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ABSTRACT

The reflectance of thin metal films is often less than the 

reflectance of highly pure, polished samples of the bulk metal.

Structural and compositional modifications from the bulk which are 

observed within thin films are generally blamed for this discrepancy.

•Few studies, however, have determined which modifications are 

responsible for the anomalous reflectance of metallic films. This study 

has investigated reasons for differences between the infrared reflect

ance of chemical vapor deposited (CVD) molybdenum (Mo) thin films and 

polished, bulk Mo. Molybdenum was chosen for this investigation 

because substantial differences of up to 22% have been observed 

between the infrared reflectance of thin film and bulk Mo. In addition, 

an understanding of the anomalous reflectance of thin film Mo will lead 

to the capability of. reproducibly depositing Mo thin films with bulk

like reflectance. This will benefit applications of thin film Mo which 

depend on. both the thermal stability and high infrared reflectance of Mo.

Impurities, grain boundaries, and anomalous crystal structure 

were identified as those modifications from the bulk which could 

potentially reduce the infrared reflectance of thin film Mo by several 

per cent. The composition, grain size, and crystal structure of all 

films were therefore determined by Auger spectroscopy, electron 

microscopy, and X-ray diffraction, respectively. The results of these 

measurements were related to the infrared reflectance of the films.

xiii



xiv
An analysis involving three approaches was used to separate the 

influence on reflectance of each modification from the bulk. The first 

approach used the versatility of CVD to deposit films with similar 

composition and crystal structure, but different grain size. Since 

these films exhibited similar infrared reflectance, grain boundary 

scattering in CVD Mo was shown to have little influence on the infrared 

optical properties. The second approach used the Drude model to

determine the dielectric function of a CVD Mo film containing nearly

20 atomic per cent carbon and 20 atomic per cent oxygen as a function 

of the Drude relaxation time (t) and carrier concentration (n). The 

T of this film was roughly equal to the T of the bulk, while the n of 

the film was equivalent to only 2% of the n in the bulk. The low 

carrier concentration in the film can be explained by the removal of 

carriers from the metallic bands and their localization in Mo-C and 

Mo-0 bonds. Bonds between Mo and oxygen were found to be more 

detrimental to the infrared reflectance than Mo-C bonds. This result 

was derived by depositing several films with similar grain size and 

crystal structure, but with various compositions. - A third approach 

revealed the influence of interband transitions on. the infrared - 

reflectance of CVD Mo by comparing the experimental reflectance to the 

reflectance predicted by the Drude model in the infrared. The 

occurrence of interband transitions, which is dependent on crystal 

structure, had a larger effect on the infrared reflectance of the CVD

film with a depletion of carriers than in the bulk. Finally, some of

this analysis has been extended to physical vapor deposited Mo films.

i
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During the course of this investigation, the most reflective 

Mo surface yet reported in the literature was produced by exposing a CVD 

Mo sample to a post-deposition anneal. The high reflectance and high 

temperature stability of this film allow for applications of CVD Mo in 

both photothermal solar energy conversion and high power laser 

technology. The versatility of CVD in adjusting the composition and 

structure of Mo films resulted in another film of interest in photo- 

thermal conversion— black Mo. These uses of CVD Mo establish the 

feasibility of using CVD to expand applications of thin film optical 

devices at high temperatures.

/



CHAPTER 1

INTRODUCTION

Optical technologists are realizing that optimal applications 

of materials depend on an understanding of the basic physical processes 

that occur during the interaction of light with these materials. Among 

the fundamental parameters to be discussed in this context are the 

composition and structure of a given optical material. In particular, 

thin metal films often exhibit compositional and structural modifica

tions from the pure, bulk metals. These modifications are blamed for 

reducing the reflectance of the films several per cent below that of the 

polished bulk and include impurities, such as carbon, nitrogen, and 

oxygen, and columnar grains that extend from the substrate to the upper 

surface of a film. Impurities can affect the reflectance of a film by 

(1) scattering and/or localizing metallic free carriers, (2) enhancing 

grain boundary scattering of the electrons by collecting between the 

columnar grains, (3) stabilizing anomalous crystal structures of the 

host metal, or (4) creating new energy states within the band structure 

of the metal. Other defects, in thin metal films and the manner by which 

these four items affect the reflectance of the films will be discussed 

in Chapter 2 in terms of the Drude model of metallic reflectance and 

the band structure of metals.

If we realize that the composition and structure of thin metal 

films can affect their reflectance in so many ways, it is not surprising



that the reflectance is dependent upon how the films are deposited 

(Drammeter and Hass, 1964). Examples of how gaseous contaminants in 

evaporative systems can lower the electrical conductivity of Ag, Cu, 

and Au films are reviewed by Coutts (1974). He states that four 

distinct physical models have been proposed to explain how oxygen lowers 

the conductivity of these noble metals, and that confusion exists 

concerning how the models interrelate. Since the infrared reflectance 

of metals is related to their conductivity, as will be shown in 

Chapter 2, similar confusion exists with respect to why thin metal 

films exhibit anomalously low reflectance. Bennett, Silver, and 

Ashley (1963) have shown that the reflectance of A1 films drop by a half 

per cent at 10 pm simply by being exposed to the gases within a high 

vacuum system for a period of time.

In many cases, thin films of transition metals like Mo and W 

also exhibit lower reflectance than the polished, bulk metals (Gurev, 

Carver, and Seraphin, 1976). This is true for both sputtered and" 

evaporated thin films of Mo (Bennett et al., 1975, p. 9). We have 

investigated the composition and structure of various Mo thin films to 

determine why the films exhibit lower infrared reflectance than - 

polished bulk Mo. The answer to this question has been the objective 

of this study, which has drawn from the fields of both solid state 

optics and materials science. Molybdenum is an ideal metal for this 

investigation due to the following three reasons. First, the optical 

properties of nearly defect-free samples of bulk Mo have been studied in 

detail (Veal and Paulikas, 1974; Weaver, Lynch, and Olson, 1974) and 

can be used in comparison with our thin film samples. Second, effects



on the optical properties of Mo thin films caused by known compositional 

and structural modifications from the bulk have not been studied. A 

knowledge of these effects will benefit applications of Mo thin films. 

Third, since Mo is a transition metal its optical properties in the 

infrared are affected by interband transitions and cannot be understood 

purely on the basis of the Drude model, as will be discussed in Chapter

2. This fact plus the high chemical reactivity which Mo has for C, N, 

and 0 (Holmwood and Clang, 1965) forces us to consider more possibilities 

for differences between the infrared reflectance of bulk and thin film 

Mo than exist in a comparison of, for instance, bulk and thin film Ag 

(silver is less reactive with C, N, and 0 than molybdenum and inter band 

transitions do not occur in silver for infrared wavelengths). As a 

result, our conclusions may be applicable to several other transition 

metals.

We have chosen chemical vapor deposition (CVD) as our deposition 

process for three reasons. First, thin films of refractory metals, such 

as Mo, with smooth, specular surfaces and near-bulk densities can be 

formed by CVD at temperatures considerably below their melting points 

(as opposed to evaporative systems). Second, CVD is a versatile 

technique that can be used to systematically vary the amount and type 

of modifications from the bulk which are built into a growing film.

This point will be expanded upon in Chapter 3 and used to explain our 

need for two complementary CVD systems which were built for this study. 

Third, the metallurgical and electrical properties of CVD Mo have been 

previously studied (Lander and Germer,^19.48; Seto, Doo, and Dash, 1972), 

but the optical properties have not been investigated. We have made



future applications of CVD Mo films straightforward by determining which 

deposition parameters result in films of reproducible, optimal, optical 

properties.

A study that considers the optical properties of materials 

depends on a thorough characterization of the material. The amount of 

carbon and oxygen, the grain size, and the crystal structure in CVD Mo 

are, as will be discussed in Chapter 2, important for our optical 

analysis. Techniques for the evaluation of these properties will be 

described in Chapter 4. In most cases, more than one structural or 

compositional modification from the bulk exist within a Mo thin film.

We must therefore separate the effects on the reflectance of each 

modification in order to understand why the reflectance of the films 

is smaller than that of the bulk. Three approaches have been used in 

this study to determine how much each modification changes the 

reflectance of our Mo films from bulk values. The first takes advantage 

of the versatility of CVD by depositing films with a variety of grain 

sizes, crystal structures, and atomic per cents of C and 0. Several 

depositions will be described in Chapter 5. As an example, the effect 

of oxygen on film reflectance can be determined by depositing two films 

with similar crystal structures and grain size but with different amounts 

of oxygen. Post-deposition annealing has been used to expand the range 

of film properties that can be attained with the CVD process. As 

mentioned at the outset of this chapter, impurities can cause changes 

in the(reflectance of thin film Mo in several ways. As a result, our 

experimental approach in separating the optical effect of each structural 

and compositional modification must be supplemented by a second approach



if a complete understanding of the reflectance of CVD Mo is to be 

attained. This second approach, as will be presented in Chapter 6, uses 

the Drude model of metallic reflectance to determine differences in 

free carrier concentration and relaxation time between a bulk-like CVD 

Mo film and a second CVD film exhibiting both compositional and 

structural alterations from the bulk-like film. The result tells us 

if these alterations cause a smaller carrier concentration or more 

severe scattering of the carriers than exists in the bulk-like film. 

Since the Drude model does not include.the possibility of interband 

transitions, completion of our analysis requires a third approach to 

determine how interband transitions in the infrared affect the reflect

ance of CVD Mo samples in that spectral region. This has been done by 

observing differences between the actual reflectance and the Drude 

reflectance of our films, as will be discussed in Chapter 6. Conclu

sions from the use of these three approaches apply to differences 

between the reflectance of CVD Mo thin films and polished, bulk Mo.

In Chapter 6, we shall address the possibility of using our conclusions 

to explain differences between the reflectance of PVD (evaporation and 

sputtering) Mo films and bulk Mo.

A major result of this project, in addition to explaining the 

infrared reflectance of CVD Mo, has been the production of the most

reflective Mo surface reported in the literature. While searching for
*

methods of altering the composition and structure of CVD Mo., as will 

be discussed in Chapter 5, we discovered that post-deposition annealing 

can increase the reflectance of our films one half per cent above that 

of polished, bulk Mo. Potential reasons for this observation, which is
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based on a reflectance measured to within i 0.1%, will be discussed in 

Chapter 7. : The reflectance of our most highly reflective film will be 

useful for improving comparisons which have been made between experts 

mental and theoretical emissivities of transition metals (Slevers,

1979).

Previous applications of thin film Mo have benefited from the 

metallurgical and/or electrical properties of Mo. Our most reflective 

film combines the refractory nature of Mo with an infrared reflectance 

of 98.7% at 10 pm.' Thus, future applications of Mo thin films will 

benefit from both high-temperature stability!and high infrared reflect

ance. Two high-temperature, thin-film, optical applications of CVD Mo 

films (pho to thermal solar energy conversion and high-power laser 

mirrors) will be discussed in Chapter 7 and Appendices B and C.

Finally, the versatility of CVD has also resulted in the development 

of a new thin-film material, black molybdenum, which is of interest for 

solar energy conversion. Black Mo was first deposited during our search 

for ways to alter the composition and structure of CVD Mo and will be 

discussed in Chapter 7.



CHAPTER 2

THE INFRARED REFLECTANCE OF Mo THIN FILMS

In the previous chapter we mentioned that physical processes 

establishing the interaction of light with real metals must be discussed 

in order to interpret the reflectance of a metallic surface. Reflect

ance is expressed by Fresnel1 s equation as a function of the real and 

imaginary parts of the dielectric function, and These quanti

ties, corresponding respectively to the dispersive and absorptive 

aspects of a material, serve only as a bridge between optically 

measurable quantities, such as reflectance, and the basic processes 

effective in the interaction of radiation with metals. We must under

stand what these basic processes are, and how they relate to the • 

dielectric function and the reflectance, before attempting to explain 

differences in reflectance between various samples. The dielectric 

function and therefore the reflectance of any material can, in 

principle, be determined from a consideration of band structure 

(Seraphin, 1972, p. 174). Thus, in the first section of this chapter 

we consider differences between the band structure of bulk Mo and bulk 

Ag to show that the infrared reflectance of defect-free bulk Mo is 

affected by more processes, including interband transitions, than is 

the infrared reflectance of bulk Ag. We then consider that the 

presence of compositional and structural modifications from pure, bulk 

Mo can alter the manner in which these processes affect the reflectance 

of thin film Mo. •
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Since modifications from the bulk will cause differences between 

the bands of the films and those of the bulk, the band structure of our 

films is unknown. A calculation of reflectance from a consideration of 

band structure is therefore not possible. As a result, we present the 

Drude model of metallic reflectance in the second section of this 

chapter. The third section stresses that this classical model is more 

useful in explaining changes in reflectance than the absolute reflect

ance, especially for a transition metal. The presence of lattice 

defects and impurities can, however, be related to reflectance by the 

Drude model in a simple manner without resorting to the complexity of 

the band structure picture. The fourth section identifies basic 

processes active in our films which the Drude model does not address, 

while the fifth section explains how structural and compositional 

modifications become built into the films.

