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ABSTRACT 

This dissertation reports on the study of black molybdenum, a 

new cermet consisting of small Mo particles embedded in Mo02• As with 

most two-phase materials, the optical properties of black molybdenum 

are significantly different from those of either constituent. and can be 

adjusted within Wide limits through modifications of composition and 

microstructure due to variations of the fabrication process parameters. 

Tne subject of this work is to understand the exact relationships, to 

allow reproducible production of films With chosen optical properties. 

Theoretical interpretation of the optical properties of two

phase materials has in the past been hampered by insufficient 

microstructural characterization. Recent theoretical work by others 

has lifted the requirement of detailed microstructural knowledge, 

leaving only two required parameters for characterization of cermet 

reflectance: the optical properties of the constituent phases and their 

volume fractions in the cermet. Better characterization is obtained 

when structural considerations, such as film topology, surface texture 

and the presence of a possible amorphous phase, are taken into account. 

We adopted this approach to the study of black molybdenum, and 

accomplished satisfactory agreement between theoretical and observed 

reflectances. 

Black molybdenum films were prepared using two separate 

chemical vapor deposition (CVD) techniques, involving deposition from 

either Mo(CO)6 or Mo02Cl2' We found the influence of composition 

xii 



xiii 

through a comparison of films with different Mo:Mo02 ratios, while the 

influence of structure on film reflectance was determined by comparing 

films from these two deposition techniques. 

During this investigation we produced black molybdenum films 

which display a spectrally selective profile - low visible reflectance 

combined with high infrared reflectance, and which may be applied to 

photothermal solar energy conversion. The versatility of CVD in 

adjusting film composition and structure resulted in another film of 

interest in photothermal conversion - black tungsten, a tungsten

~ungsten oxide composite ~aterial. The black molybdenum and black 

tungsten systems studied here establish the utility of CVD for the 

production of high temperature thin film optical devices. 



CHAPTER 1 

INTRODUCTION 

The impact of thin films on technology lies in their ability to 

control the flow of photons and electrons precisely with a very small 

amount of material. Examples are both plentiful and pervasive; thin 

films are used as barriers to protect bulk materials from corrosion and 

abrasion. and are also the basis for the ongoing revolutions in 

electronics and optics. Thin films have become an indispensable, 

central component of optical technology. 

Materials in thin film form rarely duplicate the bulk phase. 

The structure of thin films differs from that of chemically similar 

bulk material. Thin film deposition techniques. far different from the 

preparation techniques of bulk material, often generate unfamiliar 

structures, such as columns. whiskers, and unusual crystalline phases. 

Thin film composition also diverges from that of nominally similar bulk 

material. Depending on the deposition process, development of vacancies 

that entrap impurities may be encouraged. Moreover, the proximity of 

each layer's internal volume to adjac~nt layers promotes interdiffusion, 

affecting a large fraction of the layer. Similar proximity of the 

uppermost layers to the atmosphere, coupled with their porous 

structure, permits gaseous adsorption. These impurities may stabilize 

unusual crystalline phases. 

1 



Many dielectrics, semiconductors and metals can be prepared in 

thin film form as well as bulk. Thin film technology allows us to 

produce films with properties that differ from the bulk, and to study 

how these properties are interrelated. 

Figure 1.1 shows the relationship between the physical 

properties of the films and the fabrication process. Modifications in 

the composition and microstructure of a thin film induce corresponding 

variations of most physical properties, which often makes 

interp~etations in terms of bulk parameters difficult. However, these 

modific~~ons also permit variations in the properties of a thin film 

that allow for flexibility in the design for a desired application. 

This is particularly true for the optical properties of a thin film, 

which can be modified within wide limits through variations of 

microstructure and composition. 

2 

It is the relation between structure and compOSition of thin 

films as determined by their fabrication parameters, on the one hand, 

and their reflectance, absorptance and transmittance in the spectral 

regions of solar relevance on the other, which establish the scope of 

the research reported here. Presented are the results of a study of 

the compositional, structural and optical properties of films of black 

molybdenum, a cermet material consisting of a mixture of molybdenum 

and molybdenum dioxide. 

Cermet films, i.e. films composed of metal particles in either a 

dielectric or a conductive host matrix, have been receiving increased 

attention (Granqvist, 1981; Lampert and Washburn, 1979; Ignatiev, O'Neill, 

and Zajac, 1979) sparked in part by their possible application in 
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spectrally selective surfaces. The major interest lies in the ready 

synthesis of these new materials with optical properties very unlike 

those of either the metal particles or the matrix. These properties can 

be optimized within certain limits for a particular application. 

For cermet materials, thz relevant physical parameters which 

affect the optical properties are the dielectric functions of the two 

constituent materials, their volume fractions in the film, and 

structural factors. Structural factors include the sizes and shapes of 

grains and their orientation, surface texture, and the film topology, 

i.e., how the metal particles are dispersed in the film. Detailed 

structural information is usually the most difficult parameter to 

obtain in cermet analysis. 

For this study, thin films of black molybdenum Were prepared by 

chemical vapor deposition (CVD). CVD is a method of thin film 

fabrication especially well suited to a s~udy of the relations among 

film composition, structure and optical properties. CVD processes are 

fairly complex, with a wide range of adjustable parameters, permitting 

precise and wide-ranging control over film properties. In this study 

black molybdenum films have been prepared by two different CVD 

techniques. The first involved the thermal decomposition of molybdenum 

hexacarbonyl in the presence of oxygen. followed by post-deposition 

anneal in a hydrogen-bearing atmosphere. We refer to these films as 

CBM (Carbonyl Black Molybdenum). The second deposition method involves 

the pyrolytic hydrogen reduction of molybdenum dioxydichloride, and we 

refer to these films as OCBM (Oxychloride Black Molybdenum). Black 

molybdenum films were prepared over a range of process parameters, and 



their compositional, structural and optical properties were 

characterized. 

5 

The composition an<i structure of a thin film material are 

dependent on the p~ccess parameters. Deposition of a thin film results 

in a granular structure, the details of Which are dependent on the rate 

and temperature of the deposition (Movchan and Damchishin, 1969; 

Blocher, 1974; Thornton, 1974; Bunshah. 1977). For CBM films, deposition 

was followed by anneal in a reducing atmosphere. leading to 

renucleation and grain growth. 

Through systematic variation of the process parameters we 

prepared black molybdenum over a range of structure and composition. 

To correlate these variations to the resulting optical properties of 

black molybdenum, the effective dielectric function corresponding to 

these two-phase cermet materials must be determined. In the past such 

theoretical calculations have been hampered by insufficient knowledge 

of microstructure. We proceed by exploiting some recent results 

concerning the rigorous bounds that can be placed on the effective 

dielectric function of an inhomogeneous material irrespective of its 

microstructure. By specifying the resultant effective dielectric 

function for black molybdenum films, the optical behavior of the films 

can be predicted. On this basis we explain the r~flectances of the 

various black molybdenum films in terms of both their structure and 

composition. It is this model of the optical properties of black 

molybdenum which provides the link from film optical properties to 

fabrication process parameters. 
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This project has established a correlation between the process 

parameters and the optical, compositional and structural properties of 

the resulting black molybdenum films. We identified the various basic 

optical mechanisms operating in this system by systematically varying 

the process parameters that strengthened the influence of one at the 

expense of the others. In the discussion of these results, we establish 

a link between the properties of CBM and OCBM films. Although the films 

perform similarly, the reaction mechanisms during fabrication are very 

different, leading to different coatings in terms of structure, 

composition and optical properties. 

By using these results, we can understand how thin film 

surfaces and interfaces interact with radiation, and apply this 

understanding to the tailoring of existing materials to meet new 

optical applications. By controlling the composition of black 

molybdenum films by adjusting preparation parameters, we may modify 

the structural and thereby the optical properties of the deposited 

film. It is clear from Figure 1.1 that our approach to tailoring should 

use the interaction of film properties and preparation parameters to 

map the behavior of the material under different conditions. 

An important example of tailoring thin film optical properties 

is provided by the problem of conversion of sunlight into heat at high 

temperature. Solar radiation is available only at very low energy 

density as compared to conventional sources of thermal energy. To use 

solar radiation for heating, cooling, industrial processing, cr the 

generation of electricity by thermodynamic cycles, the dilute solar 

flux must be intercepted, redirected or concentr~=~d, and converted into 
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heat. The materials that accomplish these functions must meet three 

requirements. First, they must have the optical properties necessary 

for efficient conversion of the solar radiation. Second, they must have 

an extended service life at the temperature and under the environmental 

conditions of operation. And third, large a:cea:s of them must be 

fabricated economically. The cost of materials and their processing 

makes thin films the most cost-effective solution, since most optical 

interactions occur within 1 J,lm of the front surface. Durability at 

elevated temperatures is essential and sets solar thin-film technology 

aside from conventional applications. 

In most commercial coatings developed for photothermal solar 

conversion, fabrication is not always reproducible and the product is 

limited in its range of reliable applications. The technology of one of 

the most promising of these coatings, black chrome, serves as an 

example. Considerable efforts are under way to lift this technology 

from its empirical stage, in order to establish the correlation between 

the optical performance and the process parameters of the fabrication 

(Ignatiev, O'Neill, and Zajac, 1979; Lampert, 1979; Smith and Ignatiev, 

1980). The technological problems of thin film deposition and 

application are due to a lack of understanding of the basic physical 

properties, and the inability to explain coating failure. The empirical 

nature of thin film science is removed when we can systematically 

relate the properties of films ~o the conditions of their preparation, 

as has been done for black molybdenum. 

Black molybdenum is a good example of a material that can be 

produced in a variety of thin film forms and whose structural, 



compositional, and optical properties are sensitive to the preparation 

conditions. The high fabrication temperatures inherent in the CVD 

process may help to prescreen these surfaces against failure at the 

high operating temperatures necessary for efficient photothermal 

conversion. Highly efficient black molybdenum coatings have been 

developed for use in photothermal conversion, capable of operating at 

higher temperatures than any other available coatings of comparable 

optical behavior. 
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Our extensive work on molybdenum-based ce=wets led to interest 

in other refractory metals. Tungsten has similar chemical properties 

to molybdenum and shares the same column of the periodic table. Its 

optical properties, as well as its refractory nature, make it a 

candidate for use in photothermal applications as well. The versatility 

of CVD has led to the development of black tungsten as an extension of 

the work done on black molybdenum. Films of black tungsten have been 

prepared by deposition from tungsten hexacarbonyl in the presence of 

oxygen followed by annealing in a hydrogen-bearing atmosphere, in a 

manner similar to the preparation of CBM films. In analogy to black 

molybdenum films they display optical properties that make them 

desirable for use as photothermal converter coatings. 

The following chapters describe the work on black molybdenum 

and black tungsten in greater detail. A glossary of frequently used 

symbols and terms is included in Appendix A. We begin in the next 

chapter with a discussion of the optical properties of inhomogeneous 

materials. 



CHAPTER 2 

OPTICAL PROPERTIES OF CERMET MATERIALS 

Inhomogeneities on the length scale of 10-1000 A significantly 

affect the optical properties of even macroscopically homogeneous thin 

films (Rouard and Meesen, 1977). When small metallic particles are 

dispersed in a conducting or dielectric matrix, the optical properties 

of such a cermet will differ from those of either component. Cermets 

are two-phase metal-ceramic mixtures; the cermet black molybdenum is a 

metal-metal oxide composite material. 

In this chapter we discuss the optical properties of 

heterogeneous materials. Their structure is assumed to be 

macroscopically homogeneous, such that the inhomogeneities cannot be 

resolved with an optical microscope. But the different ~egions are 

assumed to be large enough so that the separate phases are not mixed 

on an atomic scale, but rather consist of regions large enough to 

possess their own dielectric identity. We will now discuss the optical 

properties of the effective medium so formed, following the approach of 

Aspnes (1982a). 

We proceed by discussing the effective dielectric function for 

such a material. Next, we review several effective medium models 

developed to explain the observed optical response of such materials, 

based on compositional and microstructural information but limited in 

application. We ~~ll then discuss why the dielectric function of the 

9 



10 

cermet must lie within certain limits which can be theoretically 

derived even if nothing is known about the volume fractions or 

microstructure of its constituents. These limits can be made more 

restrictive if such information is available. Finally, we consider the 

implications of such a determinatio!! for the reflectance of black 

molybdenum. 

The Effective Dielectric Function for a 
Heterogeneous Material 

The optical properties of a material" depend on its dielectric 

function, Which is complex and also wavelength-dependent. The complex 

dielectric function e: = e:l + i e:2 is defined by 

(2.1) 

(Jackson, 1975), where TI is the macroscopic displacement field, E is the 

macroscopic electric field, and 11" is the polarization, or the 

macroscopic dipole moment per unit volume. e: is a measure of how 

easily a system can be polarized - it represents the response of the 

system to the applied field E. 

To arrive at the effective dielectric function for the 

composite medium, one must first obtain accurate spectra of the 

dielectric function for each constituent, and then find a reasonable way 

to average over the spatial variations of the heterogeneous material. 

The optical properties of a granular material can be characterized by 

an effective dielectric function e:, being a spatial average over the 

dielectric functions of the components, provided that the size of the 

inhomogeneities is much smaller than the wavelength of the radiation. 
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The averaging procedure is far from trivial; several prescriptions exist 

in the literature. Quantitative models for the properties of 

heterogeneous materials have been proposed since Faraday in the early 

19th century (Landauer, 1978). In the years since, numerous theories of 

varying complexity have been presented for this averaging procedure. 

Inhomogeneities (such as embedded particles) can affect the 

optical properties of a thin film in tw:o ways (Aspnes, 1982a). First, 

the dielectric respcnse of an individual homogeneous region, or grain, 

depends on its composition. Second, screening charges develop at grain 

boundaries, and are dependent on the size and shape of the grain. This 

will lead to differences between the local field and the macroscopic 

applied field of the light wave, and thus influence the film's 

macroscopic dielectric response. The macroscopic dielectric response of 

a cermet is therefore intimately connected to its composition and 

microstructure. 

Effective Medium Theories 

The interaction of a cer:et !·:it'h electromagnetic radiation can, 

under certain conditions, be equated to the interaction of an equivalent 

effective medium which is homogeneous. This leads to the following 

definition of an "effective medium": The behavior of the cermet medium 

when subjected to electromagnetic radiation should be the same as that 

of a homogeneous material having the effective dielectric function. 

In discussing effective medium theories, we shall use the 

quasistatic (infinite-wavelength) approximation which is valid if the 

particle size is small compared to the characteristic wavelength ).. 
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The grain sizes should not exceed = 0.1 A (Stroud and Pan. 1978; Aspnes. 

1982b). The particles must still be large enough to possess their own 

dielectric identity. Because the metallic particles in cermets are 

normally very small, on the order of 100 A (Lamb. Wood and Ashcroft. 

1980). and because cermets are fairly homogeneous on the scale of the 

relevant light wavelengths, effective medium theories are applicable to 

cermets (Granqvist, 1981). 

Two effective medium theories are widely accepted, those 

ascribed to Garnett (1904 and 1906) - known as the Maxwell Garnett 

theory, and to Bruggeman (1935) - known as the Bruggeman theory or 

effective-medium approximation. They correspond to two interesting 

topologies for composite materials. These two topologies, one of 

isolated inclusions and the other an aggregate or random-mixture 

topology, are illustrated in Figure 2.1, and described in the next 

paragraphs. 

