by the 
presence of (j tantalurn l9 at ground and positive bias 
and appearance of the (200) diffraction line at higher 
biases. Size measurements on two crystallographic 

0.1 0 0 

!OJ , 
;! 

t 
~ • 0 

:t o· -'" 
o 

-100 - «10 - 300 - ~D -100 a +100 +200 
SU8$tRAtE 81AS (VoUS) 

FIGURE 6. Relative stress of 6~#, thick tantalum deposits formed 
at 3OQoC as a function of s.ubstrate bias during deposition. 
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greatest density (-100-V dc bias) had the most ran
dom crystallographic orientation. Note that even at 
the high deposition rates associated with'e~beam depo~ 
sition, the bias and associated ion bombardment cause 
appreciable increases in deposit density. 

GAS CONTENT 

Gas content is also affected by bias. Figure 5 shows 
the argon content of rf sputter..ueposited chromium. 
Ion bombardment during deposition can be used to 
deliberately incorporate large quantities of sputtering 
gas in the deposited materia1." At high biases there 
is a decrease in gas content, probably due to heating. 
Gas incorporation can be minimized by heating the 
deposit during deposition. 

SUMMARY 

Ion bombardment may be used to modify the mor
phology of deposited coatings. The reason for the 
greater effect of ion bombardment on rf sputter
deposited material compared to de sputter-deposited 
material is unknown. There is apparently a minimum 
ion/deposjting..a,tom ratio needed to be effective in 
disruption of the columnar morphology. Ion bombard
ment during deposition can also increase the deposit 
density! particularly when compared to sputter depo
sition onto electrically floating~insulating substrates. 
Ion bombardment may also alter the composition of 
anoy and compound systems, The intrinsic stress and 
gas content of the deposited material also depend on 
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the ion bombardment, and these properties may be 
important to the physical properties of the deposited 
material. 
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Attachment 3 

Physical Properties of Thick Sputter-Deposited Glass Films 
D. M. Motlox and G. J. Kominiak 

Sandia Labo1'atorieB~ Division 5382, Albuquerque, New Mea:ico 87115 

ABSTRACT 

The coefficient of thermai expansion (CTE) of 5. thick rt sputter-deposited 
Corning 1720 glass films was measured using a. cantilever beam -technique. The 
films were rf-bias: sputtered in an argon (Ar films) and an argon-5% oxygen 
(AxIO~ films) ga. mixture. The Ar films deposited with • low sub.trate Di .. 
(+30,0, and -50V) exhibited an erratic CTE on initial heating but were well 
behavea after a 600'C air anneal High bias (-100, -200V) Ax films and 
ArlO'}. films showed no erratic behavior on initial heating. Chemical analysis 
indicated no significant change in the minor constituents of the sputtered glass, 
but neutron activation analysis showed a progressively greater oxygen deple
tion with increasing negative bias for botn the Ar and ArlO'}. films, Etch rates 
were shown to increase with increasing negative bias, It is suggested that the 
structural changes that occur in some glass films at temperatures far below 
the strain point of the bulk glass (670°C) are due to a combination of intrinsic 
stress and a high concentration of defects. Sur-face coverage by the sputter
deposited gla •• film. I. discussed. 

The use of sputtered films ot any type has several 
potential problem areas: (0 The films may contain 
high concentrations of defects and be highly stressed, 
This may be reflected in unusual physical behavior 
such as the room temperature structural changes noted 
In high-rate ,putter-deposited copper (I). (ii) For 
complex materials such as glasses, alloys, and comM 
pounds, there may be compositional changes during 
deposition (2) which can affect the properties of the 
material. For Si02t oxygen depletion is a commonly 
observed compositional change (3). (ii,i) Sometimes 
there are unusual structural and crystalline modifiea .. 
!lons found In sputter-deposited film. which may give 
properties differing from those of the bulk material (4). 
It is the exception rather than the rule when deposited 
films have bulk prOperties, 

Generally. the physical properties of thin sputter .. 
deposited glass films are not of great concern; how
ever/ as the fUm thickness increases, the properties 
may become important in specific applications. In this 
investigation, the coefficient of thermal expansion 

Key words: sputtered Klan fUml, bias, strain point, lIurface cov" 
era,e, compolritlon. coefItclent of thermal expan.ion. 

(OTE) ot 5. thick rt sputter-deposited gla •• films was 
investigated as a function of substrate bias during 
deposition and as a function of sputtering gas com
position. It was found that after annealing. the sputter
depOSited films had a CTE ciose to that of the bulk 
glass. Before annealing, films deposited under some 
conditions showed an erratic behavior of the CTE. 