Based on the literature, the final section of this chapter 

discusses which modifications from the bulk are probably dominant in 

altering the reflectance of thin molybdenum films from the reflectance 

of bulk molybdenum. Composition, grain size, and crystal structure are 

identified as the most important factors.

The Band Structure Picture and Reflectance

This section compares bulk Ag and bulk Mo to show that the 

infrared reflectance of transition metals, like Mo, is affected by band 

structure in more ways than is the reflectance of either iloble or 

alkali metals. Before beginning this comparison, we first outline how 

reflectance can be derived from band structure (Seraphin, 1972, p. 174).



The absorptive part of the dielectric function, can be directly

related to either intra or interband transitions and provides us with 

a starting point. We first evaluate the probabilities of all transi

tions, then attempt to sum up all transitions possible in the entire 

Brillouin zone to determine The Kramers-Kronig relations will then

permit an approximate calculation of from * and the reflectance 

can finally be computed with Fresnel’s equation. During the following 

discussion we can expect a change in band structure to alter the result 

of the summation which determines £^ and therefore to alter the 

reflectance.

The electronic and optical properties of transition metals are 

determined largely by the presence of energy bands resulting from s and 

d states in the valence electron shell of these materials. Differences 

in the wave functions in these two types of bands will now be dis

cussed. The s electron wave function around one metal atom overlaps 

with the neighboring wave functions. This overlap allows s electrons 

to freely move throughout the lattice within the s-bands. The s 

electrons have effective masses that approximate the mass of free 

electrons. The d electron wave functions overlap to a smaller extent. 

This causes d electrons to have higher effective mass than the s 

electrons. The general shapes of s and d bands are shown in Figure 2.1. 

We shall see in the next section that decreases in either the concentra

tion or mobility of s electrons will result in a decrease in the 

infrared reflectance of a metal.

Some insight concerning relationships between the optics and 

bands of metals can be gained by visualizing the band structure of each



10

£

s-band

d-band--

Figure 2.1. Shapes of s and d bands —  Reproduced from Dugdale (1977, 
p. 246).

metal in the fifth row of the periodic table. We start with an alkali 

metal (Rubidium 5s), progress to a transition metal (Molybdenum 5s 4d^), 

and finish with a noble metal (Silver 5s 4d^) . The outer electronic 

configurations of these elements are included for reference. The 

following observations concerning the band structure of the metallic 

lattices were taken from Moruzzi, Janak, and Williams (1978, pp. 108, 

128, 148). Rubidium has no occupied 4d states, and only a partially 

full 5s band. Molybdenum has both 5s and 4d states partially occupied 

while silver has a full 4d band and a partially occupied 5s band. We 

therefore see that the Fermi level lies beneath the d bands in Rb, 

intersects the d bands in Mo, and lies above the d bands in Ag. Three 

features appear to be common to all of them (Dugdale, 1977, p. 239). 

First, the main features of the density of states curves of all these
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metals are similar. A plot of the density of states (D(E)) for Mo is 

shown in Figure 2.2. Second, the pronounced profile in D(E) essentially 

represents the density of states of the d bands, which is superimposed 

over."the much smoother parabolic s band profile. Third, the Fermi level 

passes through the high density energies as we move from Kb to Ag.

The relative position of the Fermi level with respect to the peaks and 

valleys of the D(E) curve causes the electrical and optical properties 

of each transition metal to differ from those of its neighbors, ' Shifts 

of the Fermi level with respect to the profile of D(E) will alter the 

number of allowed transitions which must be summed to determine the 

reflectance. We illustrate this point by a comparison of molybdenum 

and silver . Electrons in silverf s d bands lie 3 eV below the Fermi 

level and can only be excited by photons more energetic than this 3 eV 

threshold. The itinerant (or nearly free) s electrons are therefore 

responsible for the high visible and infrared reflectance, and the high 

electrical conductivity of silver. The d bands play a role, however, in 

the ultraviolet optical properties of silver. In contrast, the Fermi, 

level intersects the d bands in molybdenum. As a result, the d bands 

affect the ultraviolet, visible, and infrared optics as well as the 

electrical conductivity of molybdenum.

The d bands cause Mo to have more electrons at the Fermi level 

than does Ag (Moruzzi et al., 1978, pp. 129, 149), Even so, Ag has 

higher values of electrical conductivity and infrared reflectance. A. 

possible increase in reflectance due to the extra number of d electrons 

in Mo is offset by several factors: (1) the low mobility of the d 

electrons, (2) the fact that d electrons lower the mobility of the s
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Figure 2.2. Plot of the density of states of Mo —  Reproduced from 
Moruzzi et al. (1978, p. 129).

electrons, and (3) possible interband transitions. We will now touch 

on these two latter processes. The d bands reduce the mobility of the 

s electrons in two ways. First, collisions between heavy d electrons 

and much lighter s electrons will decrease the velocity, and therefore 

the mobility of the s electrons, due to the conservation of momentum. 

Second, s electrons can be scattered by phonons into d states if there 

are empty d states within kT in energy of the s states. This s d 

scattering process causes an s electron to become a localized d 

electron (Mott and Jones, 1936, p. 267). Scattering into d states is 

more severe in metals like Palladium, where the Fermi level intersects 

a peak in the density of states of the d bands. The s -> d scattering 

process can be visualized by realizing that Figure 2.1 is imprecise.
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The s and d bands become mixed, or hybridized, at the s d crossover 

point to avoid degeneracy, as shown in Figure 2.3.

E

Hybridized
s-d

region

Figure 2.3. s and d Bands with hybridized crossover regions «—  
Reproduced from Dugdale (1977, p. 246).

The d bands also affect the optical properties of Mo by 

providing regions in energy with large densities of states, and there

fore the potential for strong interband transitions. As opposed to Ag, 

the proximity of the Fermi level and d bands in Mo allows for the possi

bility of interband transitions in the infrared. The influence of 

interband transitions on the dielectric function actually dominates the 

optical properties of Mo in the ultraviolet and visible, overlaps with 

nearly free electron or intraband processes in the near infrared, and 

eventually give way to free electron processes in the infrared. As
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discussed in the last section of this chapter5 our analysis of the 

reflectance of Mo will be done in the infrared.

We have indicated that electrons at the Fermi level in defect- 

free bulk Mo experience more scattering processes than are active in 

bulk Ag. Compositional and structural modifications from the bulk 

contribute additional scattering centers which^can alter the periodicity 

of the lattice potential and therefore perturb the bands in thin film 

Mo, Further, impurities add new states amongst the metallic band's that 

can merge into new bands when large enough concentrations of impurities 

are present. The band structure, of thin film Mo can therefore be quite 

different from that of the bulk. Optical consequences of this differ

ence can be determined by proceeding from the summation which gives e^. 

This approach, of course, is not viable without a detailed knowledge 

of the band structure of the thin film. We thus continue by presenting 

the Drude model, anticipating that the model will assist us in 

explaining how structural and compositional modifications from the bulk 

change the reflectance of Mo thin films.

The Drude Model and Reflectance 

The following development traces Drude Is derivation of the 

dielectric function of metals based on the more detailed treatment found 

in Wooten (1972, p. 52). We wish to clarify how the three Drude 

parameters— electron concentration (n), relaxation time (t ), and mass 

(m)— are used in attempting to describe the physics of metallic 

electrons. Within the framework and the assumptions of the Drude model, 

the final dielectric function is calculated from these three quantities.



Since metallic electrons are only weakly bound to their parent 

atoms, external fields and viscous damping are the only forces acting 

upon them. The equation of motion of the electrons can be written: <

m + mT "*"v = -eE (2.1)at

where v i s  the velocity of the electrons, E is an external electric

field, and e is-the electronic charge. Wooten comments on the

consequences of using the external, rather than the internal E field,
-1The reciprocal of the mean free time between collisions, T , is. a 

measure of the severity of electronic scattering within a metal,, and is 

used to calculate the size of the viscous damping force, assuming 

isotropic scattering. The damping force goes to zero as T goes to 

infinity, which corresponds to a truly nonab'sorptive free electron 

gas. If we equate the current density, J, to, (-nev), then Equation

(2.1) can be rewritten as:

. . £  + T-1 ! .. (2.2)dt m

All assumptions that we will make concerning physics of the electrons 

have been used at this point. In the static case, with dJ/dt = 0, we 

find that:

J = E. (2.3)m

The D.C; conductivity of a Drude metal is therefore given as:
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If we now assume that the time, dependence of J and E within our Drude 

metal goes as e lWt (with a phase lag between J and E), we can write:

-1 2(-ito + t )J =* —  E = T a_ _ E , (2.5)HI JLy e v

or

O .

■■ J = i3i ^  E - « • «

where 0) is the angular .frequency. Equation (2.6) provides us with an

expression for the frequency dependent current density. The next step 

involves writing the wave equation for electromagnetic waves in non

magnetic, electrically neutral media without electric dipoles (as is 

the case for free electron metals). Equation (2.6) is then substituted 

for J in the wave equation. We assume that the light which is inter

acting with our Drude metal is a plane wave solution, of the type 

E = e ^ ^ X ? where K is the complex propagation vector and x is the

direction of propagation. The real and imaginary parts of the resulting
2

relation between K and go (with K = — y(R + ik) ) are equated to give:
c \

2 _ _ _je!___—  n  —  k — 1 — 0 0
1 T~ + ti)2 .

Ve2 = 2nk = ----— 2---- 2~ ’ (2.7)
10T (T +  W )

ne2 1/2
where go (the plasma frequency) equals [ ^ — ] , is the permittivity

P m o
of free space, and are the real and imaginary parts of the 

dielectric function, and ft and k are the real and imaginary parts of
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the complex index of refraction. One further step gives the reflectance 

of a Drude metal by inserting these optical constants into Fresnel’s 

equation. At normal incidence the reflectance is:

/e,2 + e/ + l _ /2 /ITTR Ol-l)2 + fe2 /E1 +  e2 + 1 ^ 2 / E1 + E2 + 2E1 (2 8)

(n+1>2 + fe2 /, 2 + E 2 + 1 + / 2 / e  2 + £ 22 + 2 E 1

We have now seen how the Drude theory calculates reflectance in terms of 

three parameters which describe the concentration, mass, and relaxation 

time of an average metallic electron. The reflectance of a Drude metal 

is schematically plotted in Figure 2.4.

5 50

l/r / U)ww

Figure 2.4. Reflectance of a Drude metal for infinite T and some 0)'p 
(dashed curve), and for finite T and a smaller w (solid 
curve) as a function of frequency, ^
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The dashed curve in Figure 2,4 corresponds to a free electron 

gas with no scattering such that T = 00. In this case the reflectance 

equals 100% until the frequency approaches tiV , Real metals contain 

scattering mechanisms such as impurities, defects, phonons, and d 

electrons which reduce the value of T, and the reflectance, as shown by 

the solid curve in Figure,2.4. Highly conductive metals, like silver, 

have an infrared reflectance of about 99.5% (Hass, 1969, p* 313). When .

1/t <_ a) << o)p, the reflectance of a Drude metal is approximately equal

to (l-2/o)pT) (Sievers, 1979). Since 1/t corresponds to a wavelength of 

about 4 pm for Mo, we can expect decreases in T or n, and increases in 

m to cause decreases in the infrared reflectance of our films. Since 

conductivity goes as nep, where p is the electronic mobility, we can 

use Equation (2.4) to show that p = ex/m. The first step in a study of 

real metals with anomalously low infrared reflectance would therefore 

be to check for either a low concentration of electrons or for low 

electron mobility.