If we refer to the two phases existing in the film as a and b, 

and if their volumes are large enough to possess their own dielectric 

identities, then the following general equation applies to this 

effective medium (Aspnes, 1982a): 

(2.2) 

where h represents a host medium into which both phases a and bare 

embedded. gh, ga' and gb are the dielectric functions of these three 

media. fa and fb denote the "filling factors," i.e. the volume fractions 

occupied by phases a and b, respectively. € is the effective dielectric 
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Fig. 2.1. Two distinct cermet topologies. 

(a) Isolated inclusions in a host 
medium. 

(b) Aggregate or random-mixture. 
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function of the composite medium. In the next two sections we will 

show how this general equation can be applied to the two cermet 

topologizs illustrated in Fig'.J.re 2.1. 

Maxwell Garnett 

Figure 2.1(a) illustrates a topology of isolated inclusions of 

phase a in a host matrix composed of phase b. This is the Maxwell 

Garnett (Garnett, 1904 and 1906) topology, With the inclusions assumed 

to be spherical. This model takes the particle interaction into account 

by considering the average effect of the polarization using the Lorentz 

correction to the local field:- the effective electric field Eeff for a 

group of polarizable entities subject to an external field E is given by 

+ + 
E + 471/3 P • (2.3) 

The size of the particles is irrelevant as long as it is much smaller 

than the wavelength and the skin depth for the incident radiation. Each 

particle is considered to be isolated so the field outside the spheres 

is on average unaffected by other particles. In this case the effective 

complex dielectric function is given by Equation (2.4), with gh = gb (and 

(2.4) 

Equation (2.4), and the alternate expression for phase a as the host 

material, are the Maxwell Garnett effective medium expressions. The 
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theoCf assumes that the distances between the particles are so large 

i::llat they act as independent scatterers. 

Bruggeman 

The second cermet topology, the aggregate or random-mixture 

topology, is illustrated in Figure 2.1(b). A common example of this 

topology is the spatial structure associated with an assembly of 

microcrystals: a polycrystal. Bruggeman (1935) utilized this concept to 

develop a very different effective medium theory from the Maxwell 

Garnett theory. When fa and fb are comparable, the roles of host and 

inclusion are unclear. So one may consider instead that the effective 

medium is the host into which both a and b are placed. The probability 

of a particle being a or b is given by its volume fraction fa or f b• 

In the Bruggeman theory one regards a typical element of the 

two-phase material which is embedded in an effective medium, whose 

properties are to be determined self-consistently. To achieve this one 

solves for the local field around the element and imposes the condition 

that the fluctuations of this local field around its effective value 

should average to zero (Granqvist and Hunderi, 1978). The self-

consistency requirement is then sufficient to specify an expression for 

the effective dielectric function according to: 

o (2.5) 

which is Equation (2.2) with E:h e:. This is the Bruggeman expression. 
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We note that the Bruggeman result is symmetric in the 'cwo 

components while the Maxwell Garnett result is not. This difference is 

real and intuitive. In terms of the surface ch~rges and field 

discontinuities established in a topology of isolated inclusions, it 

should matter whether islands of medium a are completely surrounded by 

a sea of medium b or vice versa. In a polycrysta1, in which a given 

microcrystal may never be completely surrounded by a different 

constituent, the apellations ''host'' or "inclusion" are hardly appropriate 

(Lamb, Wood and Ashcroft, 1980). 

Other Effective Medium Theories 

Equations (2.4) and (2.5) both assume spherical particles, and 

thus are often too simple to be directly applicable to experimental 

samples, which may be characterized by size dependent dielectric 

functions, non-spherical particle shapes, preferred orientation of 

elongated grains, and strong aggregation effects (Granqvist, 1981). Both 

theories inadequately describe real systems of particulate selective 

absorbers which consist of complicated disperSions of metallic or 

semiconductor particles in dielectric or conductive matrices. Granqvist 

describes elaborations of the above theories to incorporate size 

distributions, ellipsoidal grains, cube-shaped particles, non-homogeneous 

particles, and pronounced aggregation of spherical particles. P~l of 

these can be incorporated in the two theories to some extent, for low 

fill fractions. 

The Maxwell Garnett model is limited to small filling factors 

only (Granqvist and Hunderi, 1978). In order to allow wider application 
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the Maxwell Garnett model was made self-consistent by Granqvist and 

Hunderi. Wood and Ashcroft (1977) have extended the Bruggeman theory 

to describe a "correlated three component system" where the metal 

particles are coated with a thin layer of dielectric. A recent theory 

by Ping Sheng (1980) is a symmetrical generalization of the two Maxwell 

Garnett expressions, in Which the relative occurrence of the two kinds 

of unit cells is obtained from statistical arguments. This list of 

possible effective medium theories is by no means complete, but serves 

as an illustration of the range available. 

The many effective medium theories give different predictions 

of the effective dielectric function for a specified fill fraction of 

metal and oxide in Co-Al 203 films (Niklasson and Granqvtst, 1981). It is 

believed that each predicted value of E: corresponds to a definite 

microstructure (Bergman. 1980). The importance of the composite 

microstructure in determining the optical response of heterogeneous 

materials has been established for two gold-dielectric composite 

systems exhibiting distinctly different topologies (Gibson, Craighead and 

Buhrman. 1982). It thus appears that each effective medium theory 

would hold for some specific arrangement of regions of phase a and 

phase b - although not necessarily the arrangement underlying the 

derivation of the particular effective medium theory. Thus an effective 

medium approach is expected to be worthwhile only after the 

microstructure of the medium has been defined. 

In the next section we discuss how absolute limits can be 

placed on the dielectric function of a composite medium, even if nothing 

is known about the volume fractions or microstructure of its 
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constituents. We will then show how, :is more information is obtained, 

it can be used to limit further these absolute bounds on E. Reversing 

the interpretation, we may also expect to derive information on the 

microstructure of ~ given cermet by finding agreement of its observed 

optical properties with one or the other of the theoretical models. 

Bounds on the Effective Dielectric Function 

In order to specify the effective dielectric function of an 

inhomogeneous material, knowledge is required not only of the 

compositions of the different phases, their volume fraction and 

individual dielectric functions, but also of their detailed geometry. In 

practice the volume fractions and microstructure are often not known; 

indeed the microstructure can never be exactly k~own to the detail of 

location of all voids, extra inclusions, etc. Even so, it is possible to 

make some simple statements about the types of structural 

configurations pOSSible, and so arrive at bounds on E (Aspnes, 1981 and 

1982a). A ''bound'' here implies restriction of E to a region of the 

complex E plane. In the discussion that follows, extensive reference 

will be made to Figure 2.2, which, as an illustrative example, plots E 1 

vs. E2 at )., = 0.5 pm, for a typical Mo-Mo02 cermet composed of 60 % Mo 

and 40 % Mo02. 

Wiener Absolute Bounds to E 

Referring to Figure 2.2, at 0.5 lim the dielectric functions of 

Single-crystal Mo (Kirillova, Nomerovannaya and Noskov, 1971) and of 

single-crystal Mo0 2 (Chase, 1974; Dissanayake and Chase, 1978) are 

plotted as one point each in the complex e: plane. The least 
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Fig. 2.2. Limits on the allowed range of E at A = 0.5 ~m for a cermet 
whose composition is 60% Me and 40% Uo02' 
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restrictive bounds on epsilon for the cermet consist of saying that the 

effective e must lie between these two points. 

€: can immediately be bound more stringently, however, by taking 

into consideration the screening charges that tend to develop at grain 

boundaries. These charges cause the local electric field to differ 

from the macroscopic applied field. The Wiener absolute bounds to e 

(Wiener, 1912) are derived by considering maximum and minimum screening 

effects which are realized for two very simple geometries, to be 

explained in the following paragraphs. 

If light is normally incident on a multilayer stack, the applied 

field E of the light wave is parallel to the stack surface, as shown in 

Figure 2.2. All of the stack's internal boundaries are thus parallel to 

the applied field and there is minimum screening. The effective 

dielectric function is given in this case by: 

(2.6) 

where a and be are the constituent materials. Equation (2.6) is 

equivalent to averaging capacitors connected in parallel. This is 

indicated by the straight line A-S-B at the left of Figure 2.2, 

corresponding to the multilayer microstructure. 

If light is instead normally incident on a thin film composed 

of columnar grains oriented perpendicular to the substrate, the film's 

internal boundaries are perpendicular to the applied field of the light 

wave, giving rise to a maximum screening effect. The effective 

dielectric function for this case is given by an averaging procedure 

equivalent to adding capacitors in series: 
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1 
S 

+ (2.7) 

Equation (2.7), for complex s, e:a , and e:b' defines a circular arc joining 

the e:'s for Mo and Mo02 in the complex s plane. This arc, A-T-B, is 

indicated on the right side of Figure 2.2, representing columnar grain 

structure. 

The bounds developed so far are absolute; they are true for any 

microstructure or fractional compOSition, so long as the 

microstructural dimensions remain small compared to the wavelength of 

light. 

More Stringent Bounds based on General Macroscopic Attributes 

If the average volume fractions of materials a and b are known, 

Equations (2.6) and (2.7) each have a one-point solution; these are 

labeled in Figure 2.2 as Sand T, respectively. More stringent limits 

to s, based on this compositional knowledge. have been derived. Rashin 

and Shtrikman (1962) used a variational approach to show that the two 

Maxwell Garnett expressions, Equation (2.3) with sh = sa and sh = e:b' 

provide limits to e: if the fractional compositions are known. They 

showed that for macroscopically uniform and isotropic systems with 

real sa and sb' these two Maxwell Garnett equations actually form a 

pair of bounds for s, irrespective of the topology of the system. Their 

work was generalized to complex s by Bergman and Milton (Bergman, 1980 

and 1981; Milton, 1980 and 1981). The Rashin-Shtrikman bounds define a 

region of one compOSition, in Which the structure is allowed to vary. 

These bounds, given by the two Maxwell Garnett expressions, are arcs in 
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the complex g plane which intersect at points Sand T to bound the area 

C. The upper arc on Figure 2.2, curve D, is defined by points S, T and B. 

the g of MoO 2. The lower arc, curve E, is defined by points S, T and A, 

the g of Mo. The region C represents a region of constant composition. 

over which the microstructure varies; each value of g in this region 

represents a different microstructure but the same volume fractions of 

Mo and Mo02. To obtain points Sand T, and the region C, the volume 

fractions of 60 % Mo and 40 % Mo02 were supplied to the theory. 

Along both curves, D and E, that bound the region C, the cermet 

must be composed entirely of singly-coated.spheroid3, as shown in 

Figure 2.3. Along curve D the grains are Mo02-coated Mo ellipsoids, and 

along curve E the particles are Mo-coated Mo02 ellipsoids. The two 

spheroidal surfaces of a single-coated grain must be confocal, and the 

volume frac~icns. fa and f b• must be the same in all the coated grains, 

but the volume of a grain is arbitrary. Space can be packed completely 

in this fashion (Bergman, 1980). The composite spheroids all have the 

same orientation and are densely packed since they fill all space, and 

this requires a specific but not unique distribution of particle sizes 

(Milton, 1980). 

At point S the film must be composed of ellipsoids oriented 

parallel to the substrate. They are long and thin, so much so that it 

is difficult to tell which material is the kernel and which is the 

coating. Moving along curve D from S toward point T, the ellipsoids 

become increasingly shorter and wider and deeper, while always 

maintaining constant volume fractions of the two components, until 

halfway between Sand T where the structure is one of Mo02-coated Mo 
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spheres. A further progression along curve D toward T results in 

ellipsoids' oriented perpendicular to the substrate, and at T they are 

again so long and thin that it is difficult to designate either material 

as the coating or the kernel. The lower arc, curve E, represents a 

cermet with the same structural variations encountered in proceeding 

from S to T, but where the roles of Mo and Mo02 are reversed. 

A path leading from curve E, which corresponds to Mo-coated 

Mo02 ellipsoids, to the curve D which corresponds to Mo02-coated Mo 

ellipsoids, describes a medium of densely packed, parallel doubly-coated 

composite ellipsoids (Milton, 1980). Each composite cylinder consists 

of a cylindrical shell of one component sandwiched between a 

cylindrical core and an outer cylindrical shell of the other component, 

as in Figure 2.3. The volume fractions of each component must still 

remain constant, while the radius of each shell of the grain varies 

along such a path.· In this way the entire region C can be mapped, with 

differences in the dielectric reeponse due exclusively to the film 

microstructure. 

The limit theorems show that if Ea and Eb are similar, then E 

is determined almost entirely by composition and is essentially 

independent of microstructure. If Ea and Eb are substantially 

different, then microstructure is the dominant variable (Aspnes, 1981). 

Niklasson and Granqvist (1981) showed for a Co-Al203 cermet that all of 

the predictions from all effective medium theories lie within the 

bounds predicted by these theorems. 
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The Reflectance of a Cermet Material 

The reflectance of light normally incident on a surface in air 

(n=!) is given by 

R (n-1)2 + k Z 

(n+1)Z + kZ ' 
(2.9) 

where n is the refractive index and k is the extinction coefficient. 

Both nand k are calculated from the complex dielectric function as 

follows: 

2 n k • (Z.10) 

A reflectance can be calculated corresponding to any value in 

the complex e: plane by using Equations (2.9) and (Z.10). Using this 

procedure, the theory of bounds on e: has been used to calculate 

corresponding bounds on the reflectance R of Mo-Mo02 composite films. 

Because e: varies with wavelength for both Mo and MoOZ' both the size 

and the location of the region C in the complex e: plane will be 

wavelength-dependent, leading to wavelength-dependent predictions for 

R. 

To apply this effective medium theory to black molybdenum, the 

microstructure must be defined. Chapter 3 presents a description of 

the two CVD processes used to fabricate black molybdenum films, and 

describes the film growth mechanisms in detail in Chapter 4. But to 

facilitate comprehension of the importance of structural factors and 

the theory of bounds to the determination of the optical processes 

operating in black molybdenum, we will briefly describe their 
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preparation. In the carbonyl process, films of nearly stoichiometric 

Mo02 are deposited. These are annealed in hydrogen to partially reduce 

the MoD2 to Mo and so produce the cermet structure; hydrogen enters 

the film along the grain boundaries and reduces an Mo02 grain to Mo 

from the outside toward the center. We call the films so prepared CBM 

(Carbonyl Black Molybdenum). In contrast, the cermet structure is 

attained in one step in the dioxydichloride process, in which grains of 

Mo and grains of MoD 2 are codeposited. We refer to these films as OCBM 

(Oxychloride Black Molybdenum). 

Refer again to Figure 2.2. CBM films consist of columnar Mo

coated Mo02 grains. Thus the CBM structure places it along curve E, 

and near to point T. DCBM films consist of individual columnar grains 

of Mo or Mo02' So the DCBM structure places it at point T on this same 

figure. A comparison of CBM and OCBM films of equal volume fractions 

of Mo and Mo02 should yield different optical behavior for the two 

films based on differences in microstructure. 

Figures of Merit for Real Spectrally Selective Surfaces 

We will first apply the theory of bounds to E to an ideal Mo

Mo02 cermet and predict the reflectance as a function of wavelength. 

We adopt this procedure to determine whether such a material displays 

spectral selectivity. Spectral selectivity denotes an optical property 

such as reflectance that varies significantly with wavelength. 