The ability of the deposited films to cover surface 
topography was also studied. Generally, it has been 
found that films deposited by some type ot negative 
substrate bias depOSition technique show a better abil
ity to cover surface discontinuities than do films de
posited with no bias (5). 

Experimental 
An axially symmetric sputtering system with a 

planar diode design was used to rf sputter deposit the 
glass films (6). The substrates were clamped to an 
electrically isolated, water-cooled holder which was 
an integral part of the top plate of the vacuum system. 
This '·sputter .. up" design was used to minimize the 
problem of dust and debris falling on the substrate 
and causing pinholes. The 0.6 em thick Corning 1720 
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glass (an alumino-silicate glass) plate used as a sput
tering target was laid on a water-cooled copper block. 
A problem was encountered in nonuniform heating of 
the glass plate during sputtering, cau-sing cracking. 
The edges of the cracks then showed increased sput
tering rates. Copper was also found to migrate along 
nonseparated cracks, giving contamination in the de
posited film. This problem was alleviated by the in
sertion of a 0.3 em thick fused quartz plate between 
the 1720 glass sputtering target and the copper cooling 
block. 

The rf sputtering supply was a commercial MRC 
Model 3007 unit capacitively coupled to the target and 
substrate holder by conventional "L" tuning networks. 
Power input and rf peak voltage were held constant 
during deposition and the reflected power was min~ 
imized. Substrate biases were obtained either by tuning 
the substrate with respect to ground (7) to obtain 
low positive (+30V), zero, and low negative (-50V) 
biases, or by utilizing the rf splitting network on the 
power supply .to obtain higher negative biases (-100 
and -200V). 

A shutter which could be rotated in a plane parallel 
to the electrodes and moved vertically was used in 
the system. This shutter allowed sputter cleaning of 
the substrates and presputtering of the target without 
cross contamination. It also allowed slow target warm~ 
up and a stable sputtering condition to be established 
before beginning sputter deposition on the substrates. 

A target-substrate distance of 7 cm was used 
throughout the investigation. A 50 oersted axial mag
netic field was used for aU depositions except for the 
high negative bias conditions where the magnetic 
field prevented the establishing of a stable discharge. 

Commercial pure argon (Ar) gas and an argon-5% 
oxygen (Ar/D2) gas mixture was used for sputtering. 
Flow rates were controlled using a variable leak while 
the gas pressure was monitored using a Schultz~Phelps 
high pressure ionization gauge. Vacuum system 
throughput was controlled by throttling the gate valve. 
The gas inlet was in the . top of the chamber, and gas 
was removed through the baseplate. 

For measurement of physical properties, glass films 
deposited in pure argon (Ar films) were deposited 
on 1 X 7 cm tungsten beams 0.1 mm thick. When 
using Ar/02, plasma oxidation of the tungsten was 
excessive and the glass films (Ar/02 films) were de~ 
posited on 0.2 mm thick alumina beams. Films for 
chemical analysis were deposited on carbon, high re
sistivity low oxygen silicon slices, and low gas content 
platinum. The substrates were clamped to the water
cooled substrate block using no contacting material. 

In order to cover steps and defects, film thicknesses 
of 5-10", were desired. With the sputtering conditions 
used, the deposition rate was about 1 ~/hr (4 ~g/cm21 
min). The sputtering rate in Ar varied from 5 ~g/cm2/ 
min ·at 2 kV target potential and +30V bias to 3 ~gl 
cm2/min at -200V bias. Rates in Ar/02 showed the 
same variation with bias and about a 20% de<:rease in 
deposition rate -at a given bias as compared to argon 
sputtering. This decrease ot sputtering rate with the 
addition of oxygen is appreciably less than that re~ 
ported in the literature for sputtering Si02 films (8). 

The substrates were solvent cleaned before being 
mounted in the vacuum system. The vacuum system 
was pumped to 5 X 10-6 Torr, after which the gas 
inlet was opened and gas fiow regulated to give 1~ 
indicated pressure in the chamber. The gate valve of 
the vacuum system was then throttled to give a final 
pressure of 10", in the chamber. The pressure was mon
itored throughout the deposition. 

The substrates were sputter cleaned at 1 kV rf for 
about 30 min with the shutter covering the sputtering 
target. The shutter was then moved to cover the sub
strates and the target was presputtered. The presput
tering of the target was done by slowly increasing 
the input power so as to allow gradual heating ot the 
target to prevent shattering from thermal shock. The 

102 

target voltage was raised to 2 kV peak-to-peak rf 
which required a power level of about 1000W to the 
15 cm diameter target. 