: Basic Processes. Which Drude Can Incorporate

Our presentation of the Drude model in the previous section

based metallic reflectance on the values of w and T. This assumes that'P
there is only one set of electrons in a metal, all with the same value 

of T. We stressed in the first section of this chapter, however, that 

transition metals have several bands of different types that intersect 

the Fermi level and therefore are involved in electronic transport.

Drude’s original work, in fact, proposed that the dielectric function 

for free-electron metals contains several terms (Roberts, 1959):
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WP 2

<0 2 •
pie = Z ^ ------^  5-  . (2.9)

i 10T . (x . +  0) )1 1

Drude added these terms with no knowledge of band structure, in an 

attempt to fit the resistivity.of metals. One is tempted to apply one 

set of Drude parameters to each band in transition metals. This 

approach quickly becomes hopeless, however, when we:realize that s bands 

and d bands intersect in several places within the Brillouin zone.

Figure 2.3 shows how these s d intersections hybridize to form bands 

of mixed behavior. Thus, there is no advantage in working with more 

than one set of Drude parameters. We can proceed, however, with one 

set of parameters if we realize that go and T are average values. We 

see in the next paragraph that one set of oô  and T can be used in a 

relative sense.

We mentioned that defects and impurities perturb the bands and

therefore alter the reflectance of real metals. These imperfections

will also alter the magnitudes of the Drude parameters. Relative

changes in the Drude parameters of a transition metal can be used to

explain changes in reflectance. The following paragraphs discuss how

changes in go and T can occur in real metals.P



Changes in the Relaxation Time

Matheson1s Law (Maissel, 1970, pp. 13-14) expresses the relaxa

tion time of a metal as the sum of two terms, one due to intrinsic and 

the other due to extrinsic processes:

1/t = 1/t (intrinsic) 4- 1/t (extrinsic) (2.10)

Contributions to the intrinsic term for transition metals arise from 

electron-electron and electron-phonon scattering. The s d scattering 

process enhances the influence of phonon scattering on resistivity. 

Changes in the first term occur during either changes in temperature or 

recrystallization of the metallic lattice (recrystallization, meaning a ' 

phase change, causes a new band structure and therefore a change in the 

amount of electron-electron scattering).

Contributions to the extrinsic term can be associated with the 

presence of defects which disturb the periodicity of the metallic 

lattice. Disturbances of periodicity can be caused by impurities, 

vacancies, dislocations, stacking faults, and grain boundaries. The 

influence on 1/t of these scattering centers varies widely in magnitude. 

In later sections we show how these scattering centers are incorporated 

within a growing film, and how important each one is with respect to our 

analysis of the reflectance of thin film Mo.

Changes in the Plasma Frequency

The square.of is proportional to n/m. In this section we 

consider possible causes for changes in this quotient. We deal with n/m 

because the analysis in Chapter 6 will show a difference between 03 of
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bulk Mo and that of thin film Mo? but will not be able to separate n 

from m.

The introduction and bonding of impurities within a metallic 

lattice can change the Drude n by either contributing or withdrawing 

electrons from the metallic bands, Alward et al, 0-975) confirm this 

-fact by stating that bonds between carbon and transition metals can be 

any mixture of metallic, covalent, or ionic types, More recently,

Lynch et al, (1979) have made the same statement concerning their work 

with the optical properties of TiC^. In addition to changing the Drude 

n, building impurities into a transition metal can alter the Drude m, 

and even the band structure in extreme cases, Adding C, N, or 0 to a 

transition metal lattice can be done with little change, moderate 

change, or dramatic change to the band structure of the host metal. We 

now consider each of these possibilities in turn.

The rigid band model can be used to describe the band structure 

of a metal containing only a few atomic per cent of impurity. The 

rigid band model postulates that the shape of the metallic bands do not 

change on the introduction of impurities. . The only modification caused 

by the impurities under this model is an adjustment of the Fermi level 

to accommodate the number of electrons which are subtracted from or 

added to the metallic bands by the metal-impurity bond (Dugdale, 1977, 

p. 267). This adjustment in the Fermi level can also lead to a change 

in the Drude m. The effective mass of,an-electron is determined by the 

curvature of the band which contains the electron. The Drude m is the 

average mass of many types of electrons because the Brillouin zone in 

transition metals contains several bands with different curvature.
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Thus, we expect a change in the Drude m as the Fermi level shifts during

the bonding of impurities because the shift may change the ratio of s- -

like and d-like bands which are occupied. This change in m caused by

the bonding of impurities into a transition metal lattice will be small

compared to any change in n which could alter the reflectance. We can
2therefore think of changes in cô  as mainly due to changes in n.

Adding several atomic per cent of C, N, or 0 to a transition 

metal can cause from moderate to dramatic changes in the band structure. 

We consider these two cases in this section because n/m will change with 

the iband- structure, although interband effects on reflectance will also 

change as discussed in the next section.

If enough impurities exist in a metallic lattice, the rigid 

band model becomes invalid as the localized states caused by each 

impurity join together to form bands of their own. These impurity 

bands hybridize with the original metallic bands to form a new band 

structure which results in changes in the dielectric function.

Impurities can induce even more pronounced changes in the band structure 

of a metal by stabilizing the metallic lattice in an unnatural, 

metastable crystal structure. In this case, new metallic bands are 

formed which can also hybridize with impurity bands. These so-called 

polymorphs are usually deposited in thin film form and must be 

stabilized by either impurities, a very small thickness (< 500 A), 

interactions with the substrate, or other effects (Chopra, 1969, 

p. 206). Thicker samples and/or high temperatures usually convert the 

polymorphs to the natural, stable crystal structures. The following 

metals have all exhibited polymorphic structures: Al, V, Ni, Fe, Ta,



Nb, Mo, W, Re, H f a n d  Zr (Marcus and Quigley, 1968; Chopra, Randlett, 

and Duff, 1967). Polymorphs of molybdenum, stabilized by impurities, 

have been observed in our work with X-ray diffraction. Thin film 

deposition techniques can produce metal films with large enough 

impurity concentrations to create new bands and/or polymorphs. We 

discuss these deposition techniques in Chapter 3.

Before leaving this section, it is appropriate for us to 

mention, some examples where C, N, and 0 affect the reflectance and/or 

resistivity of transition metals. The literature contains several 

examples- of the effects of impurities in transition metals. The p 

electrons from carbon and nitrogen often find themselves in the metallic 

d bands. ■ The resulting hard metals are sometimes more metallic than the 

parent metals (Dempsey, 1963). The fact that titanium nitride is more 

reflective than titanium is a case in point (Seraphin and Spitz, 1977). 

The presence of oxygen 2p bands within transition metals can reposition 

the original metallic bands with widely varying consequences (Adler, 

1968). A good example is given in Table 2,1, Our point is emphasized 

by the fact that manganese and rhenium are. in the same column of the 

periodic table. We compare the optical properties of Mo and MoO in our 

discussion of black Mo in Chapter 7, Explanations of how C, N, and 0 

affect the properties of transition metals is on the forefront of 

today’s research with the optical properties of solids (Lynch et al., 

1979; Seraphin, 1979, pp, 24-32), From these examples, we see that the 

Drude model can only help us with an understanding of metallic 

reflectance. Optical effects of the band structure must be considered. 

The next section outlines procedures which we will use in Chapter 6 to
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Table 2.1. Comparison of the resistivity (20 C) of manganese, rhenium, 
and their oxides,

Material Resistivity (ficm)

Mn 1.39 x 10-4*

MnO , io15**

Re -̂5*1.69 x 10

ReOg -5**1.8 x 10

*Dugdale (1977, p. 243). 

**Adler (1968, pp. 77, 89).

evaluate the effects of interband transitions on the infrared reflect

ance of thin film Mo.

Deviations from the Prude Model _

Previous sections of this chapter have related reflectance to 

band structure, presented the Drude model, and then used the Prude 

model to anticipate how compositional and structural.modifications from 

bulk Mo change the reflectance of thin film Mo. Since the Prude model 

involves the interaction of light with a damped, free electron gas, the 

interaction of light with bound electrons cannot be modeled by Drude.

As described in the first section of this chapter, bound electrons in 

Mo undergo interband transitions at infrared energies because the Fgrmi 

level in Mo intersects the d bands. We therefore need a way to model 

the interaction of infrared light with bound electrons in order to



understand the infrared reflectance of Mo* This section therefore 

discusses changes in reflectance caused by interband transitions from 

the band structure point of view and then briefly describes the clasical 

Lorentz model and its use in approximating the dielectric function of 

materials with only bound electrons. Since Mo has both free and bound 

electron assemblies, we show that a combination of the Drude and 

Lorentz models are needed to model the dielectric function of Mo. At 

low enough energies in the infrared, the Drude term in the dielectric 

function becomes dominant over the Lorentz term and the reflectance of 

Mo can be modeled by the two Drude parameters. At higher energies, the 

Lorentz terms become more influential than the Drude terms on the 

reflectance. We present a graphical procedure for determining the 

highest energies at which the Drude terms dominate the Lorentz terms.

At higher energies we expect interband transitions to influence the 

dielectric function and therefore the reflectance of a metal.

As discussed in Chapter 1, a 'sum must be taken over all allowed 

transitions in the Brillouin zone to determine e^ in order to calculate 

reflectance from a consideration of band structure. Interband transi

tions increase near the wavelength corresponding to the energy 

differences between the lower and upper states involved in the transi

tion. Changes in reflectance are therefore expected as we scan in 

energy through the energy of the transition. Structure in a reflectance 

profile near the energy of an interband transition is not, however, 

always observed. The collective action of many interband transitions 

can shift the magnitude of a reflectance profile either up or down 

without introducing bumps and valleys in the profile. Even in the
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far infrared where due to interbands is zero, E^ is affected by the 

presence of interband transitions at higher energies. This face can 

be understood by referring to one of the Kramers-Kronig relations:

=° w'e (w')
e1 (w) - 1 = ^  P / ----%----w dw' (2.11)

o ( W )  - a)

We see that large values of (a)1 = visible frequencies) will increase 

the value of (a)) for 0) in the infrared. Thus, an interband transition 

affects the.dielectric function of a transition metal like Mo in two 

ways: (1) by increasing (and changes in £^) at the energy of the

transition and (2) by increasing at energies below that of the 

transition.

In our analysis of the infrared reflectance of CVD Mo, we shall 

need to know how far into the infrared interband transitions are 

occurring, and if they affect the reflectance due to the two changes in 

the dielectric function listed above. Just as when we resorted to the 

Drude model to relate defects in a metallic lattice to its reflectance, 

we now resort to the Lorentz'model to help answer the above questions. 

The Lorentz model gives us classical expressions that approximate the 

influence of an interband transition on and . Derivations of 

these expressions involve adding a Hooke’s Law restoring force to 

Equation (2.1), deriving an expression for the polarization vector in 

a nonconducting medium, and substituting this expression into the wave 

equation (Wooten, 1972, pp. 45-46). Since the dielectric function of



Mo is influenced by many interband transitions in addition to its Drude 

terms, we can model and by adding several Lorentz terms to

the Drude term, giving:

0) 2
en = E (Lorentz Terms) + 1 - (-------- »)

1 l / x  +  to2

and

03 2
£ = E (Lorentz Terms) + (— —) (----^ --») , (2.12)

2 (tiT 1 / t  +  a)2

The line shapes of two typical Lorentz terms are shown in Figure 2.5.

The influence of an interband transition on 6^ and near the transi

tion energy and the increase in (given by the value P) as we scan 

through the transitions toward smaller frequencies are qualitatively 

shown by the Lorentz terms plotted in Figure 2.5. The P value is 

proportional to the oscillator strengths of the interband transitions.

We now outline a procedure for answering the following three questions 

for CVD Mo: (1) how far into the infrared do the Lorentz terms occur,

(2) how much does the P value affect reflectance at energies below 

those of the least energetic P&aks, and (3) how much do the Lorentz 

terms affect reflectance near the peaks.

If we consider energies below the least energetic peaks, 

Equation (2.12) can be rewritten as:
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D

Figure 2.5. and £2 versus frequency for a hypothetical material
containing two Lorentzian oscillators.