Spectral selectivity permits the spectral filtering or selection of 

radiative interaction. For the conversion of solar radiation into heat, 

spectral selectivity exploits the wavelength separation of the solar 
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input from the reradiative loss. 98.5 % of the solar insolation is 

found at wavelengths below 2.0 ~m (Hahn and Seraphin, 1978) while, for 

temperatures below 500 C, 98 % of the thermal infrared radiation 

occurs at wavelengths greater than 2 llm (Agnihotri and Gupta, .1981). A 

selective absorber efficiently captures solar energy in the visible and 

the near infrared spectral regions while radiating poorly in the 

thermal infrared. Ideally, it would have a step-function spectral 

profile as illustrated in Figure 2.4. The optimum location of the step 

depends on the operating temperature of the spectrally selective 

surface; for 500 C, the step should be at approximately 2 ~m. 
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Fig. 2.4. Spectral profile of the absorptance for an ideal photo
thermal converter surface. 
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Because the solar flux is fairly dilute, on the order of 1 kW/m2, the 

incoming solar radiation must be concentrated to attain these operating 

temperatures (Seraphin and Meinel, 1976). This has the effect, shown in 

Figure 2.5, of multiplying the solar input by a concentrating factor. 

Accordingly, a selective coating will absorb and retain a high amount of 

energy while a no~-selective surface, such as an ordinary black paint, 

will lose much of its absorbed energy by reradiation. 

Thus far we have described the ideal step-function optical 

behavior leading to maximum spectral selectivity. However, neither 

complete solar absorption nor perfect thermal suppression is possible, 

whatever the absorption profile. Unavoidable overlap of the emission 

bands of sun and converter will cause long wavelength solar photons to 

be rejected, while energy will leak through the part of the thermal 

emission spectrum tailing into the absorbing region. In practice, the 

solar absorber should possess the maximum possible absorptance in the 

solar spectrum while maintaining a minimum infrared emittance. 

Evaluation of the spectral profile of a real surface leads to the solar 

absorptance 

a 
or a(A) HCA) dA 

01"" H( A) dA 

and the thermal emittance 

e(T) 

(2.11) 

(2.12) 
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In Equation (2.11) H( A) is the spectral solar irradiance in W/m2• The 

hemispherical absorptance a( A) of a given surface is defined as the 

fraction absorbed from a solar flux H(A)dA incident hemispherically on 

the surface. Since this varies strongly with location and time, the 

solar absorptance depends not only on the absorptance characteristic of 

the surface, but on the precise nature of the solar spectrum for the 

situation under consideration. 

Equation (2.11) is transformed into (2.12) by replacing the 

hemispherical absorptance by the hemispherical emittance SeA), aefined 

as the fraction of energy emitted by a real surface into a hemisphere 

as compared with that of an ideal blackbody, sBB(A,T)dA, at the same 

temperature T. Integration over all wavelengths gives the total 

hemispherical emittance, or thermal emittance e(T). In both integrals, 

the temperature dependence of both spectral functions a( A) and s( A) 

(Trotter and Sievers, 1981) has been ignored. In contrast to the solar 

absorptance, the thermal emittance is generally regarded as a property 

of the radiating surface since the blackbody radiation function is 

completely specified once the surface temperature is given. The 

emittance as compared to a 500 C blackbody, e(SOO C), shall be given 

simply as e. 

The optical constants of the converter surface determine the 

solar absorptance a and thermal emittance e3 which are the optical 

properties of interest for a spectrally selective surface. These 

figures of merit ultimately determine the fraction of the incident 

energy drawn from a converter at a given temperature, and in a given 

configur a tion. 
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The Spectral Selectivity of an Mo-Mo02 Cermet 

We have used compositional information for black molybdenum to 

apply the more restrictive Eashin-Sntrikman bounds to E as opposed to 

using just the Wiener absolute bounds. The Hashin-Shtrikman bounds, 

corresponding to region C in Figures 2.2 and 2.3, are obtaii:ad for a 

fixed, known compOSition, with variations in E due to variations in film 

microstructure. One important question is whether, on the basis of the 

Hashin-Shtrikman bounds to E, spectral selectivity may be expected in 

any films of the Mo-Mo02 cermet system. To obtain a spectrally 

selective reflectance profile, the theory mus t predict significantly 

different optical behavior in the visible than in the infrared. That is, 

the region bounded in the complex E plane at 0.5 llm must be different 

from that bounded at 5 llm. As long as these two regions do not 

overlap, different optical behavior can be expected at. the two 

wavelengths. The theory for bounds to E must predict a dependence of 

reflectance on wavelength that approximates the ideal step-function of 

Figure 2.4. 

Figure 2.6 plots the Hashin-Shtrikman bounds, at 0.5 llm and 5 

um, for a cermet composed of 60 % Mo and 40 % Mo02' With composition 

constant, and no structural assumptions made, a wavelength transform 

from 0.5 llm to 5 llm causes a significant change in the predicted 

optical behavior. 

Based on these predictions for E, we can calculate the expected 

reflectance for this film. Figure 2.7 plots predicted ~Eflectances as a 

function of wavelength for the same cermet as in Figure 2.6 - composed 
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of 60 % Mo and 40 % Mo02. The two curves drawn are for the maximum 

and minimum reflectances as predicted from the theory of bounds; the 

highest predicted reflectance is obtained for the multilayer film 

configuration corresponding to point S on Figure 2.2, while the lowes t 

predicted reflectance is obtained for a columnar film topology, point T 

on Figure 2.2. The ce~met reflectance must lie between these values. 

The range of possible reflectances corresponds, of course, to the range 

of possible microstructures attainable in a film with the given 

composition. The exact selectivity, and reflectance trace, can only be 

determined for a known structure. This figure shows that such a cermet 

will be spectrally selective, as the range of possible visible 

reflectances is much lower than the range of possible reflectances in 

the infrared. 

Using the reflectances calculated from the theory of bounds 

data, the solar absorptance and thermal emittance have been calculated 

for the Mo-Mo02 cermet according to the methods described in the 

preceding section. The two figures of merit, a and e, have been 

calculated for films with four different volume fractions of the 

constituent phases, and for 6 points equally spaced along the upper and 

lower curves (D and E) joining points Sand T. The four different 

volume fractions were chosen for comparison with results on both CBM 

and OCBM films, described in Chapter 4. The results are displayed in 

Figures 2.8 through 2.11, with a and e both given for each point. 

On comparing the four figu.:es, we see first that the area 

mapped out for a film in the complex ~ plane according to the theory 

of bounds is dependent on the volume fractions of Mo and Mo02. Of 
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Fig. 2.8. Figures of merit a and e calculated 
from the theory of bounds to E for 
a cermet composed of 40 % Mo and 
60 % Ho02" 
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Fig. 2.9. Figures of merit a and e calculated 
from the theory of bounds to E for 
a cermet composed of 60 % Mo and 
40 % Mo02• 
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Fig. 2.10. Figures of merit a and e calculated 
from the theory of bounds to E for 
a cermet composed of 80 % Uo and 
20 % Mo02• 
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Fig. 2.11. Figures of merit a and e calculated 
from the theory of bounds to s for 
a cermet composed of 90 % 110 and 
10 % Mo02• 
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course, the prediction for a film of stoichiometric Mo02 would be one 

point. The bounded area then increases as the percentage of metallic 

molybdenum in the film increases. But as the volume fraction of 

molybdenum approaches unity, the bounded area again decreases. In 

other words, 8 can be known more precisely for films that vary only 

slightly from stoichiometry. Conversely, for a film whose volume 

fractions of Mo and Mo02 are known to be comparable, rather less 

restrictive bounds on € emerge. Thus, at low or high fill factors the 

cermet's optical properties are large~ycomposition-dependent, while at 

intermediate fill fractions, the microstructure dominates. 

We have seen how the theory of bounds predicts the optical 

properties of black molybdenum, and especially its degree of spectral 

selectivity. The theory may be utilized for given composition only, but 

knowledge of the two topologies possible for black molybdenum films 

restricts the bounds on 8 much further. Only through the specification 

of both compOSition and microstructure can 8 be completely specified. 

In addition to the optical effects predicted by the theory of 

bounds on 8, a combination of effects operate to generate the optical 

properties of black molybdenum. The structural factors Which must be 

considered include the film topology, surface texture, and the presence 

of a possible amorphous phase. In Chapter 5 we will discuss the 

implications of the bounds derived for 8 for real black molybdenum 

films. 



CHAPTER 3 

PREPARATION AliD CHARACTERIZATION TECHNIQu~S 

Tne previous chapter ~~inted out that the optical constants of 

Mo and Mo02, their filling fractions, and film microstructure determine 

the optical properties of black molybdenum. This chapter describes the 

preparation and characterization of a set of films on which the 

comparison of experiment and theory can be based. The first section 

explains chemical vapor deposition (CVD), the technique used to prepare 

black molybdenum. CVD is compared to physical vapor deposition (PVD) 

and electrodeposition. two techniques which are more familiar to 

optical technologists. The second section relates the measurements of 

chemical composition, structure. and optical properties that 

characterize black molybdenum films. Chapter 4 will employ these data 

to evaluate the optical and physical properties of our samples. 

The CVD Process 

Since 1880, when first applied in the new incandescent lamp 

industry, chemical vapor depOSition has been employed in a diverse group 

of technologies (Jacobson, 1982). At present, CVD plays vital roles in 

microelectronics, wear- and radiation-resist:ant coatings. fiberoptics, 

and the purification and fabrication of exotic materials, from ultra-low 

expansion glasses to high-purity refractory metals. CVD has four major 

advantages over most other thin film depOSition techniques. First, the 

process allows tight control over gas stream flowrate and compOSition, 
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which leads to predictable and repeatable film composition and graded 

structures, if desired. Second, the thermal activation of the reaction 

establishes thermal equilibrium at the site of film deposition, 

producing tight, highly coordinated structures. Third, the throwing 

power of CVD is excellent, allowing for the coating of less accessible 

surfaces such as the inside of tubes. Last, the technique is especially 

well suited to the deposition of refractory materials which is 

difficult by other processes. 

Description of CVD, and Comparison to PVD 
and Electrodeposition 

The most common techniques for the formation of metal and 

metal oxide films include CVD, electroplating and PVD - evaporation and 

sputtering. There are three basic processes which occu~ in all of 

these methods: (1) volatilization of the starting material, (2) 

transport of gaseous material from source to substrate, and (3) 

nucleation and growth at the substrate. Table 3.1 lists the processes 

which are used to induce steps 1-2-3 in the various deposition methods. 

In CVD, as the name suggests, the thin film materials are 

deposited through a thermally activated chemical reaction. A mixture 

of gases, a chemical vapcr, is transported to a reaction chamber. If a 

substrate is placed in this chamber and heated, and other parameters 

are properly chosen, the desired chemical reaction will be activated. 

The gas either breaks up at the surface of the hot substrate or reacts 

with other gas constituents, leaving behind the desired solid material. 

The reactants in a CVD system are usually diluted by an inert carrier 

gas, often helium or argon. The carrier gas usually constitutes the 
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Table 3.1. Techniques used in CVD, PVD and electroplating. 

Deposition Method Process 

CVD 1 

2 

3 

Evaporation 1 

2 

3 

Sputtering 1 

2 

3 

Electroplating 1 

2 

3 

Technique 

Chemical reaction forming a volatile 
compound 

Diffusion and transport in an inert 
carrier gas 

Chemical reaction 

Evaporation of source material 

Line of sight transport in high vacuum 

Condensation 

High-energy sputtering by heavy ions 

Line of sight transport in high vacuum 

Condensation 

Chemical reaction at the anode 

Transfer through the plating solution 

Chemical reaction at the cathode 
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bulk of the gas stream, preventing premature decomposition by diluting 
, . 

the reactants, while entraining the reactant gases to the substrate and 

establishing the even flow necessary for uniform deposition. The 

byproducts of th~ reaction, still in the vapor phase, are removed from 

the chamber by the carrier gas stream. For CVD one needs gas sources, 

plumbing to mix and often heat the gases as they flow, a reaction 

chamber, a means of heating the substrate, and exhaust plumbing. 

Inherent in the CVD process is the thermal equilibrium of the 

growing film With the substrate. The substrate temperature, Ts ' in CVD 

systems may vary from just above ambient to 1000 C or higher, depending 

on the chemical reaction. The gas stream temperature, lower than the 

substrate temperature, must nevertheless exceed the condensation point 

of the reactants at the operating pressure, or condensation Will occur. 

However, if the gas stream temperature and/or pressure are too high for 

a given reaction, gas phase decomposition Will take place, resulting in 

"snow". This premature reaction produces powdery films on the 

substrate, if films are formed at all. 

A number of features distinguish CVD from the commmonly 

employed processes of physical vapor deposition, or PVD, which include 

evaporation and sputtering. PVD processes normally do not involve 

chemical reactions; rather, they exploit phase transitions from a bulk 

source to the vapor, and then use deposition to form the thin film. The 

normal physical deposition processes are all conducted in a vacuum and 

differ principally in the means employed to create the physical vapor. 

If the reactant is thermally heated, the technique is known as thermal 

evaporation. On the other hand, if the source is bombarded with ions so 
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that the atoms or molecules are kinetically ejected or sputtered into 

the vapor, the process is called sputtering. Numerous variants of these 

two basic approaches exist; for example, if a dissociated component is 

excited or ionized, the process is termed activated, while electric 

fields or glow discharges which accelerate free ions and bombard the 

growing film give rise to ion plating. Thus, the essence of PVD is the 

condensation of the film material directly from the vapor phase. 

Ideally, any chemical reactions involved in the process occur in the 

vapor phase at points effectively distant from the substrate surface. 

Significantly, CVD and PVD differ on a more fundamental level. 

In PVD, it is the absence of equilibrium between film and vapor that 

provides the drive for the condensation of the evaporant, and hence, the 

growth of the film. Since there is also a lack of equilibrium between 

film and subst=ate, the g=owth of thin films produced by PVD may be 

considered a two-stage nonequilibrium process in which thermal 

equilibrium with the substrate is achieved only after deposition. On 

the other hand, CVD is an equilibrium process. . The attainment of 

thermal equilibrium between the components of the gas phase and the 

substrate at the reaction temperature induce the chemical reaction to 

produce the film material. Thus, the film is constantly in thermal 

equilibrium with the substrate as it grows. 

In both CVD and electrochemical processes, the species of 

interest is deposited by the formation of a compound thereof. In 

electrodeposition transfer is made from the anode to the cathode, while 

in chemical vapor deposition transfer is made from the source to the 

deposition chamber. CVD obviously differs from electrodeposition in a 



technical sense, in that the latter employs a liquid bath containing 

ions generated by a strong electrical field. Similarly, CVD diverges 

from other chemical processes which do not use vapors to carry the 

reactants and heat to activate the reactions. However, the 
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thermodynamic equations describing CVD and these other processes are 

similar, as Holzl (1968) points out in his comparison with 

electrodeposition. 

CVD relies on the thermal energy of the substrate to activate 

the desired reactions. In PVD, the kinetic energy of the evaporated or 

sputtered material delivers it to the substrate; in electrodeposition, 

the electrical conductivity of the substrate and source electrodes 

permit the flow of ions onto the growing film. Therefore, while the 

suitability of substrates in CVD does not depend on electrical 

conductivity, their temperature dependent properties must be considered. 

Problems can occur when a high Ts takes the substrate through a 

structural transition, such as the ferritic/austenitic change in steel 

which occurs at 767 C. 