After steady state was established, the shutter was 
opened and the deposition was made for a predeter
mined time to give the desired film thickness. After the 
deposition was complete, the system was allowed to 
cool under vacuum before the films were removed. In 
order to form pinhole- free films, it was found neces
sary to deposit the film using two to three depositions. 
Between depositions the substrates were removed and 
the surface rubbed with acetone on a lint~free cloth. 
This procedure apparently moved or removed particu
late contamination to the extent necessary to -prevent 
pinholes from propagatin.g through the several glass 
layers. The layers were lightly sputter cleaned be
tween depositions. 

After deposition the coated beam was mounted in 
a muffle furnace having an optical window in such a 
way that the defiection on heating was perpendicular 
to the gravitational field to eliminate gravitational de~ 
flection. The cantilevered beam was then heated in 
100°C increments and the deflection of the free end 
was measured using an optical cathetometer. 

The radius of curvature p of the beam was then 
determined using the equation 

1 26 
; - L2 

where 6 = the deflection of the end of the beam and L = the beam leng·th. 
The coefficient of thermal expansion (CTE) was 

calculated using the equation (9, 10) 

1 - = 6(Q"f - Q".).1T(1 + m)2/h 
p 

{ 3(1 + m)' + (! + mn) ( m' + ~J } 
where p = radius of curvature, ar = expansion coeffi~ 
cient of film, as = expansion coefficient of substrate, 
AT = temperature increment, m = thickness of sub
strate/thickness of film, and h = total thickness. · Bulk 
modulus values were used for the glass film. 

Results 
Figure 1 shows the normalized beam deflection of an 

Ar +30 film (argon gas, +30V bias ) as a function of 
temperature. On initial heating, the deflection is seen 
to vary erratically and actually change sign. Other Ar 
low bias films showed the same behavior on initial 
heating, though not as radically as did the Ar +30 
films. The AriD? films did not show this erratic be
havior with the exception of the Ar/Ch. -50 fllms, in 
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Fig. 1. Deflection of beam end showing typical behavior of an as· 
deposited film and an annealed film (extreme exampl,s). 
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which it occurred to a slight extent. Initial deflection 
of the beam at room temperature showed that the 
Ar +30 as-deposited iilms had a high' compressive 
stress. 

After annealing to 600°C in air for less than 1 hr, all 
beams showed the type of deflection shown by the 
straight line in Fig, 1. Figure 2 shows the CTE of Ar 
fi1ms prepared with various biases after annealing 
compared with the literature values of bulk tungsten 
and bulk Corning 1720 glass in the O"-600·C tempera~ 
ture range. The values compare very well, The CTE 
of the Arl(h films was very close to that of the an~ 
nealed Ar films. The initial erratic behavior of the Ar 
films was the source of some concern since stress dur~ 
ing initial heating might cause failure in service. 

The deposited glass films were analyzed by emission 
spectroscopy for the minor constituents which nor~ 
maHy control the CTE. There was no appreciable 
change in the minor constituents of the sputter~de
posited Ax glass films compared with those of the bulk 
glass. Neutron aciivation analysis of the silicon-oxygen 
ratio was made on the glass films using bulk 1720 glass 
as a standard. Table I shows that the oxygen depletion 
is greatest in the high negative bias Ar and Ar/O'}. 
films. Low bias ArlO-; films and the Ar +30 films show 
the least oxygen depletion. Some oxygen was recov~ 
ered on annealing the high bias Ar films in air at 
600"C, but little oxygen change was noted :in the Ar/02 
films on annealing. The oxygen depletion was also evi .. 
dent in the colorj near stoichiometric films were clear 
and nearly colorless while the oxygen~defl.cient films 
had a brown coloration. 

The IR transmlssion of thin film. (5000A) deposited 
on high purity, low oxygen silicon was studied. The 
+30V films show a broad absorption peak in the range 
1100-000 em-I, The -200V 1Ilms show a definite Si-O 
stretching band at about 1100 ern-I, In the Ar +30V 
film a definite shift of 25 cm-1 toward shorter wave .. 