We see that equals the bracketed quantity in the expression

and can be substituted for the same bracketed quantity in the E^ 

expression to give:

P + 1 - £1 = t((jOE2) . (2.14)

In the far infrared, a plot of (P + 1 - c^) versus (oje^) will give a 

straight line with slope equal to T . Two processes can cause this so- 

called Argand plot to be curved at higher energies. The first process
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is a frequency dependence in T, which can be caused by the interaction

of light with a material containing two distinct regions such as

grain interiors and intergranular areas (Nagel and Schnatterly, 1974).

In this case Equation (2.13) is still applicable. The second

process is the occurrence of interband transitions such that

Equation (2.12), not Equation (2.13), must be used to model and £^.

Since Equation (2.14) is derived from Equation (2.13), we must expect

the Argand plot to become nonphysical at the frequency of the least

energetic interband transition. The nonphysical nature of the plot at

this frequency is exhibited by nonlinearity. Thus, if we can show by

some independent experiment that a frequency dependence in T is not

causing our Argand plot to curve, the frequency where the plot does

curve indicates the spectral location of the least energetic interband.

This answers the first of the three questions we itemized above. The

second question can be answered by making a second graph, which we will

call a Drude plot. Once our Argand plot determines T by its slope at

the longer wavelengths, we can graph 1 - :£̂ (o)) against [1/t^ + 0)̂ ]

-Inspection of the first part of Equation (2.13) shows that the slope and
2intercept of our Drude plot will be to and P, respectively (Kirillova,PvNomerovannaya, and Noskov, 1971). The graphically determined values of

2 >T and top can be substituted into Equation (2.7) to find £^ and £^

which can then finally be used with Equation (2.8) to calculate tire

- Drude reflectance. We.then add P to thq Prude £^ and recalculate the

reflectance to show the influence of P on the reflectance. All of our

calculations of reflectance to this point have been done in spectral

regions where the Argand plot is straight. The third question is
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answered by comparing the Drude reflectance to the actual reflectance 

in the spectral region where the Argand plot is curved.

The procedures described in the preceding paragraph will be
2used in Chapter 6 to separate the influence of changes in , T, P, and 

the spectral location of interband transitions on the infrared reflect

ance of CVD Mo. Compositional and structural modifications from the 

bulk which cause changes in the four quantities are described in the 

next section. In closing this discussion, we stress that 0)̂  cannot be 

found by inspecting the reflectance profile of Mo. Interband transi

tions obliterate the spectral location of the plasma edge in Mo, as 

shown by the reflectance versus frequency data given in Figure 5.10 

(p. 92).

The Incorporation of Defects 
in Thin Metal Films

Previous sections have shown that both the band structure and 

the Drude parameters of a thin metal film can be altered by the 

presence of compositional and structural modifications from the bulk. 

This section discusses how these modifications are incorporated within 

the lattice of a metal film during the growth process. The final 

section of this chapter considers which of these various defects can 

lower the reflectance of a thin Mo film by several per cent.

An understanding of the nucleation and growth process of thin 

metal films is required for determining the origin of defects in the 

lattice of these films. The following discussion of thin film nuclea

tion can apply to either chemical vapor or physical vapor deposition 

techniques. We consider nucleation for films deposited in evaporative
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systems here and extend the arguments to CVD in Chapter 3, As gaseous 

metal atoms arrive at a substrate in a PVD system, they can either 

adhere to the substrate or return to the gas phase by evaporation. The 

likelihood of losing an atom to the gas phase is related to the activa

tion energy required for the atom to diffuse along the surface of the 

substrate, colliding with other atoms in the process. This is because 

as soon as atoms collide and adhere to each other their likelihood of 

evaporation is diminished. We therefore have two competing processes:

(1) the loss of the atom to the gas phase and (2) the retention of 

atoms in - small groups, or nuclei. The nuclei must attain a certain 

minimum size in order for the retention of atoms to dominate over their 

loss. The critical, minimum nuclei size increases with the substrate 

temperature and the surface energy of the film material•and decreases 

with the boiling point of the film material, the deposition rate, 

binding forces between the film and substrate, and the surface energy 

of the substrate material (Neugebauer, 1964, p, 14). If this minimum 

size is attained, a film grows on the substrate. The growth proceeds 

by first enlarging the nuclei into aggregates which then eventually join 

together to form a continuous film. Several types of defects can arise 

when the aggregates join together. Let us assume the perfect stacking 

order of planes within each aggregate goes as ABCABC***, . Stacking 

faults (planar defects) occur when two aggregates join together to form . 

a single grain which violates the ABC order at the plane where the 

aggregates joined. If the order at this plane goes as ABCBA, we 

observe a twin boundary. If two aggregates join having planes which 

are rotated slightly with respect to each other, a single grain
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containing a dislocation results (line defect)* When two aggregates 

join with their planes at high angles, a grain boundary arises (planar 

defect). The final spacing between these boundaries defines the grain 

size of the film. This spacing is proportional to the aggregate size 

which.in turn is proportional to the original critical nuclei size. It 

follows that thin films of high boiling point-materials, like Mo, will 

often have a fine grain size.

After the aggregates have joined together, the film continues 

to grow by the addition of material on top of the aggregates. If this 

occurs epitaxially, columnar grains result with grain boundaries 

oriented perpendicular to the substrate. In addition, rapid film 

growth can trap vacancies and impurities (point defects) within the 

lattice. This trapping action can result in more impurities becoming 

incorporated in a thin metal film than are soluble in the bulk metal 

(Maissel, 1970, p. 13-3),

Columnar grain boundaries can have pronounced effects on the 

electrical and optical properties of thin films because the boundaries 

of columnar grains present unavoidable resistance to carriers under 

the influence of an external field. In addition, scattering from 

columnar grains is. a function of two parameters: (1) the diameter of 

each column and (2) the reflective coefficient which electrons 

experience, at the grain boundaries (Mayadas, Shatzkes, and Janak,

1969; Mayaxias and Shatzkes, 1970), If impurities collect in the 

boundaries during growth, this reflective coefficient increases, 

therefore increasing the severity of grain boundary scattering. The 

trapping of large amounts of impurities during growth can further affect
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film structure by stabilizing the metallic lattice into an anomalous? 

nonbulk9 crystal structure (Chopra, 1969),

The large surface to volume ratio of thin films can result in 

additional scattering mechanisms which do not occur in the bulk. If a 

metallic thin film is deposited on a heated substrate which has a 

different thermal coefficient of expansion than the film material, 

elastic deformation will occur during cooling after deposition. As a 

result, the interatomic spacing will differ at different positions 

within the film. This can change the periodicity of the internal field 

from place to place within a metal and therefore scatter electrons.

The surfaces of thin films also cause large discontinuities in the 

lattice potential which scatter electrons. . This effect is substantial 

if the electronic mean free path is comparable to the film thickness. 

Finally, after a film is deposited and subsequently exposed to the 

atmosphere, gases may adsorb into the surface of the film and result 

in a high concentration of impurity near the surface.

In summary, we have identified those defects which are built 

into the lattice of a thin metal film during nucleation, continued 

growth, cooling after deposition, and eventual exposure to the atmos

phere. Structural modifications from the bulk included stacking faults, 

dislocations, grain boundaries, elastic deformation, vacancies, the 

upper and lower surfaces of the film, and anomalous crystal structure. 

Compositional.modifications included the adsorption of impurities at 

the top surface of the film, the collection of impurities in grain 

boundaries, and the distribution of impurities throughout the grains.

The next section identifies which of these defects can cause observable
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changes in the reflectance of thin film Mo while Chapter 3 outlines our 

approaches for controlling the - amount of defects in our films.

The Influence of Defects on the Infrared 
Reflectance of Thin Mo Films

All of the defects discussed in the previous section can he

incorporated in a Mo thin film. Differences between the infrared

reflectance of thin film and highly perfect bulk Mo are therefore due

to the presence in the film, of some combination of these defects. This

section uses reflectance and resistivity data from the literature to

determine which defects cause small (< 1-2%) and which can cause

large (> 1-2%) reductions in the reflectance of CVD thin film Mo,

Defects causing the smaller change in. reflectance will be neglected in

the analysis of Chapter 6, Chapter 3 shows how CVD techniques'can be

used to introduce those defects with the larger optical influence into

a Mo film in a systematic, diagnostic manner. Chapter 4 describes

techniques used to detect the presence of the more important defects in

our CVD Mo samples while Chapter 5 relates the infrared reflectance of

several deposits to their composition and structure.

We begin evaluating the relative influence of the various

defects on the infrared reflectance of CVD Mo by considering structural

modifications from the bulk, Seto et al, (1972) have reported that

their CVD Mo films exhibit columnar grain boundaries, a number of

vacancies (packing densities equaling or exceeding 95%), and an

elastically deformed lattice, Seto et al, also state that thej

presence of these three defects raises the electrical resistivity of

CVD Mo less than 2 pficm above the bulk value of 5,7 ]dOcm, Some of our
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are deposited under conditions similar to those used by Seto et al. and 

therefore contain similar amounts of grain boundaries, vacancies, and 

deformation. The resistivity of our most reflective samples is about 

9 pficm while the reflectance at 10 pm is at least as high as that of 

polished bulk Mo. We can therefore neglect grain boundaries, 

vacancies, and deformation in our analysis, except for the following 

qualifications. First, grain boundaries containing a concentration of 

impurities can cause more severe electronic scattering than clean 

boundaries (Maissel, 1970). We treat dirty grain boundaries in a 

subsequent paragraph concerning compositional modifications from the 

bulk. Second, vacancies are more likely to occur in a PVD film than 

in a CVD deposit, as will be explained in Chapter 3. Thus, we will 

involve vacancy scattering in a discussion of optical differences 

observed between PVD and CVD Mo in Chapter 6 . Third, the degree of 

elastic deformation depends on the mismatch in thermal expansion between 

the substrate and the Mo film. As will be discussed in Chapter 7, 

using highly reflective CVD Mo for high power laser mirrors will 

benefit from even a few tenths per cent increase in the reflectance.

This increase may be attained by depositing Mo on a substrate with a 

thermal expansion coefficient equal to that of Mo.

Further, Maissel (1970) states that dislocations and stacking 

faults in thin metal films increase resistivity even less than do 

vacancies. We assume the same trend holds for infrared reflectance and 

will therefore neglect dislocations and stacking faults in our analysis 

of the reflectance of CVD Mo. An additional structural modification
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from the bulk is caused by the grain size in a film being equal to or 

less than the electronic mean free path in Mo, - When this is the case, 

quantum size effects can alter the dielectric function of each grain 

(Lushnikov, Maksimenko, and Simonov, 1978) and therefore change the 

reflectance. This effect could occur in some of our CVD Mo films which, 

as will be shown in Chapter 5, have a grain size of roughly 300 A while 

the mean free path in Mo at room temperature is 395 A (Oikawa and 

Tsuchiya, 1978). Experiments to be outlined in a subsequent paragraph 

of this section will provide a way to evaluate the influence of quantum 

size effects bn the infrared reflectance of CVD Mo,.

The two surfaces of a thin metal film are the final structural 

modifications from the bulk which we consider. Surface scattering 

reduces both the conductivity and reflectance of a film when the 

thickness is on the order of the electronic mean free path in the film. 

Oikawa and Tsuchiya (1978) have shown that the resistivity of thin film 

Mo decreases with increasing thickness until the thickness is greater 

than 1000 A. They did not observe further changes in resistivity as the 

thickness was increased beyond 1000 A, We have avoided surface 

scattering in our analysis by growing all CVD films thicker than 1200 A.

The influence on reflectance of compositional modifications from 

the bulk will now be considered. First, a monolayer of CO and CO^ is 

adsorbed on the surface of Mo when it is exposed to the atmosphere. 

Anderson, Rubloff, and Stiles (1973) have shown that the monolayer 

reduces the reflectance of Mo by a few tenths of a per cent. This is a 

small change as compared to the influence of other compositional 

modifications and will be neglected in our analysis. We will, however,
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show in Chapter 5 that the infrared reflectance of CVD Mo is slightly 

increased .by passivating it with CVD Si^N^ before exposure to the 

atmosphere. We return to this fact during our discussion of high 

power laser mirrors\in Chapter 7,

A second compositional modification is the collection of 

impurities such as C, N ? or 0 in the intergranular regions of a.Mo 

film. This concentration of impurity at the grain boundaries has been 

observed in Mo (Maringer and Schwope, 1954) and can enhance grain 

boundary scattering according to a theory by Mayadas and Shatzkes

(1970) and observations by Maissel (1970) , ' Oikawa and Tstichiya (1978)
A

have shown that dirty grain boundaries=increase the resistivity of 

evaporated Mo films while Nestell and Christy (1978) have related the 

anomalous, low reflectance of evaporated Mo in the visible to inter- 

granular impurity. If enough impurity is present at a grain boundary, 

a second phase, such as the metal oxide, may form between the grains. 