Frequently, new materials require completely different CVD 

procedures. To some extent, the simplicity of the CVD system is 

balanced by the greater complexity of the CVD process. The wide range 

of adjustable parameters available to the producer, however, permits 

precise and wide-ranging control over film properties. CVD thus offers 

an invaluable tool for unraveling the effects of composition and 

structure on optical properties of materials. 

Gas composition and purity, substrate temperature, flow rate, 

and reactant composition can all be monitored and maintained at precise 
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levels in CVD. This leads to films of structural uniformity, chemical 

purity, hence predictable optical properties. At the same time, the 

high temperatures and thermal equilibrium characteristic of CVD tend to 

drive the layer toward greater overall order, reducing energy and 

stress levels. Such films are less subject to sudden changes in 

structure or penetration by contaminants during use. 

Commonly considered disadvantages of CVD include restrictions 

on substrates to those stable at high temperatures, stresses in the 

film d'.!ring the cooldown period following deposition, and interdiffusion 

among films and the substrate at high temperatures. Other problems 

with CVD include obtaining thickness uniformity, and the poisonous, air 

sensitive, and/or corrosive nature of certain CVD reactants and end 

products. Proper control over substrate heating and gas flow, plus 

precautions concerning gas containment in a CVD system can circumvent 

these problems. 

One of the major advantages of conventional deposition 

processes is also a major disadvantage. After more than forty years of 

continuous development, they have reached a level of technical 

perfection that implies diminishing returns from additional fine tuning. 

To make far-reaching improvements in the quality of thin films, 

profound changes in deposition techniques mus t be considered. CVD 

processes may be the vehicle for such a radical departure. Few have 

applied CVD to optical coatings. Nevertheless, the potential of CVD has 

been clearly demonstrated even at an early stage of development. The 

CVD process promises the production of films with higher purity and 

denser structure. The improved optical and mechanical properties that 
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result should lead to better performance in areas where conventional 

coatings are limited. These areas include durability under high radiant 

fluxes, resistance to environmental damage, and lower optical 

scattering. All are critical parameters in several areas. 

CVD Systems Used in this StudY 

Figures 3.1 and 3.2 show the two CVD systems used in this study. 

The carbonyl process occurs at low temperatures (200 to 400 C) while 

the dioxydichloride process operates above 500 C. All depositions 

performed in this study took place at one atmosphere, demonstrating the 

fabrication of photothermal solar converter surfaces without vacuum 

apparatus. 

In the carbonyl system, shown in Figure 3.1, the starting 

material molybdenum hexacarbonyl [Mo(CO)6] served as the source 

material. A separate oxygen flow was added to the system to permit 

the fabrication of CBM films. Black tungsten, to be mentioned in 

Chapter 6, was also deposited in the carbonyl system through use of the 

starting material tungsten hexacarbonyl [W(CO)6]. In the dioxydichloride 

system, shown in Figure 3.2, pyrolytic hydrogen reduction of Mo02C12 was 

used to produce black molybdenum with oxygen entering as a part of the 

reactant molecule rather than through a separate oxygen flow. In both 

systems, variations of substrate temperature and gas flowrates allowed 

for some adjustment of composition and crystal structure. 

Both the carbonyl and the dioxydichloride processes utilized 

starting materials which are solids at room temperature, necessitating 

heating to temperature T1 to achieve a sufficiently high chemical vapor 
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Fig. 3.1. CVD system for the deposition of black molybdenum thin films 
by the pyrolysis of Mo(CO)6. 
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pressure. In the systems depicted in both Figures 3.1 and 3.2, Tl was 

adjusted for an acceptable deposition rate. T3 is the decomposition or 

reaction temperature, which must be chosen high enough to activate the 

desired reaction with sufficient deposition rate. T2, the temperature 

of the lines through which the source vapor is transported, must be 

chosen so that T3 > T2 > TI to avoid either premature reaction or 

recondensation of the source material within the plumbing. Exact 

deposition parameters will be given in Chapter 4. 

Characterization Techniques 

The previous section has described the use of chemical vapor 

deposition for depositing black molybdenum with a range of optical 

properties. Now we describe techniques used to measure the 

composition, structure and reflectance of CVD black molybdenum films. 

Knowledge of these properties is important for proper interpretation 

and systematic variation of the optical properties. In Chapter 4 we 

will employ these techniques to evaluate the optical and physical 

properties of our samples. 

Measurements of Cheoical Composition 

All measurements of composition in this study were performed 

with an Applied Research Laboratories SEM-Q wavelength dispersive 

microprobe housed in the University of Arizona's Lunar and Planetary 

Laboratory. In operation, an electron beam is directed onto the sample 

resulting in the emission of several types of particles and radiation. 

The characteristic x-rays generated by the atoms of the films are 

collected and analyzed by a wavelength dispersive crystal and 
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proportional counter. Comparison to known calibration standards 

permits determination of both the identity and absolute amount of the 

materials making up the film. 

The microprobe is convenient. quantitative and nondestructive, 

and a beam size on the order of 40 um provides sensitivity to lateral 

differences in composition. However. several obstacles must be 

overcome to employ it fully in the quantitative analysis of black. 

molybciecum thin films. The electron beam may completely penetrate the 

thin film due to its high energy, exciting atoms in the underlying 

substrate. In addition. the quantitative determination of carbon and 

oxygen. the light elements in the sample. is complicated by high 

background counting rates, overlapping and unsuspected diffraction 

peaks. chemically induced changes in diffraction peaks and matrix 

effects which arise because the signal received depends on the 

environment of the emitting atom. 

We have overcome these difficulties by a variety of strategies 

including decreasing the electron beam energy to 5 keV. defocusing the 

beam, and fabricating special calibration standards Whose composition 

and chemical bonding are representative of the samples to be analyzed. 

With incident electrons at 5 keV, the microprobe sees about 1200 A into 

a Mo film and can barely detect the presence of C and ° in these films. 

At this low energy the beam is not energetic enough to excite many of 

the lines of larger atoms. Because the electron beam energy permits 

various carbon-containing contaminents to be adsorbed on the film 

surface, the lower beam energy per surface area obtained through 

defocusing reduces this problem. Thin film molybdenum and Mo02 



calibration standards provided matrices close to the chemical 

environment in black molybdenum films. 
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Special precautions were also taken in collecting data. The 

background counting rate is very high, the peaks are broad, and high 

order cc.ffraction lines from other elements are also detected on the 

lead stearate analyzing crystal used to detect carbon and oxygen. We 

carefully checked the wavelengths on either side of each peak where 

background was measured in order to avoid these lines. 

We supported the microprobe compOSitional analysis with Auger 

Electron Spectroscopy (AES) by determining whether any compositional 

profiling with depth existed in these films. These measurements were 

performed by Dr. G. Wehner's group at the University of Minnesota. In 

AES a beam of 2 to 3 keV electrons bombards the sample which then 

emits secondary electrons from w~trin a very thin surface layer (5 A to 

20 A). Some of these electrons, called Auger electrons, have energies 

characteristic of the emitting atoms and can be used to determine the 

composition of a film (Joshi, Davis and Palmberg, 1975). Argon ions 

were used by the University of Minnesota group to sputter into a film; 

they simultaneously detected the ejected Auger electrons. The 

resulting sputter profile reveals composition versus depth in the films. 

Measurements of Structure 

A General Electric x-ray diffractometer (XRD) was used along 

with the JCPDS card file to determine the crystal structure of our 

films (Cullity, 1978). XRD was used with a high-intensity copper target 

and a nickel filter so that only the Cu Ka-line was used to excite 
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transitions in the black molybdenum films. This instrument is housed, 

along with the two electron microscopes which we discuss next, in the 

Metallurgical Engineering Department at the University of Arizona. 

Film grain size t could be deduced from the measured width of 

x-ray diffraction cur;es through use of the Scherrer formula (Cullity, 

1978, p. 102): 

t 
0.9 A 

B c':)s e ' (3.1) 

where A i~ t~~ .x-ray wavelength, B the full angular width of the 

diffraction peak at half :::ari:::!.!m intensity, and e the angular peak 

location. In addition. grain sizes were measured directly through TEM 

micrographs. 

A Hitachi HU-200 transmission electron microscope (TEM) was 

used to check on the XRD structural analysis work. The micrographs 

which are shown in Chapter 4 were taken between 150 KeV and 200 KeV 

with a magnification of about 60.000. The microscope's diffraction mode 

gave the ring patterns which are shown in the next chapter. 

The film surface morphology was observed with an International 

Scientific Instruments scanning electron microscope (SEM). The signal 

of interest is the variation in secondary electron emission due to 

differences in surface topography as the electron beam is rastered 

across the sample surface (Goldstein and Yakowitz, 1976). 

Films deposited on fused silica substrates were placed directly 

in the x-ray diffractometer and the SEM. For transmission electron 

microscopy (TEM), nickel grids were first coated with carbon and 
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over coated with a Si3N4 film at a temperature of 600 C using a CVD 

process. These Si3N4-coated nickel grids were introduced into the CVD 

reactor for black molybdenum deposition, and then examined directly by 

TEM. 

Measurements of Reflectance 

Since the optical analysis of black molybdenum is aimed at 

interpreting both the visible and infrared reflectance of the films, 

measurements of reflectance in both wavelength regions were used 

throughout this study to evaluate the results of each deposition or 

anneal. A Perkin-Elmer 137B Infrared Spectrophotometer with Barnes 

reflectance attachments measured specular reflectance from 2.5 um to 

15 um. This instrument operates in a double beam mode to determine 

relative reflectance as compared to evaporated AI references. Absolute 

reflectance calculations required normalizations using the data of 

Bennett, Bennett and Ashley (1962) for aged evaporated aluminum. For 

measurements of visible "diffuse" reflectance, an integrating sphere 

spectrophotometer was used to measure hemispherical-directional 

reflectance between 0.4 llm and 2.7 llm (Jacobson and Lamoreaux, 1979). 

Both the solar absorptance a and the thermal emittance e were 

determined from reflectance measurements using either graphical 

""distorted-wavelength" plots (Hass, Schroeder and Turner, 1951), or 

digitally by computer using the Thomas-Richmond 100 Selected Ordinates 

Method (Thomas and Richmond, 1978). The "distorted-A"" plots display 

reflectance against an abscissa linear in fractions of the total solar 

flux or of the reradiation loss at a given temperature, here 500 C. On 
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such plots equal areas correspond to equal amounts of incident solar 

energy, or reradiated energy at the solar collector's operating 

temperature. The total area of the graph therefore corresponds to the 

total radiative flux, either of the sun (air mass 2) or of a blackbody 

at 500 C, respectively (Pivovonsky, 1961). 



CHAPTER 4 

EXPERIMENTAL RESULTS 

The optical properties of Mo and Mo02, their volume fractions, 

and structural factors contribute to the wide range of spectral 

response of black molybdenum films. Microprobe and AES probed 

composition, while XRD, !EM and SEM have determined film structure. 

Solar absorptance a and thermal emittance e were calculated for these 

films from reflectance measurements. The preceding chapters described 

the preparation and characterization of CVD black molybdenum cermets, 

and introduced the terms and concepts necessary to discuss the 

properties of these materials. This chapter presents the experimental 

results which relate these physical and optical properties. 

The Carbonyl Process (CBM) 

Deposition of black molybdenum thin films by the pyrolysis of 

molybdenum hexacarbonyl [Mo(CO)6J proceeds at atmospheric pressure in 

the presence of oxygen. The primary reacti0u is: 

Mo(CO)6 + 02 ---) Mo02 + 6CO • ( 4.1) 

A substrate temperature of 300 C allows for the best combination of 

deposition rate and film adherence. The flowrate of the argon gas that 

carries ~he carbonyl source material to the reactor, is 900 cm3/min. 

Of the total argon gas flow, 220 cm3/min is directed through the 

Mo(CO)6 powder, which is maintained at 70 C. The rest of the argon gas 
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flow is used to dilute the reactant flow. Oxygen is bled into the 

carrier gas stream at a rate less than 3 cm3, 0.4 % of the argon flow. 

Deposition rates ranged from 4 to 5 A/second on one inch square fused 

silica substrates, leading to opaque films with thicknesses betw~en 

5400 and 5900 A. 

Post-deposition anneal of the films was carried out in a 

reducing atmosphere at temperatures between 700 C and 1000 C. 

Variations of gas composition during deposition, and post-deposition 

anneal parameters, produced samples of varying properties. 

Films ~fter Deposition 

Changes in the oxygen partial pressure in the reactant gas 

mixture result in corresponding changes in the compositional, structural 

and optical properties of the resulting films. The variation of the 

oxygen flowrate with respect to the constant flow of carbonyl vapor 

during deposition results in varying amounts of oxygen incorporated in 

the growing films, as evidenced by microprobe analyses. This causes a 

and e to vary, as shown in Figure 4.1. An increase in the oxygen 

content of the film corresponds to a change in composition from MoOxCy 

(with x + y ~ 1/2) (Carver, 1981) to Mo02 with a corresponding increase 

in a. At the same time, the structure changes from fcc to monoclinic. 

Films prepared with oxygen flowrate greater than 3 cm3/min delaminate 

during post-deposition anneal, indicating poor adhesion to the quartz 

substrates. As a result of this systematic variation of reactant ratios 

we arrived at an optimum operating point of 3 cm3/min oxygen flowrate 

during deposition. 
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Fig. 4.1. Solar absorptance, thermal emittance and chemical composition 
of CBM films after deposition. 

The observed x-ray and electron diffraction data for the as-

deposited CBM films are shown in Table 4.1 and Figure 4.2. When the d 

spacings are calculated for each diffraction line and compared with the 

JCPDS data, the best match for the most intense lines is obtained with 

monoclinic Mo02- However, the 001, 201. 200, 202, and nine other 

possible Mo02 reflections are missing. These systematic absences can 

be explained on the basis of the zone law (Cullity, 1978) Which states 

that diffraction will not be observed from crystal planes perpendicular 



Table 4.1. The observed x-ray and electron diffraction lines for 
as-deposited CBM. 

hkl x-ray TEM 

llO/m * * 
020/1ll * * 

210 * * 
311/220 * 

222/112/022 * * 
ll3 

131 * * 
313 

131 * * 
331/422 

040/332 * * 

* Ind:Lcatee that line is p17Esent. 
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to the crystal orientation. Thus, for a film with [uvw] orientation, 

reflections hkl with the property hu + kv + lw = 0 will not be 

observed. Using the zone law, these films were identified as Mo0 2 with 

a [010] orientation. Lines with intensity less than 30 % of the most 

intense Mo0 2 line were not observed in the electron diffraction 

pattern, which is indexed and shown in Figure 4.2. 

Stress in thin films tends to broaden x-ray peaks and change 

the measured d-spacings. Because,film grain size (300 A) as calculated 

from XRD via Equation (3.1) agrees with that observed in TEM, the x-ray 

lines do not appear broadened. Because of this, and since the d 

spacings determined by x-ray and TEM agree closely ~~th JCPDS data, the 

as-deposited CBM films are believed to be stress-free, [OlO]-oriented, 

polycrystalline Mo02 with a 300 A grain <:i.ze. 