Table I. Oltyten content of gla .. film. I\IS II function of depot/tlon 
conditions and subsequent anneal. Value. obtained by nelltron 

actl¥Gtloft anal,s!. using INlk glau as a standard 

At +30 
/or 0 
At -SO 
Ar -100 
Ar -000 
ArlO, + .. 
At/~. 0 
Arl t -00 
ArlO. -000 

After 800-0 
In"" 

'" (±e) " (:1:&) depletion depletiOn 

' 3 • .. IS .. " 10 • .. , 
0 0 • , 

!3 " " " 

lengths was found on annealing, suggesting a bond 
length change due to stress relief (11. 12) or change 
in composition, The low bias Ar films also showed 
appreciable moisture pickup at room temperature, as 
evidenced by the absorption peak at 3333 cm -1 in the 
as-deposited films. The high bias Ar and At /02 films 
showed no such water pickup. 

Thkk films (_lOOp;) were deposited for etch rate 
studies. A region was masked using acid stopoff and 
the films were etched in "P~etch" (3)1 for a period 
of time Sufficient to give about a 25j.1. step in the glass, 
After etching, the acid stopoff was removed and the 
step height was measured using a Talysurf profilom
eter. Figure :1 shows the etch rates for Ax and Ar/02 
as-deposited films. The etch rates increased with nega~ 
tive bias and even in 'the ·best films, exceed the rate of 
bulk 1720 by a factor of 2, The high bias films showed 
bubbling on etching while the low bias films showed no 
bubbling. After annealing to 600°C in air, the films be~ 
came fragile, the etch rates approached that of the 
bulk, and no bubbling wa.s observed on etching. Fusion 
analysis shows several weight per cent (WiD) argon 
in the -200V Ar and Ar/02 films before annealing and 
zero (0.01 w/o detection limit) to several tenths of a 
weight per cent in the zero bias films. 

The ability of the sputter-deposited glass films to 
cover surface discontinuities was found to 'be very de~ 
pendent on the type of discontinuity. As shown in 
Fig. 4, a 5,a glass film covered a 5p. step very well but 
did not bridge over a void in the surface. Very thick 
films can fill a void to some extent, as shown in Fig. 
5, but the geometrical shadowing of void walls tend to 
leave a "pipe" of unfilled void, If the void geometry is 
such that the bottom and walls are out of the line of 
sight from the target, such as shown in Fig. 6, incom
plete sealing of the void can result. This is also the 
case if the depth of the defect is large compared to 
the width. 

It was found that a high negative rf bias on the sub
strates during deposition caused appreciable changes 
in the film morphology when the films were deposited 
on a surface having severe topological features, Fig
ure 7 shows a fracture cross section of thick glass films 
deposited on a grainy carbon surface with a +30 and 
-200V bias. The low bias films show a columnar 
structure similar to that observed in thick metal films 
(4). The bias~deposited films shew no such structure. 
The columnar structure is attributed to geometrical 
shadowing effects as the film is deposited over the 
rough surface. Ion bombardment of the bias-deposited 
:film during deposition causes resputtering which tends 
to erode peaks and fill valleys, thus preventing the de~ 
velopment of the columnar structure (4). 

1 Pooeteh "" 15 parts hydroftuorie acid. 10 parts nitric acid, and 
aoo parts water. 
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Attachment 4 

DEPOSITION OF CdS BY EVAPORATION 
THROUGH A GAS DISCHARGE* 

R. S. Berg and R. D. Nasby 
Sandia Laboratories, Albu~uerque, New Mexico 87115 

ABSTRACT 

Cadmium sulfide is an important material used in thin-film photo-

voltaic devices. The deposition of cadmium sulfide films by single 

indirect source evaporation tr~ough a gas discharge is investigated 

and the effects of the discharge on film properties and deposition 

rates are discussed. ~ne discharge has a direct and advantageous 

effect on both the electrical and optical properties of the CdS thin 

films. These properties may be controlled by suitable choices of 

evaporation and gas discharge parameters. Control of these properties 

is important in device applications and it is proposed that this 

technique is a practical method for controlling properties of CdS 

thin films such as doping and morphology. 

* Supported by the U. S. Atomic Energy Commission. , 
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INTROIlJCTION 

cadmium suJ.:fide has been used as a semiconductor in thin film 

photo'VOUaic cells for many years.l This semiconductor material is 

generaJ.ly deposited by direct thermal evaporation in a vacuum at rat'(ls 

sufficiently low to assure that, after further processing, the resistivity 

will be of the required value (about 10 to 100 n-cm). 2, 3 Resistivities 

obtained in this way have been attributed to a slight deficiency of 

4 
sulfur in the deposit. Although there have been studies on several 

aspects of these filllls,5,6,7,8 such filllls, particularly those used in 

solar cell devices, remain largely uncheracterized due to their 

complexity. 