This second phase can occupy 20% to 30% of the volume of a film if the 

grains are only 200 A to 300 A in diameter. The influence of this 

second phase on the reflectance can be evaluated by using effective _ 

medium theories with the dielectric function of both the grains and 

the intergranular regions to calculate the effective dielectric 

function of the film, Nestell et al, (1979) have done this calculation 

to show that an intergranular second phase affects the dielectric 

function and therefore the reflectance of evaporated Mo films in the- 

visible. Thus, both small grains and intergranular impurity reduce 

the visible reflectance of Mo thin films deposited by evaporation below 

that of bulk Mo. An experiment for determining the influence of grain
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boundaries on the infrared reflectance of our CVD Mo is described at 

the end of this section. ,

Having discussed the optical influence of the adsorption of 

impurities at the surface of a Mo film and the collection of impurities 

in grain boundariess we now consider how the distribution of impurities 

throughout the grains will affect the reflectance of CVD Mo. In a 

previous section we stated that the following four processes can be 

induced by the presence of impurities like C and 0 within the grains of 

a thin metal film: (1) scattering of metallic electrons, (2) bonding

of metallic electrons, (3) the occurrence of impurity bands within the 

metallic band structure, and (4) stabilization of anomalous crystal 

structures. The following comments affirm that these four processes 

can occur in CVD Mo, The high chemical reactivity of Mb for C and 0 

(Storms, 1967, p. 225) establishes that considerable C and 0 can be 

incorporated in a Mo film. In fact, CVD Mo samples to be described in 

Chapter 5 contain nearly 20.atomic per cent 0 and 20 atomic per cent C, 

Atomic per cents this large can lead to the formation of, for example, 

oxygen 2p bands within the Mo bands (Adler, 1968), As will be mentioned 

in Chapter 5, these large per cents of C and 0 can also stabilize Mo 

into an fee crystal structure. We expect impurity scattering and/or 

bonding to cause reductions of several per cent in the infrared 

reflectance of CVD Mo. Impurity bands and anomalous crystal structure 

may allow for interband transitions not observed in the bulk which will 

further change the reflectance of CVD Mo,

In summary, we have decided which compositional and structural 

modifications from bulk Mo can lead to either large (> 1^2%) losses or
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unknown changes in the infrared reflectance of CVD Mo, . These modifica

tions include grain boundaries containing impurities9 fine grains 

causing the quantum size effect, impurities within the grains, and 

anomalous crystal structure.

To conclude this chapter, we now outline a procedure for 

determining which of the important modifications from the bulk— -grain 

size, impurities, crystal structure— are responsible for lowering the 

infrared reflectance of our samples. Chapter 1 mentioned that three 

approaches are needed in separating the effects on reflectance of 

these three modifications. The first uses CVD techniques, which will 

be described in Chapter 3, to deposit films of various grain size but 

similar composition and crystal structure. Optical differences between 

these films will be due to grain boundary ̂ scattering and/or the quantum 

size effect. The second approach uses the Drude model to determine if 

C and 0 in CVD Mo scatter and/or bond up metallic electrons. This is 

done by plotting the Argand and Drude plots described earlier in this 

chapter. Finally, we compare experimental reflectance to reflectance 

predicted by the Drude model to obtain a qualitative evaluation of 

the influence on reflectance of interband transitions.



CHAPTER 3

THE CVD PROCESS

The previous chapter outlined those modifications from the bulk 

which can substantially affect the reflectance of Mo films, and dis

cussed how the modifications are incorporated within a growing film.

The first section of this chapter compares the various deposition 

techniques which are used to deposit Mo films, and the relative control 

of structure and composition which each technique allows for. We 

conclude that CVD allows for the most control. The second section of 

this chapter describes the two CVD systems which were used in this 

study.

The Relative Merits of CVD and PVD 

A choice of the most advantageous method of depositing thin 

metal films should involve a consideration of both the ease of deposi

tion and the ability to control the composition and, structure of the 

films. The most common techniques for the formation of metal films 

include physical vapor deposition (PVD— evaporation and sputtering), 

electroplating, and CVD. We will disregard electroplating because 

there are no chemical reactions for depositing refractory metals, such 

as Nb, Ta, Mo, and W from an electrolyte (Holzl, 1968, p. 1379). PVD 

and CVD are both capable of depositing a vast array of metals, semi

conductors, and insulators, including Mo (Campbell, 1970, pp. 5-22).



We will therefore concentrate on the versatility and practicality of 

depositing Mo by evaporation, sputtering, and CVD,

Description of Evaporation,
Sputtering, and CVD

There are three basic processes which occur in any of the three.

deposition methods: (A) volatilization of the starting material, (B)
- ' . • . 

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

nucleation and growth at the substrate. This is schematically shown

in Figure 3.1. Table 3.1 lists the techniques which are used to

induce A-B-C in the three deposition methods.

(B) TRANSPORT
A >

t2

SOURCE SUBSTRATE

CA) VOLATILIZATION (C) DEPOSITION

Figure 3.1, The three basic processes which occur in PVD and CVD 
systems, at temperatures T^, T^, ,
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Table 3.1. Techniques used in PVB and CVD.

Deposition
Method

Process 
(from Figure 3.1) Technique

Evaporation A Evaporation of source material
■ B Line of sight transport in high vacuum

C Condensation

Sputtering A High-energy sputtering by heavy ions
B Line of sight transport in high vacuum
C Condensation

CVD A Chemical reaction forming a volatile 
compound

B Diffusion or transport within an inert 
carrier gas

C Chemical reaction

The temperatures of the three processes (A-B-C) in a system 

for evaporating Mo range from T^ at 20 C to 1000 C9 to T^ at 2500 C 

to 2600 C, with T^ such that T^ > T^ > T^. The evaporative source 

must be elevated to high temperatures to produce a> vapor pressure 

which leads to a reasonable deposition rate. Transport from the source 

to the substrate requires that the system be held under high vacuum. 

Films grow according to the nucleation theory presented in the last 

chapter as material condenses on the substrate. In sputtering systems, 

material from the source is transferred into the gas phase by 

bombarding the source with high-enefgy ions without the high source 

temperatures required in the evaporative process. During transport from 

source to substrate in .a sputtering system, the atoms are more energetic 

than in evaporative systems (Larson, 1974, p. 638). Thus both PVD 

systems have T^ »  T^. The sputtering process also requires high 

vacuum for transport and obeys nucleation theory.
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The generation of reactant vapors in the CVD process is % 

accomplished "by a chemical reaction such as:

M(s) + nX(g) MX^(g), (3,1).

where M is a metal and X is a halogen. In practice, a CVD system may 

simply volatilize existing MX^Cs), Reaction (3.1) proceeds at tempera

tures small compared to the melting point of the. metal. Transport from 

source to substrate in a CVD system is done by mixing MX^Cg) with an 

inert carrier gas stream. Film growth in the CVD process occurs via a 

reaction of the type:

MX^(g) + M(s) + nX(g), (3,2)

The product gases of reaction (3,2) can be either exhausted from the 

system or recycled to reinitiate reaction (3.1) (vanArkel and deBoer, 

1928). Reaction (3,2) is usually stimulated by heating the substrate 

such that T^ > T^. The nucleation and growth process in CVD is \ 

essentially the same as we described in Chapter 2 for PVD, CVD does, 

however, introduce additional aspects to the nucleation process 

(Blocher, 1974). Instead of a simple equilibrium between gaseous and 

condensed metal atoms as occurs at the substrate in PVD, we have a 

complex equilibrium set up as shown in Figure 3.2. The dotted line 

rectangle in Figure 3.2 is the simpler case which occurs during PVD.

We see that nucleation in CVD involves euqilibriums between all three 

components of. reaction (3.2) ._ There are two temperature-related 

consequences of the CVD nucleation process in Figure 3.2 which can 

cause important differences between the composition and structure of
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+ nX(g) 

+ nX(s)

Figure 3,2. Schematic representation of metal nucleation by reaction
(3.2) —  Reproduced in part from Gretz, Jackson, and 
Hirth (1967).

CVD and PVD films. First, reaction (3.2) is stimulated by the substrate 

temperature (T^). If the substrate is hotter than the minimum tempera

ture needed to drive the reaction, gas phase nucleation may be stimu

lated by the temperature of the gases above the substrate (l^). Gas 

phase nucleation is shown in the upper level of Figure 3.2. After the 

gas phase chemical reaction occurs, M(g) snows down onto the substrate 

to from a poorly adherent deposit of low packing density. This snowing 

process is similar to PVD. The second and more important consequence 

of the CVD nucleation process shown in Figure 3.2 is the following.

If the chemical reaction occurs at the surface-adsorbed level of the 

figure (avoiding gas phase nucleation), the M(s) atoms will be in

VAPOR MXn(g)
I t

SURFACE-ADSORBED MXn(s)
t

NUCLEI
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thermal equilibrium with the substrate before becoming buried in the 

film. In Chapter 2 we mentioned that vacancies can be trapped within 

a growing film if the condensing atoms do not reach thermal equilibrium 

with the substrate before being incorporated within the lattice of the 

film (Neugebauer, 1964, p. 22). From the above comments and the fact 

that the in a PVD system, we see that thermal equilibrium and

the avoidance of vacancies is more probable with CVD. In fact, Holzl 

(1968) reports that W films of 99.9% packing densities have been 

produced by CVD. In addition, film growth under thermal equilibrium 

with the substrate tends to bond impurities like carbon and oxygen 

into the lattice of CVD metal films instead of leaving the C and 0 in 

nonbonded positions, as in grain boundaries.

There are two more differences between the CVD and PVD processes 

which show CVD as a more flexible, practical approach to depositing 

refractory, metal thin films. First, the maximum temperature in an 

evaporative system (T^, the source temperature) is much higher than the 

maximum temperature in a CVD system the substrate temperature).

Second, the deposition rate in CVD can be changed simply by controlling 

the flow rate of X in reactions (3,1) and (3.2) , whereas the temperature 

of the source must be changed to alter the deposition rate in evapora

tive systems.

The Structure and Composition of PVD 
and CVD Mo

This section describes the effectiveness of using sputtering, 

evaporation, and (CVD systems to deposit Mo films with controlled grain 

size, crystal structure, and composition. We will first consider which
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deposition parameters can be varied to cause changes in structure and 

composition, and will then give examples of depositions from the 

literature to show how readily the variations can be made in evapora

tion, sputtering, and CVD,

In Chapter 2, we listed several factors which determine the 

critical nuclei size for thin film growth^ and mentioned that this size 

related to the final grain size of the films. Of these factors, only 

two can be adjusted once the film and substrate materials have been 

chosen. The two factors are substrate temperature and deposition rate. 

The grain size of a film can range from that of a single crystalline 

deposit to that of a poorly adhered deposit of gas-phase nucleated

snow. For PVD systems, the relationships between morphology, substratez
temperature, and deposition rate are shown, in Figure 3.3. For CVD 

systems, increased temperature can cause snow, as explained in the 

previous section. Otherwise the trends in Figure 3,3 are also 

observed in CVD samples. We see that the grain size of metal films

can be controlled by varying the substrate temperature and deposition
!rate. As discussed in the above section, the quantity of vacancies 

is also affected by changes in deposition rate and substrate tempera

ture.

Impurities can become incorporated in a metal film by any of 

several routes. Gaseous impurities within a system can react with 

either the source material, the gaseous material from the source 

during transport, or the film itself during growth (Bunshah and 

Raghuram, 1972), The highly energetic gaseous material in PVD can 

also sweep up gaseous impurities and embed them into the growing
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Figure 3.3. Effects of substrate temperature and deposition rate on 
film morphology —  Reproduced in part from Blocher 
(1974, p. 680).

film. High substrate temperature can lead to either the outgas or 

additional getter of impurities at the film surface. Fast deposition 

rates will bury the impurities before they have a chance to be out- 

gassed.