In Figure 4.3 a comparison between high-resolution btight- and 

dark-field micrographs shows the presence of islands in the as

deposited films which do not change contrast going from bright to dark 

field. The possibility that these islands are due to substantial 

thickness variation through surface roughness was eliminated because 

the films are too smooth to produce significantly nonuniform 

thicknesses. It is likely that these islands consist of a 

noncrystalline or amorphous phase. There is on the order of 2 at. % 

carbon in these films and the possibility of an MoxCy amorphous phase 

cannot be ruled out as this would be undetected by x-ray diffraction. 

Since the volume occupied by this phase is small and it scatters much 

less than crystalline Mo02' an amorphous ring pattern may exist and yet 

not appear under TEM analysis. 



BRIGHT FIELD DARK FIELD 

Fig. 4.3 • . Comparison between high-resolution bright- and dark
field TEM micrographs of the same area of a CBM film. 
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The Effect of Post-deposition Anneal on 
Composition, Structure and Reflectance 

Post-deposition anneals have been used by Carver (1979) to 
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raise the infrared reflectance of CVD-Mo films. Post-deposition anneal 

of CBM films in a mixture of flowing He (90 %! and H2 (10 %) can 

remove most of the oxygen and convert the Mo02 to Mo. Anneal proceeds 

according to the following reaction: 

Mo02 + x H2 --> x/2 Mo + (1- x/2) Mo02 + x H20 (4.2) 

for T > 700 C. Controlling both x and T produces different ratios of 

molybdenum to molYbdenum dioxide in the post-anneal film. 

XRD analysis on partially annealed films reveals a mixture of 

Mo and Mo02• Since the structure of Mo02 is fine grained, and because 

the nascent Mo particles are even smaller, it is difficult to determine 

the precise distribution of Mo in Mo02 during early stages of the 

reduction process. Figure 4.4 shows bright-field TEM micrographs 

comparing the structur~ of an as-deposited film to that of a partially 

annealed film. 

On the basis of the TEM micrograph and the model based on 

diffusion data (Seshan et aI, 1981) the Mo is expected to form on 

multiple sites along the Mo02 grain boundaries during the anneal 

process to produce a complex mixture of Mo and Mo02' The reduction of 

Mo02 should proceed as hydrogen diffuses (or permeates) through the 

Mo02 film by following the grain boundaries, producing islands of Mo 

along this path. A highly stylized diagram representing this sequence 

of processes is shown in Figure 4.5 (a-c), where the columnar Mo02 



Fig. 4.4. TEM bright-field images comparing CBM films at two 
stages of fabrication. 
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Fig. 4.5. Schematic representation of the hydrogen anneal process for 
a CBM film. 
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grains are shown to be 300 A in diameter. At some early stage during 

the anneal, the grain boundaries of Mo02 are decorated with molybdenum. 

As the anneal progresses the reflectance in the infrared rises 

faster than that in the visible. Figure 4.6 shows this trend. There is 

no discernible change in a (i.e. in the visible reflectance) during the 

first 5 minutes of anneal at 770 C, while e drops substantially, 

indicating an increased infrared reflectan_ce. After 5 minutes of anneal 

at _ 770 C the solar absorptance also drops, because the visible 

reflectance begins to increase. 

The film optical properties depend on both the temperature and 

duration of anneal. As the anneal progresses, oxygen is removed from 

the film, as evidenced by microprobe analyses. This causes a and e to 

depart from the values of nearly stoichiometric Mo02, as shown in 

Figure 4.7. As the anneal progresses, the reduction in o:;..,-ygen content 

induces the growth of bcc molybdenum at the expense of the monoclinic 

Mo02; both Mo and Mo02 coexist. After complete anneal (e.g. at 1000 C 

for 10 minutes). the bcc crystal structure and the high reflectance of 

CVD molybdenum are attained (Carver and Seraphin, 1979b). 

Table 4.2 shows the results of the anneal progression as 

depicted in Figure 4.7. The volume fractions of Mo and Mo02 are based 

on the microprobe compositional data. Absorptance and emittance data 

are also given for each film. Figure 4.8 plots reflectance versus 

wavelength for CBM films at these six stages of anneal. These 

reflectance traces are on "distorted-A" plots as described in the 

previous chapter. 
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Fig. 4.6. The solar absorptance a and thermal emittance e for CBM 
films as a function of the length of anneal at 770 C. 
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Table 4.2. Anneal of CBM Films. 

Mo~ volume MoOz ~ volume a e 
Anneal Parameter fraction fraction 

no anneal 0.0 1.0 0.77 0.31 

2 min., 770 C 0.4 0.6 0074 0.14 

5 min.~ 770 c 0.6 0.4 0.74 0.08 

6 min., 770 C 0.8 0.2 ,.. f!!f\ ,.. ,.., 
Vo.J":I vovo 

8 min., 770 C 0.9 0.1 0.47 0.06 

complete anneal 1.0 0.0 0.37 0.03 
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Figure 4.9 shows the AES sputter profiles for as-deposited CBM 

and for the partially annealed film. Both profiles show that 

composition is uniform with film thickness, except for small deviations 

near the surface and the substrate. We conclude that during growth 

oxygen is incorporated into the films at a constant rate, and during the 

reduction is removed uniformly from all parts of the films. Any 

interpretation of the optical results must thus be based on a material 

that is uniform with depth, rather than on effects due to a graded

composition profile. 

Figure 4.10 compares the surface morphology, as revealed by 

SEM, of CBM and reflecting Mo with that of CVD rhenium (Seraphin, 1974), 

which owes its spectral selectivity to its surface texture. This SEM 

analysis shows that the slight surface roughness of black molybdenum 

cannot account for the observed spectral selectivity, although it may 

lead to a somewhat reduced visible reflectance as will be explained in 

the next chapter. 

The Dioxydichloride Process (OCBM) 

While depOSition of black molybdenum from the carbonyl requires 

the use of an external oxygen bleed, a second method provides the 

oxygen as a part of the reactant molecule. Deposition of black 

molybdenum thin films by the pyrolytic hydrogen reduction of 

molybdenum dioxydichloride (MoOZClZ) proceeds at atmospheric pressure 

in the presence of a controlled hydrogen flow in a manner similar to 

the hydrogen reduction of MoCIS and some other molybdenum compounds 

(Seto, Doo and Dash, 1970; Childs et aI, 1951; Holzl, 1968; Killeffer and 
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Linz. 1952). OCBM films are deposited by the following reactions: 

(4.3) 

(4.4) 

Reaction (4.3) goes to completion at temperatures greater than 500 C. 

The extent to which it is followed by the further reduction of the Mo02 

to molybdenum according to Reaction (4.4) depends on temperature and 

the concentration of the hydrogen in the gas phase during deposition. 

The source was maintained at 90 C while the substrate temperature was 

varied between 550 C and 710 C. 

Two gas mixtures - 10 % hydrogen in argon and 8.5 % hydrogen 

in argon - were used to compare depositions through different subst=~te 

temperatures for two values of hydrogeu cOucentration in the reactant 

gas phase. These Mo02CI2:H2 ratios are 0.015:1 and 0.022:1. For the 10 

i. hydrogen mixture, the flowrate of the source carrier gas was 

1300 cm3/min of which 33 % went through the Mo02Cl2 source. For the 

lower H2 content, the corresponding flowrate was 1750 cm3/min. of which 

27 % went through the source line. For the two values of the hydrogen 

concentration in the reactant gas phase the substrate temperature was 

varied over the range 550 to 710 C. The variations of these two 

parameters change film composition. which in turn influence their solar 

absorptance and thermal emittance (Gesheva, Seshan and Seraphin, 1981). 

Figure 4.11 displays film composition determined by microprobe 

analysis, as a function of deposition temperature for two values of the 

hydrogen concentration in the reactant phase. For low substrate 
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temperatures, the films are close to MoOZ' As substrate temperatures 

increase the molybdenum content increases at the expense of the oxygen 

content. Near 630 C the concentrations of molybdenum and oxygen are 

equal and for higher temperatures the films are rich in molybdenum. At 

about 690 C the molybdenum concentration reaches a maximum. More 

hydrogen in the gas stream reduces the fraction of oxygen in the film 

at high substrate temperatures but not in the low-temperature region. 
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Fig. 4.11. Chemical composition of OCBM files as a function of 
substrate temperature, and for two values of the hydrogen 
concentration in the reactant gas phase. 
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Results of AES depth profiling are shown in Figure 4.12. The 

composition is uniform with depth, except for small deviations near the 

interfaces. Thus, explanation of the optical properties of OCBM films 

must be based on a material uniform with depth.' 

Differences in composition caused by variations in the substrate 

temperature and the hydrogen content of the reactant gas result in 

corresponding differences in the optical properties. Figure 4.13 shows 

the solar absorptances and thermal emittances of films deposited at 

different substrate temperatures and for the values of the hydrogen 

concentration mentioned above. Both the absorptance and the emittance 

decrease as the substrate temperature is increased - an absorptance of 

up to 0.85 can be obtained at low substrate temperatures at the expense 

of a high emittance of 0.33, while for high temperatures the extrema 

are reversed. Here emittance values as low as 0.07 are accompanied by 

absorptance values of only 0.55. 

By systematically varying the two principal process parameters 

- the substrate temperature and the hydrogen concentration [H2]' OCBM 

films with different properties were deposited. In Table 4.3 we 

summarize the results arranged for low and high values of the 

substrate temperature and the hydrogen concentration. Inside each of 

the four blocks the three major properties are given for films prepared 

under the corresponding conditions. The first line lists the solar 

absorptance a and thermal emittance e, the second provides the chemical 

composition with.respect to the atomic percentages of Mo, 0, and C as 

determined by microprobe analysis, and the third relates the structure 

of the films, as determined by TEM or XRD. 
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Fig. 4.12. Depth prcfi1ing of OCBM films by AES. The normalized 
chemical concentrations of Mo, 0 and C are given for three 
substrate temperatures. 
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Fig. 4.13. Solar abs-orptance and thermal emittance of OCBM as a 
function of substrate temperature, and for two values of 
the hydrogen concentration in the reactant gas phase. 

In the framework of the reactions detailed above we assume 

that during film growth, hydrogen reduction to MoOz proceeds first 

according to Equation ( 4.3). It then might be followed by further 
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hydrogen reduction of the resulting MoOz according to Equation (4.4) as 

in the carbonyl process anneal. 

Film A of Table 4.3 was deposited at a low temperature, 590 C, 

and a low hydrogen flow rate, 100 cm3/min, resulting in a film with a 

300 A grain size and with the monoclinic structure of MoOz, as shown in 
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Table 4.3. Solar absorptance a, thermal emittance e, chemical 

composition and structure of OCBM films deposited 
at high/low substrate temperature, and high/low 
hydrogen flow rate. 

Hydrogen 
Flow Rate 

Low 
(100 cm3 min-I) 

High 3 -1 
(775 cm min ) 

Low Substra.te 
Temperature 
(590° C) 

Film A 
a = 0.74; e = 0.28 
Me: 45 at%; 0: 55 at% 

C: 0 at% 
By TEM: Mo0

2 
By XRD: Me0

2 

Film B 
a = 0.43; e = 0.09 
Me: 93.4 at%; 

0: 4.6 at%; C: 2 at% 
By TEM: Mo 
By XRD: Mo 

*NCP, a. possible non-crystalline phase. 

High Substrate 
Temperature 
(650° C) 

Film C 
a = 0.75; e = 0.28 
Mo: 50 at%; 0: 45 at% 

C: 5 at% 
By 'rEM: Mo + NCP* 
By XRD: Mo 

Film D 
a = 0.60; e = 0.20 
Mo: 75 at%; 0: 17 at% 

C: 8 at% 
By TEM: Mo + NCP* 
By XRD: Mo 
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Figure 4.14 (a) and (b). The monoclinic structure was identified by the 

d spacings which are in exact agreement with the theoretical JCPDS data 

for powdered Mo02. 

Microprobe analysis shows a molybdenum concentration that is 

18 at % in excess of that expected for stoichiometric Mo02, although no 

bee molybdenum lines were identified in either TEM or XRD. The 

presence of excess Mo in this film indicates that Reaction (4.4) is 

proceeding slowly. 

The complete reduction of the Mo02C12 molecule according to 

Equation (4.4) requires the presence of an ample amount of hydrogen, 

corresponding to Case B in Table 4.3, which has a high hydrogen flow 

rate, 775 cm3/min, with the same low substrate temperature. Complete 

reduction to Mo is favored under these conditions, as the films show 

molybdenum concentrations of about 94 %. Pure Mo, films Were not 

formed in the range cf temperatures and hydrogen partial pressure used 

fo~ deposition. Fig-ure 4.14 (c) presents a dark field micrograph for 

the ClIO) reflection and Figure·4.14 (d) shows an electron diffraction 

pattern of the film, both for a Case B film. The ratios of TEM d 

spacings agree with those of bee molybdenum. 

The influence of temperature in determining the extent of 

reduction can be seen in cases C and D with a higher substrate 

temperature of 650 C. The reaction kinetics are affected since 

increasing the deposition temperature from 590 to 650 C increases the 

film growth rate from 1.5 to 4 A/sec. In cases C and D, both XRD and 

TEM measurements indicate bcc metallic molybdenum as the only 

crystalline phase present. Microprobe analysis, however, shows a 



Fig. 4.14 • . TEM analysis of OCBM films. 

(a) A dark field micrograph for the (001) 
reflection. 

(b) The electron diffraction pattern of an 
Mo02 film deposited at a substrate tem
perature of 590 C for a hydrogen flow 
rate of 100 cm3 min- 1 • 

(c) The dark field micrograph for the (110) 
reflection. 

(d) The electron diffraction pattern of a 
molybdenum film deposited at a substrate 
temperature of 590 C for a hydrogen flow 
rate of 775 cm3 min- 1 • 
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considerable amount of oxygen in both types of films, probably because 

the higher growth rate results in trapping of the liberated oxygen. 

Case C represents a film deposited at a low hydrogen flow rate 

and high substrate temperature. This film contains a considerable 

amount of oxygen and some carbon as determined from microprobe 

analysis. While the absorptance of this film is higher than that of 

molybdenum, TEM and XRD data show that Mo is the only crystalline 

phase present. Therefore, an amorphous MoOxCy phase may have been 

formed. 

Films deposited at high substrate temperature and high hydrogen 

flow rate, Case D, again contain oxygen and carbon although Mo is the 

only observed crystalline phase. The higher growth rate due to 

increased substrate temperature again may be responsible for the 

incorporation of excess oxygen into the growing film in Case C. Note 

that the amount of excess oxygen decreases as the hydrogen flow rate 

increases at this temperatuLe, which may indicate that the trapping of 

oxygen is less effective in the presence of increased amounts of 

hydrogen. 

To define the orientation of crystalline growth a set of films 

deposited in the entire temperature range at low hydrogen 

concentrations was analyzed by XRD. Films grown in the temperature 

range 550-630 C were oriented along both the [OlD] and the [100] 

directions, while only the [100] orientation was observed for films 

grown at 650-710 C. Missing lines agreed with the zone law (Cullity, 

1978) predic~ions for these film orientations and the JCPDS tables for 

monoclinic MoOZ and bcc Mo lines. Throughout the range of the two 
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process parameters, films of a grain size between 180 and 300 A were 

obtained. These values are averaged from many dark field micrographs 

made to highlight the grains. 

Figure 4.15 compares the surface morphology, as revealed by 

SEM, of CBM and OCBM films. This SEM analysis shows that OCBM films 

are even smoother than CBM films. Because it has already been 

determined that t1:>P slie;ht 1'1Jl:-face rough-::!.e~r:: 0r. CBM films cannot be 

solely responsible for the observed spectral selectivity, and because 

this SEM analysis shows that OCBM films are even smoother than CBM 

films, surface roughness also cannot solely account for the observed 

spectral selectivity of OCBM films. 