There have been several notable studies on the behavior of cells 

fabricated with pure, single crystal material. 9,lO In these experiments, 

single crystals of cas with high intrinsic resistivity were doped to the 

desired resistivity. High purity, high resistivity polycrystalline cas 

samples also have been made in thin film form, generally for photo-

conductor, acoustoelectric, or other non-photovoltaic devices. Such 

filllls have been deposited by vacuum evaporation either by using a 

relatively complex two-source teChniquell,12 or by restricting the 

deposition rate to very low values3 (~ lA/sec) in order to mainta.in 

stoiChiometry. The films are characterized by a relatively high 

resistivity and by an oriented, hexagonal polycrystalline structure),7 

Similar properties ha.ve been reported for sputtered cas films,13 but 

they baye also been deposited at relatively low rates. The sputtering 

process has been studied in great detail, and some of the factors 
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:l.n1'luencing the stoichiometry and structure have been identified. 

Limiting the vacuum system throughput, for example, can l.1mit the 

flushing of sulfur :!.'rom the system, which is an effect that is similar 
4 in some ways to growth of crysteJ.s in a sealed ampule. There have 

been reports that the carrier type as well as concentration can be 

controlled in several II-VI compounds by doping during deposition.14,15 

Ion bombardment during sputter deposition of other materials can result 

in re-emission of components which are in excess of that required for 

16 stoichiometry. 

In this investigation, we have attemPted to devise a simple 

technique for high rate deposition of CdS by evaporation which will 

yield films with high intrinsic resistivity and which can be easily 

doped fruring deposition. The technique consists of single source 

evaporation through a gas discharge containing volatile compounds of the 

constituents desired in the film. This general technique with no sub

strate bias has been termed, activated reactive evaporation. l7 Using a 

discharge with a SUbstrate bias', the deposition has been termed chemical 

ion Plat1ng. 18 This paper discusses the quality of films obtained by this 

technique and discusses the effects of some of the deposition variables. 

It is suggested that tt.ie technique can be extended to the growth of films 

with controlled doping levels. 

EXPERIMENTAL TECJlNIQlJE 

Thin film samples of CdS were produced in a standard oil diffusion 

pumped vacuum system which had an ultimate vacuum in the low 10-7 

Torr range. The source material was 5N pure pressed CdS pellets * 
* MaC MARZ grade power pressed into pellets. 
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sublimed :f'rom a M3.this "baff'led box" source. * Substrates were standard 

microscope slides mounted on a. water cooled substrate table about five 

inches above the source (Fig. 1). The table could be electrically 

biased. A shutter shielded the substrate until the source was stabilized. 

A discharge ring electrode which was concentric with the rest of the 

system was placed between the substrate and source. For depositions 

utilizing a discharge, either argon or an argon-O.85~ hydrogen sulfide 

. -4 
m:lxture was admitted to the system to 5 x 10 Torr pressure. The high-

vacuum valve w~ then throttled to give a system pressure of 10-2 Torr. 

-2 
The 10 Torr pressure was selected since it was the lowest pressure at 

which the discbarge was stable and would maintain itself at relatively 

low VQltages without additional electrodes. It was desirable to have 

low pressure in order to permit high deposition rates ana. low voltage to 

minimize sample damage due to bombardment by high energy particles from 

the plasma. Just prior to opening the shutter, a high negative voltage 

(generally -2kV) was applied to the ring. Subsequent to deposition, the 

system was allowed to cool and the films were removed. 

Depositions were mde at various source power levels with a) no 

gas in the system (normal vaCU1llll evaporation), b) Ax discharge in the 

system, and. c) Ar-O.85'; ~S discharge in the system in order to identify 

general characteristics of the system and effects of the discharge on 

film properties. 

Electrical resistivities of the films were measured at room 

temperature using a de van der Pauw method. 19,20 Sampies were 1 inch 

s~ares with contacts at the corners. Initially indium-gallium contacts
21 

*R D Mathis Co. model SM-10 
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Electrical resistivities were measured at room temperature using 

a dc van der Pauw method. 19,20 Samples were 1 inch squares with contacts 

at the corners. Initially indium-gallium contacts21 were applied to the 

films immediately after removal frCBll the vacuum system. However, 

variable and high contact resistances were found on the higher resistivity 

films. Improved contacts were made by sputter cleaning in argon and 

vacuum depositing indium. Some lower resistivity samples (l-lOOO-cm) 

were measured using an in-line four point probe method with pressure 

contacts. Dark resistivity values were measured after samples had 

e~ilibrated from 80-100 hours in the derk. Light resistivities were 

measured under an intensity of 45 mW/cm2 from a Xenon lamp after stabili-

zation for approximately 20 minutes. 