In summary, the system purity at all three locations in 

Figure 3.1 (A-B-C), the substrate temperature, and the deposition rate 

are the parameters which must be variable in order to produce films of 

specified composition and structure. Chapter 4 describes the various 

characterization techniques which were used to determine the structure 

and composition. The next subsections discuss how well these adjust

ments can be done in evaporation, sputtering, and CVD systems.

Evaporative Systems, Those adjustments which can be made_in 

evaporative systems can be best outlined by briefly reviewing several 

papers which address the deposition of refractory thin films by 

evaporation, which became feasible in the early to mid-sixties when 

electron-beam heating was developed. Starting with the variations in
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substrate temperature, Holmwood' and Glang (1965) condensed Mo vapors 

on substrates which were heated to temperatures between room temperature 

and 600 C. The D.C. resistivity at 20 C for those films deposited at 

600 C was 6.6 y^cm (bulk Mo has resistivity = 5.7 yUcm)? while films 

deposited at 20 C exhibited resistivities over 50 yUcm, Holmwood and 

Glang (1965) assumed the near bulk resistivities were attained by a 

combination of impurity desorption and grain enlargement in their high 

temperature deposits (bulk meaning the highly pure, single crystal 

metal). They made no'measurement of composition, but did determine 

that the films which were deposited below 400 C had a grain size of 

250-500 A, while those films which were deposited above 600 C had 

grains with a diameter of 1000 A. Holmwood and Glang also hypothesized 

that defects, such as vacancies, were being incorporated within their 

films and relafed the possible presence of the defects to the internal 

stress and residual resistivity of the films. Frieberthauser and 

Notarys (1970) also deposited Mo films by evaporation and attained 

films with resistivities of 6-9 yficm by heating the substrates to 

600 C.

As mentioned above, impurities can become incorporated within 

a metal film in an evaporative system in three ways: (1) presence

within the source material, (2) reaction with the source material 

during gas phase transport, and (3) reaction with the condensing film.

We now give examples of how purity can be varied at each of these three 

locations in evaporative systems. As an example of the first way,

Bahl and Drew (1976) have evaporated Mo-Re alloys to form films of Mo 

contaminated with Re. The evaporation of alloys and compounds is.
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however«, plagued by- differences between the vapor pressure of the 

components in an alloy and by incongruent melting of the compound. For 

alloys, the two components are often evaporated from separate crucibles 

held at different temperatures. For compounds such as metal oxides, 

nitrides and carbides, the pure metal can be evaporated in the presence 

of an oxygen, carbon, or nitrogen containing gas. This latter technique 

comprises the second way of incorporating impurities in the films. 

Variable compositions in the films can be attained by first pumping down 

to a low base pressure and then carefully bleeding the impurity into 

the system. This technique is* termed reactive evaporation and has been

used to deposit; chromium oxide (CrO ) films with x controlled by the

amount of 0^ bled into the system (Hahn and Seraphin, 1978). A gaseous 

impurity may not, however, necessarily collide and react with a metal 

atom in a system pumped to very low pressures. As a result, the bleeding 

of impurity into an evaporative system does not insure its incorporation 

within the film. More control over film composition can be attained 

by doing activated reactive evaporation (Bunshah and Raghuram, 1972).

In this technique the metal and impurity species are ionized while in 

the gaseous state in order to increase their collision and reaction 

rates.. Bunshah and Raghuram (1972) controlled both the impurity bleed 

and the degree of ionization to adjust the composition of their 

deposits. They claim an advantage of activated reactive evaporation 

over CVD because the act of forming a compound is separated from its 

deposition on the substrate. One must keep in mind, however, that the 

material deposited by the evaporative process is far from thermal 

equilibrium with the substrate at impact. This fact can lead to
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vacancies and voids in the deposits9 especially at the rates (four 

microns per minute) which were used by Bunshah and Raghuram (.1972) , The 

third way of incorporating impurities in films involves reaction at the 

substrate. This process is hard to control and necessitates the low 

base pressure to which most evaporative systems are pumped. Reaction 

of gaseous impurities like oxygen and nitrogen with the growing film 

is, however, useful in certain cases. As an example, Deshpande and 

Crowell (1972) adjusted the oxygen pressure in their evaporative system 

after deposition of discontinuous thin (100 A) Mo films to observe 

changes in the electrical resistivity of the films caused by reaction 

with the oxygen.

We have discussed several ways to build impurities into-a film 

deposited by evaporation. This ability is only useful if a pure film 

can be deposited by evaporation so that the pure and contaminated films 

can be compared to show the influence of the impurities on reflectance. 

Substrate temperature can* in fact, be increased well above room 

temperature to deposit pure Mo films by evaporation. Sherman, Bunshah, 

and Beale (1974) have, for example, produced Mo films with only 0.07 

weight per cent oxygen by heating the substrates to 1263 K, The advent 

of commercially available Auger spectroscopy systems permitted investi

gations of the relationships between the deposition parameters and the 

resulting composition (Oikawa and'Tsuchiya, 1978). _0ikawa"and Tsuchiya 

have shown that carbon and oxygen levels in evaporated Mo films decrease 

as the substrate temperature is increased from 300 C to 600 C, 

accompanied by a concurrent decrease in electrical resistivity from 

40 yficm to 12 yficm. Oikawa and Tsuchiya confirmed that the presence of
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oxygen lowers the resistivity of evaporative Mo by depositing under a 

small oxygen bleed. The work of both Sherman et al. (1974) and Oikawa 

and Tsuchiya (1978) confirm observations by Holmwood and Clang in 1965 

concerning the dependence of the resistivity of evaporative Mo films 

on composition and structure. As discussed in Chapter 1, this study 

intends to determine the influence of compositional and structural 

modifications from the bulk on the infrared reflectance of Mo thin 

films. All of the data presented to this point in this section have, 

however, been nonoptical. A notable exception was research concerning 

the reflectance of thin films conducted at the Naval Weapons Center at 

China Lake, California. At that time both evaporated and sputtered 

thin films were shown to have infrared reflectances which were 

substantially lower than that of bulk Mo, as shown in Figure 3.4.
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Figure 3.4. Reflectance of (A) polished bulk Mo, (B) rf sputtered, and 
(C) UHV evaporated Mo films —  Reproduced from Bennett 
et al. (1976) .
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The evaporated sample of Figure 3,4 was deposited under a 

-9pressure of 10 torr on a substrate held at 20 C and had a reflectance 

at 10,6 pm of 0,93 (Bennett et al.s 1975), Bennett et al, (1975) also 

condensed a Mo film under identical conditions except for a substrate 

temperature of 160 C which exhibited a reflectance at 10.6 pm of 0.96.

In view of the previously reviewed papers which reported on the deposi

tion of evaporative Mo with bulk-like resistivity, it would appear that 

higher substrate.temperatures would have resulted in higher reflectance. 

Recent work within this dissertation (Chapter 5) and by Nestell and 

Christy (1978) confirm this statement. *Nestell and Christy deposited . 

two basic kinds of Mo films by evaporation: one with a substrate 

temperature of 25. C and the other with a substrate temperature of 

1000 C. The low substrate temperature led to a reflectance of 0.82 at

2.5 pm, a resistivity which was 3-5 times the bulk value and a grain 

size smaller than 100 A. This result falls on the evaporated curve of 

Figure 8 . The high temperature substrates led to a reflectance at

2.5 pm of within 1% of that of the bulk, a resistivity of 10 pficm and a 

grain size larger than 400 A.

Nestell and Christy also investigated how the reflectance of 

their Mo films changed with variations in the deposition rate. The 

reflectance of a film deposited at 2 A per minute was 4% lower than the 

reflectance of films deposited at rates between 5-50 A per minute.

Films deposited at rates above 100 A per minute were the most reflec

tive. Considering this trend and the observation of Oikawa and 

Tsuchiya (1978) that oxygen increases the resistivity, it would appear



53

that high rates allow for film deposition before the film has time to 

getter oxygen into its lattice.

In summary, we have seen that the deposition of Mo films by 

evaporation can result in both near bulk reflectance and resistivity, 

at the expense of operating in high vacuum at high substrate tempera

tures. Our objective, however, is to discuss how versatile an evapora

tive system can be in controlling the composition and structure of Mo 

films, and to relate these properties to the reflectance. Referring 

to Figure 3.1, we have reviewed evaporative systems which can control 

the introduction of impurities at the source, in the gas phase, or at 

the substrate. In addition, increasing above room temperature can 

result in desorption of impurities or enlarged grains in the films.

We inferred a possible dependence of the degree of impurity adsorption 

on deposition rate, larger rates resulting in purer films. No research 

was found which investigated the packing density of evaporated Mo 

films and its dependence on , T^, and deposition rate (refer to 

Figure 3.1 for meaning of T^, T^, T^).

Sputtering. Several papers in the literature discuss relation

ships between the sputtering parameters and electrical resistivity of 

Mo thin films. As -in the case with evaporation, recent research has 

extended the work to a study of the reflectance of the films.

Vossen (1971a) has outlined how various sputtering techniques 

can be used to control the properties of thin films. He emphasizes that 

adjustments can be made at the source, in the gas phase, and at the 

substrate in sputtering systems (processes A-B-C in our Figure 3.1),
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The source or target in a sputtering system consists of a surface, 

prepared by rolling or hot pressing, of the material to be deposited.

•The gas phase between target and substrate contains ionized inert 

atoms, such as argon, which bombard the target.

Desirable or undesirable impurities in a sputtered film can 

originate in the target (process A), or in the gas between target and 

substrate (process B). As for desirable impurity, Vossen mentions that 

targets composed of alloys can be sputtered, but that the stoichiometry 

of the resulting films is usually quite different from that of the 

target material. This is caused by the difference in sputtering rates 

of the components in alloys, and results in poor control over the 

stoichiometry of sputtered thin film alloys. Compounds can be deposited 

in sputtering systems by permitting the sputtered species to react with 

gases bled into the system on its way to the substrate. This technique 

is called reactive sputtering and depends on the occurrence of reactions 

between the impurities and the gaseous, sputtered metal (Larson, 1974, 

p. 641). Reactive sputtering has been used to deposit Mo^N (Nagata 

and Shoji, 1971) and to probe the dependence of the reflectance of Mo 

films on oxygen and carbon by bleeding in 0^, CO, CH^, and H^O (Bennett 

et al., 1975, p. 20). Due to the absence of Mo.-impurity collisions in 

the gas phase, the Bennett group did not attain reproducible control of 

the impurity levels in their sputtered deposits, (the same problem in 

reactive evaporative systems led to Bunshah* s work with activated 

reactive evaporation)..

Undesirable impurities on the surface of the target can be 

removed by pre-sputtering the contaminated top layer before allowing
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sputtered material to encounter the substrate. Sputtering systems are 

pumped to ultra-high vacuum levels before backfilling with the ;■
Y

sputtering gas to avoid detrimental impurities in the gas phase,

Vossen (1971a) also considers variations which are made at the 

substrate in sputtering systems to control film composition and 

structure (process C). These include: deposition rate, substrate 

temperature, and substrate bias. High deposition rates can trap 

vacancies in the films.. High substrate temperature can increase grain 

size while leading to the desorption of impurities. Biasing the 

substrate, either with DC or RF fields, often allows for additional 

control of the film composition. The following paragraphs give 

examples of the composition and structure of Mo films deposited by 

sputtering systems which were controlled by the above techniques.

Bosnell and Voisey (1970) have related their substrate 

temperature and base pressure to the crystal structure and resistivity 

of Mo films. They observed an fee to bcc transition in their films as 

the substrate temperature was raised from room temperature to 300 C. At 

the same time the electrical resistivity dropped from 30 to 15 pficm.

They related the fee phase and high resistivities to gas inclusions, 

but did not do an analysis of composition, Nagata and Shoji (1971) 

have shown that the sputtering of Mo with substrate temperatures less 

than 500 C can result in fee Mo^N while substrate temperatures above 

500 C convert the nitride to bcc Mo by desorption of the nitrogen.

Cuomo, Gambino, and Rosenberg (1974) used substrate temperatures as 

high as 450 C to reduce the resistivity of sputtered Mo films.
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Blachman (1971) also observed a decrease in sputtered Mo films 

resistivity by .raising the substrate temperature to 200 C,

In addition5 Blachman found that as a DC substrate bias was 

increased from zero to -120 volts, the resistivity dropped from 250 yflcm 

to 12 yficm, while the oxygen level in the films was reduced. He 

ascribed these effects to the preferential re-sputtering of the oxygen 

by the DC bias. A further increase in bias, to -200 volts, led to 

increased resistivity (still less, than 15 yficm) which was correlated to 

argon being embedded in the film by the bias voltage. The effects of 

DC biasing which Blachman saw with Mo was not seen with gold films.