Table 4.4 shows the composition, solar absorptance and thermal 

emittance of five OCBM films with Mo:Mo02 ratios, calculated from 

microprobe compositional data, on the same order as for the CBM films 

presented in Table 4.2. No pure Mo films were deposited by this 

process. Figure 4.16 plots reflectance versus wavelength for these 

same five films, on "distorted-A" plots, as described in the previous 

chapter. A film composed of stoichiometric Mo02 has a reflectance 

profile very similar to that of single crystal Mo02 (Chase, 1974), and 

to the reflectance of an as-deposited CBM film. The reflectances of 

these films increase with increasing volume fraction of metallic Mo. 

This chapter presented the experimental results which relate 

the observed optical properties of these films to the fabrication 

parameters and the resulting composition and microstructure. In the 

next chapter we will explain these results in terms of the limits on 

the dielectric function. 
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Table 4.4. The deposition of DeBM films. 

Anneal Parameter Mo, volume fraction }b0
2

, volume fraction a e 

570 c: low H~ 
- L. 0.0 1.0 0.75 0.32 

flowrate 

710 C; low HZ 0.4 0.6 0.70 0.Z4 

flowrate 

630 C; high H2 0.6 0.4 0.74 0.20 

flowrate 

650 C; high H2 0.8 0.2 0.57 0.20 

flowrate 

670 C; high H2 0.9 0.1 0.50 0.15 

flowrate 
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CHAPTER 5 

DISCUSSION 

In the las t chapter we presented results on CVD black 

molybdenum films indicating their wide range of optical properties. 

Black molybdenum, whether deposited from the carbonyl followed by 

anneal (CBM), or directly from the ,:1; nvvtH ,. h 1 n"; ilo:> (nr.RM) ; c: :> ----J ---------- ,- ----,., -- -

composite material consisting of Mo02 particles with smaller Mo 

inclusions. Black molybdenum's properties can be related to film 

compositions and structures. 

As discussed in Chapter 2, the optical properties of an Mo-Mo02 

cermet can be interpreted in terms of an effective dielectric function 

€ which depends on three parameters: (1) The dielectric functions of 

the two constituent phases Mo and Mo02, (2) the volumetric fractions of 

each phase, and (3) structural factors, including grain size, film 

topology, and surface texture. In this chapter we discuss the effects 

of composition and structure on the observed optical properties of 

these cermet films, and relate the results to theory. 

Since the different microstructures of the two types of black 

molybdenum films are known from the analysis, the observed differences 

in their optical properties can confirm the applicability to this group 

of materials of the theory of a bounded dielectric function. We will 

perform the comparison in this chapter, and explain black molybdenum's 

optical properties in terms of the theory. 
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Comparison of the Physical Properties 
of eBM and OeBM Films 

88 

CBM films were prepared by pyrolysis of Mo(CO)6 at 300 C in the 

presence of oxygen, followed by anneal in hydrogen above 700 C. The 

two major process parameters were the temperature and duration of 

anneal. In contrast, we prepared OCBM films by pyrolysis of Mo02C12 in 

the presence of hydrogen in the range 550 - 710 C. The two major 

process parameters were the hydrogen content of the reactant gas 

In spite of these different techniques, films prepared in either 

way were similar in grain size, composition, and optical properties, 

though different in topology and surface roughness. Black molybdenum, 

whether CEM or OCBM, is a spectrally selective cermet material 

composed of Mo particles dispersed in Mo02. Both processes lead to 

films with columnar grains similar in size. Throughout the range of 

the dioxydichloride process parameters, OCBM grain sizes between 180 A 

and 300 A were obtained. CBM films are deposited with an Mo02 grain 

size of 300 A, and the molybdenum grains formed during anneal are even 

smaller. Because the grain sizes are all of the order of 0.1 or less 

of the film wavelength where A is in the range of 0.3 - 15 um (and film 

wavelength = )./ft with ft the complex refractive index), they are small 

enough for effective medium and bounded E theories (Stroud and Pan, 

1978; Aspnes, 1982b). 

Changing the relevant CBM and OCBM process parameters permits 

a range of composition and microstructure. However, even for films 

having equal volume fractions of Mo and Mo02, two major structural 
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differences, other than grain size, can be taken into account in 

explaining the observed reflectance differences between CBM and OCBM 

films: (1) Topology and (2) surface roughness. As explained in Chapter 

4, the different growth mechanisms at work during deposition and anneal 

must lead to cermets with distinctly different topologies. Because 

anneal of CBM films must reduce the Mo02 grains from the outside 

inward, columnar Mo-coated Mo02 grains result. In contrast, the 

dioxydichloride process deposits a random mixture of separate Mo and 

Mo02 columnar grains. As shown in Figure 4.15, although CBM films are 

rougher than OCBM films, the slight roughness of either cannot solely 

account for the observed selectivity, although it may have a slight 

effect in reducing the visible reflectance. 

Understanding the difference in reflectance between CBM and 

OCBM films in terms of the theory of bounds to E: will confirm the 

effects of film topology on the optical properties of black molybdenum. 

Table 5.1 compares the reflectances at selected wavelengths, along with 

the integrai:t:d absorptance a and emittance e calculated from 

reflectance measurements, for five CBM and OCBM film compositions 

ranging from stoichiometric Mo02 to a composition of 90 % Mo and 10 % 

Mo02· These are the same films for which spectral reflectances have 
/ 

been plotted in Figures 4.8 and 4.16. 

One sees that for corresponding CEM and OCBM films there is 

no significant difference in the solar absorptance a3 because the 

visible reflectances of these films are essentially equal. But 

emittance values show significant differences between the two film 

topologies; in all cases the emittance of an OCBM film exceeds that of 



Table 5.1. A comparison of CBM and DeBM films with equal 
volume fractions of Mo and M00

2
• 

Volume Volume 
Frac. 

Sample Mo 

CBM none 
DCBM none 

CBM 0.4 
DCBM 0.4 

CBM 0.6 
DCBM 0.6 

CBM 0.8 
OCBM 0.8 

CBM 0.9 
DCBM 0.9 

Frac. 
Mo012 

all 
all 

0.6 
0.6 

0.4 
0.4 

0.2 
0.2 

0.1 
0.1 

a e R(0.5 ~m) R(2.7 ~m) 

0.77 0.31 0.11 0.51 
0:75 0.32 0.16 0.44 

0.74 0.14 0.18 0.71 
0.70 0.24 0.20 0.65 

0.74 0.08 0.18 0.72 
0.74 0.20 0.18 '0.57 

0.59 0.06 0.31 0.88 
0.57 0.20 0.33 0.75 

0.47 0.06 0.41 0.90 
0.50 0.15 0.41 0.85 

90 

R(lO ~m) 

0.80 
0.84 

0.88 
0.86 

0.90 
0.79 

0.95 
0.84 

0.96 
0.96 
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the corresponding CBM film. For two films of equal solar absorptance, 

the film with the lower thermal emittance is the more spectrally 

selective. For the case of stoichiometric, noncermetic MoOZ films, 

there are no significant differences between a and e. We will discuss 

this further in the next section. 

Interpretation of the Results in terms of the Bounds 
on the Effective Dielectric Function 

As discussed in Chapter 2, the optical properties of a cermet 

are dependent on several factors, primarily on the optical properties 

of the constituent phases. As shown in Figure 5.1, both Mo and MoOZ 

display slight spectral selectivity. Both have lower reflectances in 

the visible than in the infrared. Molybdenum has a solar absorptance 

of 0.34 combined with a thermc:.l emittance of 0.03, while for molybden~m 

dioxide the corresponding values are a = 0.67 and e = 0.3Z. Combining 

the low visible reflectance of Mo02 with the high infrared reflectance 

of Mo would result in a spectral s~lectivity greatly superior to that 

of either pure material. This is the advantage of the cermet structure, 

as is illustrated by a and e values given in Table 5.1. 

Chapter 2 also explained how the theory of bounds to E predicts 

that spectral selectivity may be expected in films of the Mo-Mo02 

cermet system and how this theory predicts that for a given fractional 

composition, differences in black molybdenum topologies must lead to 

differences in reflectance. An OCBM film with separate columnar grains 

of Mo and Mo02 must have a dielectric function closer to that of Mo02, 

and therefore a lower reflectance, than a CBM film with columnar Mo-

coated Mo02 grains. 
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Figures 5.2 through 5.5 display reflectance versus wavelength, 

again on distorted-A plots, over (a) the visible, and (b) the infrared. 

These figures compare the results for the OeBM and CBM films whose 

absorptances and emittances are tabulated in Table 5.1. Each figure 

plots observed reflectance values for the two black molybdenum films 

at one fractional composition of the two constituent phases Mo and 

Mo0 2, and also compares these to the maximum and minimum reflectances 

calculated from the theory of bounds. These predicted reflectances are 

indicated by the solid curves,' and the theory may predict, on the basis 

of microstructural information, any value within these limits. 

Note first Figure 5.2, for a fractional composition that is 40 % 

Mo and 60 % Mo02' Over visible wavelengths the CBM reflectance is 

slightly lower than that for the OCBM, with both lower than 

reflectances predicted by the theory. In the infrared region CBM 

reflectance is higher than OCBM reflectance, with the latter nearly 

coincident with the minimum predicted reflectance. 

Figure 5.3 displays results for a fractional composition that is 

60 % Mo and 40 % Mo02' In the visible region the reflectances of the 

CBM and OCBM are essentially the same and below the range of predicted 

values. In .the infrared region the CBM reflectance is considerably 

higher than that for the OCBM film, and only the CBM reflectance trace 

falls within the predicted region. 

Figure 5.4 provides results for a fractional composition that is 

80 % Mo and 20 % Mo02, and Figure 5.5 continues with· similar data for 

a fractional composition that is 90 % Mo and 10 % Mo02' In the 

visible region the reflectances of the CBM and OCBM films are 
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essentially the same, and less than theoretical values. In the infrared 

region the CBM reflectance is higher than the DCBM reflectance, while 

the latter nearly coincides with the minimum theoretical reflectance. 

Through a comparison of these four figures we can make several 

general statements concerning the reflectances of black molybdenum 

films. First, as the fractional composition of metallic molybdenum is 

increased in both CBM and DCBM films, their reflectances increase over 

the entire spectral range. The theory of bounds predicts that as the 

amount of metallic phase is increased, the dielectric function will tend 

toward the dielectric function of Mo and away from the dielectric 

function of MoD2' as evidenced in the compositional progression from 

Figure 2.8 to Figure 2.11. The calculated reflectances increase in this 

progression as the amount of Mo is increased, and thus this 

experimental result agrees with the theory. 

Second, the predictions from the bounds theory successfully 

explain the infrared reflectance of black molybdenum. The DCBM 

reflectance is always lower than that of the CBM film, confirming the 

influence of film topology. Also, the OCBM reflectance nearly coincides 

with the minimum predicted reflectance which corresponds to a topology 

of separate columnar grains of Mo and Mo02' as is expected for OCBM 

films. 

Third, there is very little difference in the visible 

reflectances of CBM and OCBM films for a given composition, while the 

theory for bounds to E predicts a lower reflectance for OCBM films 

than for CBM films. The theory does not explain the optical behavior 

of black molybdenum in this spectral region, as reflectances for both 
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types of black molybdenum fall well below the lowest values predicted. 

Also, the cheory of bounds cannot explain the appa=ently anomalous 

behavior of the infrared reflectance of the OCBM film in Figure 5.3, 

which is below even the minimum predicted reflectance. We must 

consider other structural effects to explain these two observations. 

Enhancement of Selectivity due to Surface Texture 

While the theory of bounds to € explains many aspects of the 

optical behavior of black molybdenum, both the CBM and OCBM films are 

more spectrally selective than is predicted by this theory. This i~ 

because reflectances for both types of black molybdenum fall well 

below the lowest predicted reflectances. Consideration of surface 

texture effects will help to explain this discrepancy. 

A texturized surface will generally exhibit higher absorptance 

(i.e. lower visible reflectance) than a smooth surface, if the dimension 

d of the texture is of the order of the wavelength of light. This is 

the case for black molybdenum, as in Figure 4.15, with d = 0.1 - 0.2 jlm 

for a CBM film, and an even smoother surface for an OCBM film. Surface 

texturing with a sufficient density of voids leads to a reduction of the 

effective refractive index,· causing the index of the film to be "graded" 

from that of the incident medium to that of the film. 

Surface texturing in a thin film can be modeled as a graded

index multilayer coating covering a perfectly smooth film. The indices 

of the grading layers are assumed to lie between that of the film, as 

the bottom layer, and of air, as the top layer. To construct such a 



100 

model one fits the shape of the surface texture to the variation of the 

complex refractive index between these two limits. 

Figure 5.6 compares the visible reflectance of single-crystal 

Mo02 of unknown crystallographic orientation with that of black 

moly~~n~m fil~s whose composition is close to that of stoichiometric 

Mo02. Since none of these curves is for a cermet, the theory bounding 

£ cannot be invoked to explain the reflectance differences among these 

three curves. Rather, the lower reflectance of both types of black 

molybdenum films can be explained by the surface texture. Carver et al 

(1982) found that surface texture effects can increase the absorptance 

of unannealed CBM films by 0.18 without increasing the thermal 

emittance. Thus, the visible reflectance of the black molybdenum 

cermet films may be significantly lowered due to surface texture. On 

the basis of the observed texture, we may expect the visible 

reflectance of both types of black molybdenum films to be lower than 

theoretically predicted. Because the CBM films are rougher than the 

oeBM films, their visible reflectance will be affected more. Thus, even 

though the theory of bounds predicts that OCBM reflectance will be 

lower, the surface texture of the CBM films will drive their visible 

reflectance as low or lower than that of the OCBM films, resulting in 

the curves of Figures 5.2-5.5. 

Figure 5.7 is a highly stylized diagram depicting three possible 

types of surface texturing and for each plots t~~ shape f(x) of the 

surface texture as a function of the thickness x in the film for 

texture of thickness d. By considering the texture shape f(x), it is 

easy to see why case (a) would be best approximated as a square root 



0.9 

0.7 
L.LJ 
U 
z: 
c:t: 
I-
~0.5 
-I 
t.J... 
L.LJ 

0::0•3 

0.1 

0.1 

0.4 

FRACTION OF A.M.2 SPECTRUM 
0.3 0.5 0.7 

0.6 0.8 1.0 

WAVELENGTH 

0.9 

1.52.0um 

Fig. 5.6. Visible reflectance versus Yavelength for 
single-crystal Mo0

2 
and black molybdenum 

films with the composition of nearly stoi
chiometric Mo02" 

curve 1 single-crystal MoO
Z (Chase, 1974) 

curve Z 

curve 3 

DCBM 

CBM 

101 



102 

d 

(a) square root profile 

~X) 

d 

~-----? X 

(b) linear profile 

d 

(c) quadratic profile 

Fig. 5.7. Three possible surface texture profiles for black molybdenum. 
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dependence on thickness [f(x) = x1/ 21, case (b) as a linear dependence on 

thickness [f(x) = xl, and case (c) as a quadratic dependence [f(x) = x2] 

on the thickness of the surface roughness. 