It was found. that on the high resistivity S8lIlples deposited in a 

discharge, a more conductive material was deposited on the side of the 

glees slide. which was a low re-emiss ion surface. 16 This layer had to 

be removed before reliable measurements could be made. 

A Beckman DK-2 spectrophotometer was used for optical transmission 

studies. 

EXPERIMENTAL RmULTS AND DISCUSSION 

The initial series of samples was made by thermal evaporation in 

vacuum. This series indicated that there was a very narrow range of 

source temperatures over which relatively good samples could be obtained. 

A typical good sample had a resistivity between 1 and 10 O-cm, exhibited 

a relatively sharp optical absorption edge at approximately the energy 
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of' the bandgap (2.4 eV) and appeared yellow-green. At slightly 

higher source temperatures, samples had resistivities less than 
-

1 O-em, were generally metallic in appearance with very little optical 

transparenc~ and had a very soft optical absorption edge well below the 

energy of' the band gap. Higher source temperatures generally produce a 

difference in evaporation rates between the cadmium and sulfur which 

. cause the evaporant to become cadmium enriched. 22 This together with 

water cooling of the substrate probably produced a Boftening of the 

optical cut-off and a decrease of the cut-off to lower energies. None 

of these samples showed any photoconductivity. 

With the argon discharge sample resistivities could be increased, 

and the absorption edge became somewhat sharper than those for 

vacuum evaporated films at the same source temperatures. In addition, 

the range of source temperatures for which resistivities were greater 

than IO-em was extended. Samples with resistivities of IO-lOOO-em 

showed very Slight photosensitivity, with only 20 to 30% increases in 

resistivities from light to dark conditions. 

When the Ar-o.85% H2S mixture with a -2kV discharge potential was 

used, some of the dark resistivities of as-deposited samples increased 

to more than 107 0 - cm• The films became quite photosensitive and the 

optical cut-off became much sharper at the band gap energy. Although 

it is generally agreed that heating of the substrate increases the 

resistivity for both vacuum evaporated and sputtered films,3,13 no 

experiments have yet been performed using heated substrates due to the 

limitations of our apperatus. 
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Most of the samples in this series were deposited using a -2kV 

discharge potential on the ring electrode and were depos,ited thicknesses 
o 

of 1-1. 5 \.LIl1 at rates of about 500A/min. The sample thickness~s were 

chosen to be above the range reported to produce appreciable modification 

of the resistivity due to surface scattering,5 and at the same time were 

thin enough to prevent any serious depletion of source material from 

the relatively small source. Good samples were generally in the range 

of 10
6

_107 Il-cm. These samples exhibited moderately atror" photo

responses, with dark/light resistivity ratios of about 1000. 

The deposition process showed good short term stability and 

reproducibility. Sets of samples ma.de with progressively more negative 

biases (0-40OV) tended to increase in resistivity by almost a factor of 

10. This increase is probably a result of increased sample bombardment 

by particles from the discharge, which caused heating and resputtering 

of the film components .16 Morphology changes may also heve occurred 

such as those observed on both metals and insulators. 2,3 

The effect of the discharge was observed quite dramatically on a'set 

of samples made by chenging the discharge voltage. r&.rk resistivities 

increased by 2 orders of magnitude from about 106 to > 108 Il-cm when the 

discharge voltage was increased from 2.0kV to 2.5kV. The corresponding 

increase in substrate current was "from 1 mA to 1.5 mA, implying an 

increase in the strength of the ion bombardment. 

113 
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CXlNCLUSIONS 

It bas been shown that resistivities of cas greater' than 107 0 - em 
I 

can be obtained by thermal evaporation in a gas discharge containing H2S 
o 

at deposition rates of about 500 A/min. It is felt that this technique 

can be further optimized to give samples with higher resistivities and 

at higher deposition rates than have been observed s,o far. The deposition 

technique may also yield better control of properties during device 

fabrication and can be extended to controlled doping of the CdS during 

deposition. It is suggested that this techniq-"e is a practical method 

for controlling properties of CdS. 

The authors thank F. M. McIver, D. D. Drunnnond, and J. B. Snelling 

for their assistance with the experimental measurements. 
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FIGURE CAPTIONS 

Fig. l. Arrangement of components for deposition of CdS through 

a gas discharge. 
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