This was due to the fact that Mo has a higher reactivity for oxygen 

than gold.

The usefulness of biasing the substrate in sputtering systems 

has attracted considerable attention. In a second paper, Blachman 

(1973) found that DC biasing during A1 depositions did not decrease 

resistivity as it did with Mo. A year later, Cuomo et al. (1974) 

determined that the substrates must be grounded to the substrate holder 

to be sure that the bias affected the potential of the film. With 

grounding, Cuomo et al. showed that both Al and Mo can benefit from DC 

biasing. They did, however, find that RF biasing of the substrate did 

not decrease the resistivity of Al films. Vossen (1971b) has stated 

that sputtering of W films under RF biasing can result in a resistivity 

of 5.8 ir 0.8 Uflcm (bulk W has a resistivity of 5.5 pficm) . Nowicki and 

Buckley (1974) have used deuterium activation analysis to measure the 

presence of nitrogen and. oxygen in sputtered Mo films. They have 

definitely shown that DC biasing during deposition can convert an fee
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Mo film of 30 atomic per cent impurity into a bcc Mo film with less than 

0.5 atomic per cent impurity. The resistivity decreases from 140 pficm 

to 20 yficm in the process. They hypothesized that the difference in 

resistivity between their best film and that of bulk Mo is due to micro

structure, voids, and stress in the films.

As with evaporated Mo films, the dependence of reflectance on 

sputter deposition parameters was not published until Bennett et al.

(1976) presented the curves in Figure 3.4, In investigating the optical 

properties of sputtered Mo films, Bennett et al. (1975) found no change 

in reflectance with an applied KF bias, and produced a range in 

reflectance from 0.86 to 0.95 at 10 pm by increasing the deposition 

rate. They stated that the most reflective films contained the most 

trapped argon and that any voids within the Mo were less than 10 A in 

diameter. Wong, Krauss, and Bennett (1978) acknowledge, however, that 

sputtered Mo may contain enough porosity to affect its performance 

under high laser intensities. The two sputtered Mo curves in Figure 3.4 

correspond to the faster and slower deposition rates they used. DC 

biasing of the substrates was not utilized. Temple, Burge, and Ashley

(1977) have further expounded on this situation. They adjusted the 

deposition rate by changing the Ar sputter gas pressure. An increase 

in the argon pressure decreases the mean free path between target and 

substrate and, therefore, decreases the deposition rate. A slower rate 

allows less argon to become trapped -in the growing film. In summary, a 

larger argon pressure leads to a smaller deposition rate and less argon 

in the film. Temple et al. have proven that an increase in argon 

pressure leads to more highly reflective Ag films, and that this



increase in reflectance is due to less argon in the silver. For 

sputtered Mo films, they .observed lower reflectance and * higher- •: 

resistivity (by a factor of 17) with increased argon pressure, the *. 

reverse of the case for silver. In fact, both Temple et al. (.1977) 

and Raj and Wehner (1979) have attained the most reflective sputtered 

Mo film (2% below the reflectance eS- Al at 10 pm) by depositing at a 

high rate in very clean sputtering gas. *

In view of (1) the dependence of reflectance and resistivity of 

Mo films on deposition rate which Blachman (1973) and Temple et al.

(1977) have seen, (2) the resistivity versus oxygen level relationship 

which several papers have cited, and (3) the reactivity which Mo has

for oxygen, it would appear that faster deposition rates give more

reflective Mo films because the films are formed before they have time 

to become contaminated with residual oxygen in the sputtering system*

In this context, the use of a DC substrate bias to re^sputter oxygen

from the Mo film (Raj and Wehney 1979), and high substrate temperatures 

to desorb oxygen would probably further increase the reflectance of 

sputtered Mo. The potential presence of voids may, however, keep 

reflectance of sputtered Mo below that of the bulk.

In summary, sputtered Mo films have exhibited an infrared 

reflectance at 10 pm which is within 2% of that of Al, and a resistivity 

of 12 pf2cm. Sputtered. W films have reached the resistivity of the bulk. 

As with our discussion of evaporated Mo. films, we are interested in 

how much control a sputtering system can provide in adjusting the 

composition and structure of Mo films. Referring to Figure 3.1, 

sputtering systems allow for rate control by the sputter power at A,
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and the argon pressure at B, The base pressure and the presence of 

impurity bleeds at B. can alter the impurity level in the deposit. 

Finally, biasing or high temperatures at C can also control the impurity 

levels in the films. Nowicki and Buckley (1974) and Bennett et al,

(1975) have, however, mentioned that the grain size and quantity of 

voids in sputtered Mo are not under control. Higher substrate tempera

ture could, in principle, allow for larger grain size (Vossen, 1971a),

CVD, We have shown that highly pure Mo films with few modifica

tions from the bulk can be deposited by both evaporation and sputtering. 

We also alluded to the degree of complexity required in a P.VD system 

which is capable of forming defect-free Mo thin films. This subsection 

indicates that CVD can form Mo films with even fewer modifications from 

the bulk with less complex system design. We also show that the grain 

size and composition of CVD films can be easily changed to investigate 

their influence on reflectance. As opposed to the previous sections 

concerning PVD, we will not present any optical data versus process 

parameter relationships for CVD Mo in this section,. This is because 

no optical data for CVD Mo were found in the literature,

- Starting with composition, Holzl (1968) states that W films 

containing less than. 10 ppm carbon and oxygen can be formed by CVD,

This accomplishment can be due to several features of CVD, including (1) 

deposition at atmospheric pressure which dilutes the concentration of 

any impurities, in the system, (2) adding to the plating gas 

atmosphere which can remove C and 0 from the metal, and (3) depositing 

at high temperatures which leads to the desorption of C and 0, These



three features allow us to deposit a very pure film without need for 

ultrahigh vacuum, careful control of deposition rate, and the biasing 

techniques which are required in PVD systems. The capability of 

producing highly pure deposits also presents us with a starting point 

for the intentional addition of impurities. Impurities can be added 

to a CVD system in the source material (process A), or by using two 

gas streams containing different reactants (process B); Incomplete 

reactions at the substrate can also lead to the incorporation of 

impurities within the film. Another favorable feature of CVD is that 

impurities can be mixed with the reactant in any ratio, with no concern 

about different evaporation or sputtering rates of the various components 

of the source. Points within phase diagrams can be reached directly by . 

deposition without needing to cross phase boundaries by diffusion. As 

a result, CVD can produce a vast range of materials, from highly pure 

to slightly doped, to alloys and compounds of varying composition.

CVD also allows for control over film structure. We mentioned 

earlier that CVD W has exhibited packing densities of 99.9%. In 

addition, the fact that CVD requires a hot substrate results in the 

capability of. controlling grain size with deposition temperature.

Blocher (1974) states that CVD deposits have structures ranging from 

amorphous, to fine grained, to single crystals.

Several CVD systems for producing Mo thin films are described 

by Powell (1966, p. 302). These systems can be segregated into two 

sets, low temperature (20 C to 600 C) and high temperature (> 600 C). 

Pyrolysis of the carbonyl falls into the first set, and generally 

results in fine grains and the incorporation of C and 0. Kaplan and
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d'Heurle (1970) have, however, decomposed ,Mo (CO)^ under reduced

pressures and temperatures around 600 C to obtain CVD Mo with a

resistivity rivaling that of the bulk. Reduction of halides and

oxyhalides occur at the higher temperatures and can result in large

grains and pure deposits. Seto et al, "(1972) have used the hydrogen

reduction of MoClc to obtain Mo films' of bulk-like resistivity. This 
D

study has used a system falling into each of these two categories. The

two systems are described in a later section of this chapter.

The Choice of CVD Over PVD
The influence of compositional and structural modifications 

from the bulk can be determined by comparing the reflectance of bulk

like films and that of .films containing the modifications. Thus, the 

deposition process to be used must be capable of forming both types of 

films. We show in this section that CVD is at least as capable of 

controlling composition and structure as PVD, and that the CVD approach 

requires less complicated instrumentation.

In the above subsections we showed that bulk-like films have 

been deposited by PVD in previous studies by other researchers. 

Evaporative systems have used high substrate temperatures in ultra-high 

vacuum to form Mo films with a resistivity of 6.6 pficm. Control over * 

composition in an evaporative system is, however, difficult. When 

impurities are bled into an evaporative system, they must be activated 

in order to be incorporated within the growing film in a controlled 

manner. The same requirement for activation occurs in sputtering 

systems. Even sputtering systems can produce films of high purity and
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near bulk resistivity. They, however, require some combination of high 

substrate temperature, substrate biasing, or high deposition rates.

On the other hand, CVD can produce bulk-like films under 

atmospheric pressure by adding to the plating gas and using a 

substrate temperature above 750 C. Substrate temperature controls 

grain size while gas bleeds like CO2, canjdbe used to add

impurities to the films. These extra gases are simply added to the 

reactant gas flow in a CVD system. The incorporation of C and 0 in 

the films is, however, controlled by thermodynamics and kinetics. The 

chemistry is a function of flow rates, partial pressures of the various 

gases participating in the reaction, the deposition temperature, and 

the nature of the substrate. In summary, if the chemistry in a CVD 

system is under control, several features of CVD make it favorable over 

PVD. These features include the thermal equilibrium nature and rate 

control capability of CVD. By controlling the composition and structure 

of our films with CVD techniques, we have avoided the need for high 

substrate temperatures while under high vacuum, the need to activate 

impurity species, and the need to bias the substrates.

Disadvantages of CVD which are commonly considered include the 

need for high temperature stable substrates, stresses in the film during 

cool down, and interdiffusion between film and substrate at the high 

temperatures. We see in Chapter 7, however, that intended applications 

of thin films at high temperatures will benefit by forming the films 

by CVD. The CVD process prescreens the films against high temperature
1

failures. Other problems with CVD include the difficulty of obtaining 

thickness uniformity, and the poisonous, air sensitive, and/or corrosive
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nature of certain CVD reactants and end products. Proper control over 

substrate heating and gas flow, plus precautions.over containing the 

gases in a CVD system can avoid these problems.

Finally, CVD can deposit both metals, semiconductors, and 

dielectrics on various shapes. This is an advantage when we consider 

the applications in Chapter 7. In addition, we have chosen CVD in this 

study because little optical work has been done with CVD films 

(Blocher, 1966, p. 4).

The Use of Anneals to Change Composition 
and Structure '

Since we are using CVD* a logical extension is to use the high 

substrate temperature capability to do post-deposition annealing to 

alter film composition and structure. Several researchers have reported 

on uses of annealing to alter the properties of Mo films (Coutts, 1974; 

Holmwood and Clang, 1965). DeRosa, Dove, and Loehman 0-974) changed 

the crystal structure of their CVD Mo by annealing a t -865 C, while 

Oikawa and Tsuchiya (1978) used anneals to alter the grain size of 

their films. Nestell and Christy 0978) actually increased the 

relfectance of PVD Mo by annealing. Anneals within this study have 

been done under both inert and reducing atmospheres.

CVD Systems Used in This Study

Figures 3.5 and 3,6 show the two CVD systems used in this study. 

As mentioned previously in this chapter, the carbonyl process occurs at 

low temperatures (200 C to 600 C) while the chloride process operates 

above 500 C. These two systems were used because they complement each
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Figure 3.5. CVD system for the deposition of Mo thin films by the pyrolysis of Mo(CO)^ —  Variable 
parameters include flow rates of Ar, O2, and CO?; source temperature (T^); heated line
temperature (T^); and substrate temperature (Tg ON-o
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Figure 3.6. CVD system for the deposition of Mo thin films by the hydrogen reduction of either 
M0CI5 or M0O2CI2 —  Variable parameters include flow rates; source temperature 
(T^); heated zone temperature (l^); and substrate temperature (T^). ut
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other. As opposed to the depositions under reduced pressure which were 

reported by Kaplan and d ’Heurle (1970), we have operated the carbonyl 

process at one atmosphere. This was done to allow for the deposition 

of photothermal solar converter stacks without vacuum apparatus, as 

described in Chapter 7. Due tozzpxoblems with gas phase decomposition, 

depositions under one atmosphere are limited to temperatures under 450 C. 