Using the graded-index multilayer approach, the thin-film optics 

computer program OPTF (Macleod, 1982) performed the calculations for a 

CBM film with a composition of 60 % Mo and 40 % Mo02 to determine the 

effects of surface texturing with dimensions of 0.15 ~m (as deduced 

from SEM analysis) en both visible and infrared reflectance. OPTF 

calculates transmittance and reflectance of multilayer coatings. The 

index of refraction n, extinction coefficient k, and thickness of each 

layer must be specified. 

Because the theory of bounds predicts black molybdenum 

infrared reflectance yet fails in the visible, we wanted to learn 

whether the graded-index approach would yield a lower visible 

reflectance without changing the infrared prediction. Table 5.2 

summarizes this investigation. Reflectance was calculated with OPTF at 

0.5 um and at 10 ~m for each of the three model surface textures 

depicted in Figure 5.7. All calculations assumed a total multilayer 

thickness of 0.15 um in agreement with the observed dimensions of the 

surface texture in black molybdenum. This surface texture was 

approximated by a 10-layer overcoating. One calculation was performed 

with 30 layers with liO ioprovement over results obtained for the 

10-layer coating; hence for the other calculations 10 layers were 

termed sufficient to approximate the surface roughness. 

The reflectances calculated by this method are listed in Table 

5.2, along with the experimentally observed reflectance, and that 
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Table 5.2. A modeling of the surface roughness of black molybdenum~ 

0.5 

texture 
shape 

f(X) 

X ~ 

X 

X2 

R(ID layer 
calculation) 

0.16 

0.10 

O.ll 

0.85 

0.85 

0.85 

R(30 layer 
calculation) 

0.16 

R(observed) 

0.18 

0.81 
and 

0.96 

R(bounds 
prediction) 

0.32 

0.86 
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predicted by the theory of bounds to~. The nand k used in this 

calculation for the black molybdenum bottom layer were derived from 

the theory of bounds. 

At 0.5 llm, the observed reflectance was 0.18 while that 

pre.dieted from the theory of bounds .. os 0.32. The multilayer graded 

index calculation reduces the predicted reflectance close to the 

observed value, independent of texture shape. At 10 um the bounds 

theory produces a reflectance of 0.86, close to the observed values of 

0.81 and 0.96 for the two films. Applying the graded index calculation 

at this wavelength changes this prediction only slightly, independent of 

texture. Thus, the discrepancies between the theory of bounds to ~ and 

the experimentally observed visible reflectance of CBM and OeBM films 

can be largely explained by surface texture effects. 

In addition to the structural factors of film topology and 

surface texture, the reflectance of black molybdenum may also be 

affected by the presence of an amorphous phase. There is about 1 at. % 

carbon in CBM films, and up to 8 at. % carbon in OCBM fims, and the 

possibility of an MoOxCy amorphous phase in these films cannot be ruled 

out (Chain, Seshan and Seraphin, 1981; Gesheva, Seshan and Seraphin, 

1981). Such a phase could help to account for the low visible 

reflectance of both CBM and OCBM films, and also the anomalously low 

infrared reflectance of some OCBM films. 

We have shown in this chapter that the dependence of the 

optical properties of black molybdenum on those of the constituent Mo 

and Mo02, and their volume fractions in the film, can be explained 

qualitatively by the theory of bounds to~. This theory can also 
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explain differences between CBM and OCBM reflectance on the basis of 

their differing topologies. Other structural factors - surface texture 

and the presence of other compounds and phases in these films - may 

refine our understanding of the reflectance of black molybdenum. 



CHAPTER 6 

APPLICATIONS OF BLACK MOLYBDENUM AND BLACK TUNGSTEN 

The strong dependence of thin film properties on structure and 

composition allows the tailoring of films to match a given optical 

application. In particular, we have prepared black molybdenum films 

through variation of the deposition and anneal conditions ~!:h !ti.ce

ranging optical properties at given wavelengths. We established a link 

between the properties of CBM and OCBM films. and a correlation 

between the process parameters and the compositional, str~ctural, and 

optical properties of the films. This correlation guides the 

development of films toward selectivity to meet the requirements of 

photothermal solar energy conversion. 

We are primarily concerned with photothermal conversion at 

temperatures on the order of 500 C. At these elevated temperatures 

the straightforward application of most conventional thin film 

materials is impossible. In contrast, refractory metals such as 

molybdenum and tungsten are better suited for these high temperatures. 

The CVD of refractory materials proceeds without the high source 

temperatures required in evaporated systems. The advantages of using 

CVD techniques and molybdenum-based cermets in photothermal converters 

will be brought out in the following sections. 

The refractory metal tungsten has similar chemical properties 

to molybdenum and shares the same column of the periodic table. Its 

107 
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optical reflectance, however, differs from molybdenum such that it 

promises to be even more spectrally selective. We will discuss why we 

anticipate an improved spectral selectivity for tungsten-based cermet 

films over what has been achieved for black molybdenum. The 

versatility of CVD has enabled us to prepare thin films of the 

tungsten-tungsten oxide system which appear black to the eye. We call 

these films "black tungsten" (Thomas and Chain, 1983). The development 

of black tungsten progressed neturally from our work on black 

molybdenum. We shall thus present a brief physical and optical 

characterization of black tungsten. 

Black Molybdenum Thin Films in 
Photothermal Solar Energy Conversion 

Molybdenum ex~~bits the moderate spectral selectivity 

characteristic of refractory transition metals (Hahn and Seraphin, 

1978). Bare molybdenum, as indicated in Chapter 5, would function as an 

absorber with a = 0.37 and e = 0.03, while bare molybdenum diox:.de 

would function as an absorber with a = 0.67 and e = 0.32.. As we have 

shown, black molybdenum displays a greater selectivity than that of 

either of these constituent materials. 

The term "black molybdenum" is not unique to the selective 

surface of this study, as at least two other coatings bear a similar 

name. A black protective coating called "moly black" has been known 

for over 100 years (Killeffer and Linz, 1952). This coating can be 

formed as a cathodic deposit on aluminum, copper, iron or their alloys 

by electrolysis of alkaline or weakly acidic solutions of molybdates. 

This electroplated moly black is believed to be M0203 or one of its 
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hydrates but its composition may vary depending on plating parameters. 

RecentlY, a solar selective coating prepared in a similar manner has 

been patented (Shardein and Lloyd, 1979); it has an a of 0.91 and an 

e(l50 C) of 0.16. Formed by electrolyzing aluminum in an ammonium 

molybdate solution, it is said to consist of a thin molybdenum and/or 

molybdenum oxide film on aluminum. CVD black molybdenum is quite 

different from these two materials, and its properties are particularly 

well suited to solar thermal applications. 

The refractory nature of the black molybdenum films. as well 

as the high temperature of their fabrication, recommend their use in 

applications at temperatures above 300 C. This section introduces 

applications which might exploit the optical and thermal properties of 

CVD black molybdenum. 

The Requirements of Photothermal Conversion 

The purpose of photothermal conversion is to collect the solar 

insolation falling on a converter surface and convert this radiant 

energy to heat. while suppressing thermal losses due to reradiation. 

Tb,e basic principle of photothermal solar energy conversion is 

illustrated in the energy-flow diagram of Figure 6.1 (Liebert and 

Hibbard, 1964). Some optical device focuses 'the solar flux onto the 

,03.bSoroet"-converte:!:, concentrating it by the ratio of the concentrator 

and the absorber. At the absorber surface, the concentrated flux WI is 

divided into at least three components: W2 is reflected directly, and 

W3 represents the radiation in the thermal infrared of the surface at 

temperature Tl. The remainder W4 of the solar input is passed on as 
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heat to the next stage, generating Carnot work Ws and waste heat W6' 

By proper engineering and choice of operating conditions, additional 

losses caused by convection and conduction can be made negligible at 

the converter stage. Obviously, we want to minimize W2 and W3, the 

reflection and reradiation losses, and maximize the useful component W4' 

by the use of spectrally selective surfaces. High selectivity of the 

converter surface. characterized by a high a and a low e~ maximizes 

energy transfer to the next stage, typically a heat transfer fluid 

within the absorber-converter element. 

SOLAR 
FLUX 

/ T. 
/' CARNor 

W3 (RERADIATED) WORK 

LACK 
RADIATOR 

Fig. 6.1. Energy flow in a photothermal solar energy conversion unit. 

To be effective, these coatings must endure the high 

temperatures that they are designed to produce. Specific operating 

temperatures depend on the collector system, as they are a function of 
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concentration ratio, conduction and convection losses, and optical 

component efficiencies; they vary from under 100 C for some flat plate 

collectors to over 1000 C for two-axis tracking parabolic dish 

concentrators and central receivers. Since the fuel is free, we shall 

receive returns on the initial monetary investment in direct proportion 

to the lifespan of the installation. Finally, since solar fuel is 

rather dilute, large intercepting areas are required to collect it, 

calling for low cost materials and fabrication. Spectral selectivity, 

long lifetime at high temperatures, and reasonable cost are, therefore, 

the basic requirements that the photothermal converter surface must 

meet. Coatings must be deposited onto metal which efficiently 

transports heat into a liquid heat transfer medium. These requirements 

can most easily be met in a coating of simple design - one with as few 

interfaces as possible (Seraphin, 1982). 

CVD Black Molybdenum in Photothermal Converters 

Because the optical properties of black molybdenum depend 

very strongly on the amount of incorporated oxygen, any change in the 

oxygen content, whether an increase or a decrease, would be undesirable. 

Silicon nitride deposited by CVD has been used to passivate (protect) 

black molybdenum against any changes in its oxygen content. The 

thickness of the nitride layer (750 A) was chosen so that its first 

interference fringe coincides with the solar peak. Thus, a passivating 

Si3N4 layer can be used to antireflect the black molybdenum film over 

a wide band in the solar emission range. By using the proper nitride 
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thickness a can be enhanced without a substantial increase in e (Chain, 

Carver and Seraphin, 1980). 

Selective, durable coatings must, of course, be applied to 

suitable substrates. Extremely selective and temperature-stable (at 

500 C in vacuum) coatings have been produced on quartz substrates, but 

for efficient heat transfer to the working fluid in a solar collector, 

the substrate should be of a metal such as stainless steel 316, 

henceforth stainless, or incoloy alloy 800, henceforth incoloy. 

Deposition and anneal of black molybdenum films proceed at 

temperatures in excess of 700 C, which encourage interactions with the 

underlying metal substrate; Mo deposits tend to diffuse into metallic 

substrates at these temperatures. This necessitates a barrier layer to 

minimize diffusion. 

OCBM films have been deposited onto both stainless and incoloy, 

protected against diffusion by a native oxide barrier layer. By 

incorporating a native oxide layer formed by oxidizing the substrates 

for 20 minutes in air at 550 C prior to deposition, we can deposit CBM 

films on incoloy having an absorptance of a = 0.74 coupled with an 

emittance e = 0.11. CBM has now been successfully deposited and 

partially annealed on both metals as well. Catastrophic diffusion of 

the black molybdenum film into the substrate is no longer a problem, as 

has been evidenced by depth profiling. Depth profiles of CBM (Figure 

6.2a), as well as OCBM (Figure 6.2b), films show distinct regions in the 

coatings. The substrate, oxide barrier, and black molybdenum layer are 

~ll separate, with limited, desirable diffusion near the interfaces 

(Chain, Gesheva and Seraphin, 1981a). 
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The optical performance of passivated black molybdenum films 

on metal are listed iii Tables 6.1 and 6~2.. Solar absorptance and 

thermal emittance at different temperatures have been determined as 

described in Chapter 3. and optimal values are listed, as well as the 

typical range observed for sample sets of about 20 films. Figura 6.3 

displays reflectance plotted against distorted-A for antireflected 

black molybdenum samples on incoloy and staillless: Curve 1 is for CBM 

and Curve 2 is for OCBM films. The solar absorptance and thermal 

emittance of the operational stacks. coated With 750 A of CVD-Si3N4' as 

calculated from reflectance data are given next to each curve. 

Another re~uirement of ph=t~t~~rmal ~c4version. reasonable cost 

of converter fabrication, can be satisfied by the CVD process. From a 

systems viewpOint, CVD can proceed at atmospheric pressure Without 

needing costly vacuum pumps, and is capable of depOSiting some 

refractory materials like molybdenum Without the high temperature 

crucibles needed in evaporative systems. CVD can uniformly coat odd 

shapes such as long pipes. Operation at one atmosphere permits a 

sequence of deposition chambers to be lined up - separated by a-ring 

seals or curtains of floWing inert gas - to deposit the various 

components of a selective stack in a continuous manner. 

Lifetime-stability Tests of Black Molybdenum 
Converter Surfaces 

Selective coatings must undergo lifetime testing under a wide 

range of conditions before they can be qualified for long-period, 

trouble-free use in commercial collectors. Maximum operating 

temperatures are but one aspect of the problem; thermal shock from 



Table 6.1. Solar absorptance and ~hermal emittance of passivated 
CEM films deposited on metal substrates. 

a e(lOO e) e(300 e) e(SOO e) 

Best value 0.93 0.09 0.12 0.17 

Range of 0.92-0.93 0.09-0.10 0.12-0.13 g.1~-O.20 
Typical values 

Table 6.2. Solarabsorptance and thermal emittance of 
passivated OeEM films deposited on metal substrates. 

a e(lOO C) e(300 e) e(500 e) 

Best value 0.92 0.12 0.14 0.17 

Range of 
Typical values 0.86-0.92 0.12-0.24 0.14-0.28 0.17-0.34 

us 
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cloud passage, daily cycling or stagnation above the operating 

temperature due to loss of coolant can also degrade coatings. If meant 

for evacuated systems, the selective surface should be stable under 

vacuum, yet survive short periods of atmospheric exposure at operating 

temperatures. 

The following stack configuration was used in lifetime testing 

of black molybdenum: 

Si3N4 (750 A) 

black molybdenum (3000 A) 

native oxide barrier layer 

incoloy or stainless substrate 

Both CBM and DCBM films were prepared on stainless and on 

incoloy; antireflected samples were tested for durability in a forepump 

vacuum of 1 Torr at 500 C and in air at temperatures up to 400 c. 

CBM films deposited on quartz and incoloy substrates have remained 

intact after 1000 hours of lifetime testing in a roughing pump vacuum 

at 500 C, while DCBM films deposited on both quartz and metal 

substrates have shown no changes in their optical properties after 2000 

hours in the same environment at 500 C. After the successful testing 

in vacuum these samples were tested in air by exposure to 250 C for 

500 hours, followed by 50 C increments for 500 hours each. The films 

survived with only slight changes in a and e after 500 hours at 350 C 

in air. 

After passivation and antireflection with Si3N4. black 

molybdenum can operate at temperatures in excess of the degradation 
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temperature of black chrome (Mattox, 1976; Pettit and Sowell, 1976; 

Lampert and Washburn, 1979). Very simple photothermal solar converter 

coatings with respectable spectral selectivity and thermal durability 

at 500 C in vacuum and 350 C in air (Chain, Gesheva and Seraphin, 1981b) 

have been deposited. 

Development of Black Tungsten for use in Photothermal 
Solar Energy Conversion 

The development of black tungsten followed our work on black 

molybdenum. Tungsten and molybdenum have similar chemical properties 

and are both group VIB refractory metals. In particular, both materials 

form carbonyl compounds which decompose pyrolytically in the same 

temperature range (Lander and Germer, 1947). The reflectance of bulk 

tungsten differs from that of bulk molybdenum in a way that makes 

tungsten promising for spectrally selective coatings. The specular 

reflectances of tungsten and molybdenum in Figure 6.4 illustrate this 
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Fig. 6.4. Reflectance versus wavelength for bulk molybdenum and bulk 
tungsten. 
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point. The reflectance of tungsten drops much faster into the solar 

emission range below 2 ~m than does that of molybdenum. and reaches 

smaller values throughout the near infrared and visible (Seraphin and 

Meine I , 1976). 

molybdenum. 

Tungsten is thus more spectrally selective than 

Tungsten's better optical performance will be aided by its 

greater oxidation resistance. Oxidation through pinholes and cracks in 

the passivator layer is black molybdenum's major failure mechanism. In 

Figure 6.S is shown the linear rate of weight increase by oxidation of 

chromium, molybdenum and tungsten (Savitskii and Burkhanov, 1970); note 

that tungsten oxidizes at a lower rate than molybdenum. Also, the 

transition from parabolic to linear oxidation rate occurs at 500 C for 

molybdenum while not until 600 C for tungsten, which suggests that 

exposure of tungsten films to air through accidental pinholes or cracks 

in the passivation layer will be less harmful than for molybdenum 

films. In addition, tungsten has the highest melting point and lowest 

vapor pressure of all metals, and shows excellent corrosion resistance. 

All of these factors contribute to make tungsten eminently promiSing 

for use in photothermal applications. 

Thin films of tungsten have been deposited by a variety of 

methods, mostly for electronic applications. Compared to their function 

as interconnecting elements in integrated circuitry. their use as 

optical elements has been limited (Gurev, Carver and Seraphin, 1976). 

Tungsten, like molybdenum, is readily deposited by a number of different 

CVD processes: (1) Pyrolysis of the metal carbonyl, (2) hydrogen 

reduction of the metal fluorides, (3) hydrogen reduction of the metal 
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chlorides, and (4) pyrolysis of the metal chlorides (Holzl, 1968). There 

are advantages and disadvantages to each of the above processes. The 

lowest-temperature deposits may be made from the carbonyl (Lander and 

Germer, 1947), so tungsten hexacarbonyl was chosen as the starting 

material for this study. 

Deposition of the Films 

The hexacarbonyl of tungsten, like that of molybdenum, is a 

white volatile solid that decomposes without melting in the 

neighborhood of 150 C (Lander and Germer, 1947). Tungsten hexacarbonyl 

[Vl(CO)6] is slightly less volatile than molybdenum hexacarbonyl, 

requiring a higher source temperature (90 C) in order to achieve the 

same vapor pressure, and a higher Ts for a higher activation energy; 

otherwise the procedure is similar to that used in the fabrication of 

CBM films. The basic equation for the deposition of black tungsten is: 

W(CO)6 + 02 --) W02 + 6 CO • (6.1) 

This does not describe the situation completely as there are other, 

competing reactions, which may lead to codeposition of other oxides. 

Tungsten, like molybdenum, for.ms a large number of oxid.es: W30, W02' 

W18049' W20058' W40U, and W03 (Yih and Wang, 1979, Savitskii and 

Burkhanov, 1970). 

Argon transported the W(CO)6 vapor to the radia.tively heated 

horizontal quartz reaction chamber. To produce the most adherent, 

homogeneous and optically selective films, the deFosition parameters 

were optimized to the following values: Argon flow of 580 cm3/min 
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through the source, diluent argon flow of 680 cm3/min and oxygen flow 

rate of 1 cm3/min, with a deposition time of 20 min. The deposition 

rate was about 250 A/min on silicon substrates. 

Characterization of the Films after Deposition 

The various samples had thicknesses between about 1000 and 

7000 A. From measure.a1ent~ of the weight of the deposit and the 

surface area of the substrate the average density was 10 g/cm3, 

compared to a value of 19.3 g/cm3 for bulk tungsten and between 7.29 

and 11.05 g/cm3 for various tungsten oxides (Yih and Wang, 1979). The 

surface roughness was determined optically (Wyant, 1982) over 0.25 mm2 

areas. 

From the relative areas under the peaks of the XRD line, one 

can estimate the amounts of the film components. An amorphous phase 

was found in all as-deposited black tungsten films, evidenced by a 

broad intensity maximum in the range of 220 < 26 < 300 , while W18049 

was the only crystalline phase observed by XRD. These films are 

composed of on the order of 23 at.% W, 75 at.% 0, and 2 at.% C. As 

deposited, these films have a low visible and infrared reflectances; a 

0.82 and e .. 0.52. 

Post-deposition Anneal 

We also studied the effect of post-deposition anneal on black 

tungsten, in analogy to anneal used to raise the infrared reflectance 

of CVD Mo (Carver and Seraphin, 1979) and black molybdenum. Anneal was 

carried out in a reducing atmosphere of 8.5 % hydrogen in helium at 

temperatures between 475 C and 1000 C, to induce changes in film 
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composition and structure, thereby improving the optical properties. The 

anneal times used, in addition to preheating and post-anneal cooling, 

were 2, 4 and 16 minutes at each temperature. 

The results 0;:;' the structural and chemical analyses are 

summarized in Table 6.3. During anneal, oxy-gen leaves the films, and 

new crystalline lines may be identified in XRD as the broad amorphous 

peak decreases in intensity. Anneal at temperatures below 600 C 

increases the relative amount of the W18049 phase, while anneal above 

600 C decreases this phase. W is the first new crystalline phase 

identified during anneals above 650 C; as anneal continues, the 

crystalline W02 phase also appears. The lines identified as theSE: 

phases grow in intensity at the expense of the W18049 and amorphous 

phases. For films annealed above 700 C no W 18049 lines could be 

detected, and the amorphous phase is reduced somewhal. Thus black 

tungsten is a mixture of Wand W02' in analogy to black molybdenum, 

although black tungsten also has an amorphous plii:S;se present. All films 

annealed at T > 700 C also show this metal-metal oxide structure. 

Anneals performed below 700 C do not significantly affect the 

composition, whereas anneal above 700 C decreases the 0 content 

considerably. The carbon content is not changed appreciably by anneal; 

although carbon is present before and after anneal, no carbide lines 

could be detected through the x-ray analysis. The carbon may stabilize 

the amorphous structure. 

The optical properties of black tungsten varied in a 

preliminary manner in response to the changes in composition and 

microstructure induced by the post-deposition anneal. The influence of 



Table 6.3. The composition and structure of black tungsten. 

Temperature Composition. at.% X-Ray lines* for 
amorphous W

lS
0

49 
W0

2 Range W. t. 9 O. t. 9 C. ±. 2 phase 

As deposited 23 75 2 x x 
(at 340 C) 

Post-anneal 
T < 600 C 23 75 2 x 

Post-anneal 
T > 700 C 65 30 5 x x 

* x means that lines appeared in x-ray investigations that were 
identified as this phase. 
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anneal on film reflectance is shown in Figures 6.6 and 6.7, which 

display reflecta~ce versus distorted-A. Figure 6.6 shows the effect of 

anneal for 4 minutes at different anneal temperatures. Anneal 

increases reflectance slightly in the solar range and to a greater 

degree in the infrared range. Temperatures between 600 C and 700 C 

affec~ reflectance most strongly. 

The change of reflectance as a function of anneal length at 

725 C is shown in Figure 6.7. As the anneal progresses, the infrared 

reflectance rises faster than the visible. Similar dependences were 

found a~ other temperatures. The strongest c~~nge occurs within the 

first minutes of the anneal, as the curves for 4 and 16 minutes are 

relatively close to one another. We see from a comparison of Figures 

6.6 and 6.7 that the affect of anneal on reflectance appears to be a 

much stronger function of anneal temperature than of anneal duration. 

Figure 6.8 shows the .dependence of a and e (calculated for a 

100 C, 300 C and 500 C blackbody) on anneal temperatures. The greatest 

difference between higher and lower values occurs for films annealed 

at temperatures between 600 and 700 C. The optimum values attained 

for films annealed 4 minutes at 1000 C are a = 0.83 and e = 0.15. 

Comparison to Black Molybdenum 

The results show many similarities to black molybdenum films. 

Anneal causes the infrared reflectance to rise much more than the 

visible. A solar absorptance of a = 0.83 with an e(500 C) = 0.15 and 

e(100 C) = 0.05 was achieved on silicon substrates. This compares with 

values of a = 0.74 and e{500 C) = 0.08 for CEM films deposited on quartz 
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substrates. For black molybdenum the low visible reflectance is partly 

due to surface roughness, as explained in Chapter 5. The surface 

roughness of the black tungsten films, however, is very slight and we 

feel that surface roughness does not contribute to the observed 

reflectance values. 

It should be possible to calculate the reflectance values of 

black tungsten with the bounds theory from the optical constants and 

the volume fractions of the constituent materials. The optical 

constants of Wand W02 are available in the literature, but only for 

wavelengths less than 6.2 um for W0 2 (Dissanayake and Chase, 1978) and 

less than 8.2 um for W (Weaver, Olson and Lynch, 1975). Optical values 

for the other tungsten oxides are not available with the necessary 

accuracy. The area under the peaks of the diffraction lines gives some 

qualitative information on the volume fractions of the different 

components, but more investigations are necessary to compute sn 

accurate effective dielectric function for black tungsten. 

This work applied the knowledge obtained for CVD black 

molybdenum films to CVD black tungsten films. The investigation showed 

properties similar to black molybdenum films based on information on 

the str~cture, chewic~l composition and reflectance measurements. Good 

selective properties have been measured for black tungsten, with 

smoother surfaces than black molybdenum. Better high temperature 

stability can be expected because of tungsten's greater oxidation 

resistance, and because sublimation, decomposition or melting of W02 and 

the intermediate oxides occurs at temperatures greater than 1500 C 



(Phillips and Chang, 1964). Thus we expect good stability of D1ack 

tungsten at temperatures of about 500 C. 
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So far, we have shown that black tungsten is structurally 

analogous to black molybdenum. LL~e black molybdenum, black tungsten 

is a mixture of metal and oxide phases, whose optical properties are 

related to the deposition and anneal parameters. Further work will 

extend these results and optimize the spectral selectivity of black 

tungsten. 



CHAPTER 7 

SUMMARY 

The preceding chapters have described an investigation of the 

optical properties of black molybdenum thin films, beginning with a 

discussion of the optical properties of cermets - a class of materials 

to which black molybdenum belongs. The optical response of a cermet is 

essentially determined by the intrinsic optical properties of the 

constituent phases, the fractional compositions of each phase, and 

structure factors such as grain size, film topology and surface 

morphology. 

A theory of the effective dielectric function E was reviewed 

which, free of structural assumptions, provides bounds to this function. 

When applied to the Mo-Mo02 .,cermet system, this theory could be used 

to predict the reflectance within a narrow range for opaque films with 

given fractional compositions. The bounds to E, and hence to 

reflectance, could be made more restrictive if more structural 

information could be obtained. The theory could also be inverted: 

given reflectance data on a film one could estimate its corresponding 

composition and structure. Data on the optical properties of Mo and 

Mo02 Was used to predict that spectral selectivity, high infrared 

reflectance combined with low visible reflectance, could be expected in 

Mo-Mo02 black molybdenum cermets. 
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Black molybdenum films were fabricated by two different CVD 

processes. One involved pyrolysis of Mo(CO)6 followed by anneal, while 

the second was a one-step hydrogen reduction of Mo02ClZ: Both 

processes produced black molybdenum films over a range of composition 

and structure. These properties were measured by electron microprobe, 

x-ray and electron diffraction, Auger spectroscopy and scanning 

electron microscopy. 

The dependence of the structural, compositional, and resulting 

optical properties on the process parameters of each method was 

determined. For CBM films the relevant fa~rication parameters were the 

temperature and duration of post-deposition anneal, while for OCBM 

films they were the deposition temperature and hydrogen partial 

pressure in the gas stream. CBM and OCBM films were then compared on 

the basis of their physical properties. 

Both types of black molybdenum are cermet mixtures of 

molybdenUm and molybdenum dioxide with similar grain sizes. However, 

significant differences in the spectral selectivity of CBM and OCBM 

films with equal constituent volume fractions arise due to differences 

in their respective structures. The most basic difference between the 

two films is in film topology, as CBM films must consist of Mo-coated 

MoOZ grains, While DCBM films must consist of separate Mo and MoDZ 

grains. In addition, CBM films are rougher than are OCBM films. Both 

of these structural factor differences lower the visible reflectance of 

CBM films as compared to their DCBM counterparts, leading to more 

spectrally selective CBM than DeBM films with the same composition. 

The presence of other compounds and phases in these films may also 
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affect the optical properties. Structural differences in the films 

were shown to account for the major differences in the reflectances 

between the two types of black molybdenum. 

Photothermal solar energy conversion and its requirements for 

spectrally selective surfaces were discussed. Photothermal converter 

coatings consisting of black molybdenum overcoated with CVD Si3N4 were 

deposited onto useable met~l substrates, and demonstrate long lifetimes 

at high operating tempeatures. Finally, CVD was used to develop black 

tungsten films for photothermal applications, with a tungsten-tungsten 

oxiae structure, as a natural extension of the work on black 

molybdenum. 

The deposition and analysis techniques used here, and the 

explanation of black molybdenum's optical properties, contribute to the 

understanding of cermet materials. The techniques and analysis 

developed here should be applied to CVD thin films of the chromium

chromium oxide system, as chromium is the third member of the group VI 

B refractory metals. 



APPENDIX A 

GLOSSARY OF FREQUENTLY USED SYMBOLS MID TEIDiS 

absorptance, a 

AES 

CBM 

CVD 

distorted-A 

emittance. e 

e: 

incoloy 

JCPDS 

OCBM 

solar absorptance for the air mass 2 solar 
spectrum. 

Auger El&~trcn Spectroscopy. 

Carbonyl Black Molybdenum; black molybdenum 
deposited from molybde~um hexacarbonyl 
[Mo(CO)6 J• 

Chemical Vapor Deposition. The process is 
described in Chapter 3. 

refers to a display of reflectance against a 
wavelength abscissa linear in fractions of the 
total solar flux or of the reradiation loss at 

. a given temperature. 

thermal emittance calculated as compared to a 
500 C blackbody. 

the effective dielectric function seA); the 
dielectric function of the effective medium of 
a cermet. 

the dielectric.function of medium a, medium b, 
or of a host medium. 

the volume fraction occupied by phase a or 
phase b; the "filling factor." 

Incoloy alloy 800. 

Joint Committee on Powder Diffraction 
Standards, 1601 Park Lane, Swarthmore~ PA 
19801. 

Oxychloride Black Molybdenum; black molybdenum 
deposited from molybdenum dioxydichloride 
(Mo02C12)· 
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sm 

solar absorptance, a 

stainless 

T 
s 

thermal emittance, e 

Physical Vapor Deposition. The process is 
described in Chapter 3. 

Scanning Electron Microscopy. 
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the fraction of energy absorbed from solar 
flux incident on a surface, calculated for the 
air mass 2 solar spectrum. 

stainless steel 316. 

substrate temperature. 

Transmission Electron Microscopy. 

the fraction of energy emitted by a surface as 
compared with that of an ideal blackbody at 
the same temperature. In the data discussed 
in this study the emittance as compared to a 
500 C blackbody, e(500 C), shall be given 
simply as e. 

X-Ray Diffraction. 
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