These low temperatures cause an incomplete decomposition of the carbonyl 

molecule (Patokin and Sagalovich, 1976) which leads to considerable C 

and 0 and anomalous phases being detected in the films. Referring to 

Figure 3.5, variations of CO^ and Ô .i flow rates and substrate tempera

ture allow for some adjustment of composition and crystal structure.
b ‘

The low deposition temperature does, however, prevent the adjustment of 

grain size or the formation of nearly pure films. Following Seto et al. 

(1972), we therefore reduced MoCl^ with at various temperatures to 

form clean films of various grain size. Reducing MoO^Cl^ allowed for 

the deposition of films with either little or a great deal of oxygen.

In both Figures 3.5 and 3.6, T^ was adjusted for an acceptable 

- deposition rate and T^ was held between T^ and T^ to avoid either 

decomposition or condensation within the plumbing.- Exact deposition 

parameters are given in Chapter 5. The next chapter gives methods used 

to detect modifications from the bulk in our films.



CHAPTER 4

CHARACTERIZATION TECHNIQUES

The second chapter of this study identified those structural and 

compositional modifications from the bulk which could possibly lower the 

infrared reflectance of CVD Mo thin films by several per cent. The 

third chapter described the use of chemical vapor deposition for 

controlling the amount of impurities and the size of the grains in the 

films. This chapter describes techniques used to measure the reflect

ance, electrical resistivity,- composition, grain size, and crystal 

structure of CVD Mb films. Chapter 5 will employ these techniques to 

evaluate the optical and physical properties of our samples.

.Measurements of Reflectance 

Since our optical analysis of CVD Mo is aimed at the infrared 

reflectance of the films, specular, near-normal measurements of 

reflectance at 10 pm were used throughout this study to quickly 

evaluate the results of each deposition. A Perkin-Elmer model 137B 

Infrared Spectrophotometer (OSC) with in-house reflectance attachments 

was used to measure specular reflectance from 2.5 pm to 15 pm. This 

instrument operates in a double beam mode to determine relative 

reflectance as compared to freshly evaporated A1 references.

Three additional instruments were used to measure values 

of reflectance in the far infrared, near, infrared, visible, ultra

violet ̂ and far ultraviolet. These measurements were essential

67
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for the Kramers-Kronig analysis which we present in Chapter 6 .

Specular reflectance from 15 pm to 100 pm was determined with a Beckman 

IR11 Spectrophotometer in single beam mode. Measurements to such long 

wavelengths were needed to ensure the accuracy of Kramers-Kronig 

calculations for CVD Mo samples exhibiting a reflectance at 15 pm of 

only 85%. This instrument is housed im: the Chemistry Department at 

The University of Arizona, and was used with a helium cooled bolometer 

provided by Dr. Ken Armstrong from the Space Sciences Center at The 

University of Arizona. A Perkin-Elmer model 450 Spectrophotometer (CSC) 

was used in the ultraviolet, visible, and near infrared (0.17 pm tp 

2.7 pm). Measurements of specular reflectance in the far ultraviolet 

to energies of 30 eV were done by Dr. Cliff Olson using the 240 MeV 

electron storage ring Tantalus I at the Synchrotron Radiation Center of 

The University of Wisconsin. This instrumentation is described by 

Olson and Lynch (1974). Dr. Olson was able to move his detector off 

specular to check for the intensity of nonspecular reflectance.

An integrating sphere spectrophotometer (OSC) was used to • 

measure hemispherical-directional reflectance between 0.4 pm and 2.7 pm 

(Jacobson and Lamoreaux, 1979). This instrument allowed for a calcula

tion of solar absorptance, as will be discussed in Chapter 7.

All instruments mentioned above determine values of 

reflectance which are accurate to 1" 1%. An absolute reflectometer was 

used in this study to determine infrared reflectance in two specific 

cases where high accuracy was needed. This absolute reflectometer was 

developed by Bennett and Bennett (1967), is accurate to i 0.1%, and 

provided us with data from 3 pm to 15 pm. The first need for absolute
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reflectance involved comparing the reflectance of our most reflective 

CVD Mo film to the reflectance of the bulk, to within i 0.1%. High 

accuracy in reflectance was also needed for the Kramers~Kronig analysis. 

These absolute reflectance measurements were done by Dr. Jean Bennett 

at the Naval Weapons Laboratory at China Lake, California.

Measurements of Resistivity 

Measurements of electrical resistivity were made on repre

sentative samples for two reasons. First, the literature contains 

several references to the resistivity of Mo films, but little optical 

information. Thus, knowing the resistivity of our films allowed for 

comparisons with previous work in the literature. Second, a check on 

the accuracy of our Drude analysis was done by comparing the optically 

and electrically determined resistivity in the far infrared. Poor 

uniformity in the thickness of our samples limited the accuracy of our 

resistivities to about ’t 10%. Problems with thickness uniformity was 

somewhat circumvented by localizing both the resistance and thickness 

meaaurements in a small area of the film. The resistance measurement 

was localized in a small area by using photoetching techniques to 

create a grid of electrically isolated Mo squares on the substrate, 

contacting them on two ends with silver paint, and measuring the sheet 

resistance of each Mo square with a General Radio Resistance Bridge.

The nonrectifying character of the contacts was established through 

their I-V characteristic. The thickness determination was localized 

in a small area on the film by using FECO interferometry, which can 

view an area only 1 mm by 0.0033 mm (Bennett and Bennett, 1967).
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Measurements of Composition 

Most measurements of composition in this study were done with 

Auger Electron Spectroscopy5 although a few samples were measured with 

an electron microprobe. The principle of Auger Electron Spectroscopy 

can be summarized as follows (Joshi, Davis9 and Palmberg, 1975). A 

beam of 2 to 3 KeV electrons bombards the surface of our sample which 

then emits secondary electrons from within a very thin surface layer 

(5 A to 20 A). Some of these electrons, called Auger electrons, are 

characteristic of the emitting atoms. Since the energy of the emitted 

Auger electrons are, in fact, dependent on the atom they come from, 

the energies of the Auger electrons can be used to determine the 

composition of a film. The following formula represents a first order 

method of deriving atomic per cents from the quantity of detected 

Auger electrons:

V Sxatomic % X = w  -r-— - , (4.1)
i i i

where is the Auger signal for element i, and S^ is the relative 

sensitivity factor for element i. The sensitivity factor weighs the 

signal I to account for effects like the loss of some Auger electrons 

due to a small escape depth from the film. The sensitivity factors 

have been published for pure materials in the Handbook of Auger Electron 

Spectroscopy (Palmberg, 1972). The handbook S value for carbon is 

therefore appropriate for the escape of an Auger electron, which 

originates from a carbon atom, from a carbon matrix, but is not 

appropriate for the same electron escaping from a Mo matrix. We must
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therefore determine appropriate S values for Mo, C, and 0 in a Mo 

matrix in order to find the composition of our CVD deposits. The 

handbook value of 0.28 for Mo is appropriate. A sample of powdered 

Mo^C, with known composition, was measured to allow for a calculation 

of the S value for C in a Mo matrix. The result equaled 0.33. A 

similar experiment was tried with MoO^ powder, but the oxide charged 

under*the electron beam during measurement and did not allow for 

reliable I values. We therefore used the handbook S value for 0, 

which is 0.4. The accuracy of the compositions which were determined

using these three sensitivity factors appear to be good, as evidenced
M

by the following. The composition of a CVD film exhibiting a strong 

Mo^C X-ray diffraction response was close to that of stoichimetric 

Mo^C. A similar observation was registered for a CVD film exhibiting 

a strong MoO^ X-ray diffraction response. These two films are included 

in Figure 5.9 (p. 89). In summary, our Auger compositions are good to 

within i" 5 atomic per cent for each constituent.

All measurements by Auger, done by Dr , G. Wehner9 s group at 

The University of Minnesota, detected a few monolayers of adsorbed 

impurity at the surface of our films. Thus, argon ions were used to 

sputter into a film while simultaneously detecting the ejected Auger 

electrons. The resulting sputter profile presents composition versus 

depth in the films. Atomic per cents used in our analysis were taken 

at a depth in the films where the sputter profiles were flat, but 

still within the skin depth of the incident light. If the profile was 

not flat, as with the partially annealed films which will be described
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in Chapter 55 an average composition within the skin depth was 

estimated.

Instead of.bombarding the sample with electrons and then 

detecting emitted electrons, the electron microprobe bombards the 

sample with electrons and detects X-rays. An Applied Research Labora

tories Scanning Electron 'Microprobe Quantometer, housed in The 

University of Arizona1s Space Sciences Center, was used to detect Cr 

and W in our CVD Mo films. .With incident electrons at 5 KeV, the 

microprobe sees about .1200 A into a Mo film and can barely detect the 

presence of 100 ppm of either Cr or W in Mo.

, - Measurements of Crystal Structure
and Grain Size

A General Electric XKD5 Diffractometer was used along with the 

ASTM card file to determine the crystal structure of our films 

(Chalmers and Quarrell, 1960). The X-ray diffractometer was used with 

a copper X-ray tube and a proportional counter. This instrument is 

housed, along with the electron microscope which we discuss next, in 

the Metallurgical Engineering Department at The University of Arizona.

Finally, a Hitachi HU-200E Electron Microscope was used to 

observe the grain size in CVD Mo. The micrographs which.are shown in 

Chapter 5 were taken at between 150 KeV and 200 KeV with a magnifica

tion of about 60,000. The microscope was also used in its diffraction 

mode to give the ring patterns which are shown in the next chapter.

Microscopy grids were prepared for observation in the microscope by

first coating them with a membrane of Formvar. A thin carbon coating 

was deposited over the Formvar and CVD Si^N^ was then formed over the C.
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CVD Mo was then grown directly on the grids. Thickness of the Mo had 

to be less than 1200 A to obtain sufficient transparency at 200 KeV.

The Si^N^ provides both a surface which is similar to the SiO^ 

surfaces of our substrates, and isolates the Mo from the C.



CHAPTER 5

EXPERIMENTAL RESULTS

/ The composition, grain size, and crystal structure of Mo thin 

films were identified in Chapter 2 as those properties which can cause 

the films to exhibit a wide range of reflectances. The two specific 

CVD systems which were described in Chapter 3 can be operated using 

various deposition parameters. The resulting films exhibit a wide 

range.of compositions, grain sizes, and crystal structures which can 

be measured with the techniques described in Chapter 4. This chapter 

presents experimental data which relate these.three physical properties 

to the infrared reflectance of the films.

Introduction

A study of this type begins by experimentally determining a set 

of process parameters which result in the deposition of a film with 

good adherence to the substrate. The film should also be_thick enough 

to be opaque and should have a smooth surface, such that accurate, 

specular measurements of reflectance can be made. The second step 

involves measuring the reflectance, composition, grain size, and crystal 

structure of the film. We then choose a second set of process 

parameters which will result in a second film with new physical 

properties. An increase or decrease in the reflectance is then 

correlated with the changes of composition and structure. This cycle 

between deposition and the optical-physical characterization of films

74
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is done several times in a systematic manner until correlations between 

the three physical properties and the reflectance can be separated. 

Picking process parameters which alter one of the three physical 

properties while leaving the other two unchanged is the optimal 

experiment. The objective of this experiment is an understanding of 

how much each physical modification from the pure, bulk phase 

(impurities, fine grains, and anomalous crystal structure) affects the 

reflectance. As discussed in Chapter 3, annealing can also be used 

to modify the physical properties of the films. Figure 5.1 illustrates 

this methodology.

DEPOSITION

ANNEAL

OPTICAL A N D
B PHYSICAL ---- ------ > ANALYSIS

CHARACTERIZATION
D

Figure 5.1. Sequence of experiments used to determine and separate the 
dependence of the reflectance of Mo thin films on their 
composition and structure.
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Films deposited at A are. submitted to B for characterization. 

After the reflectance and physical properties of the films are known, 

the films are either submitted to C for anneal and then back to B for 

recharacterization, or the properties determined at B suggest we return 

to A and deposit with new process parameters. After the initial 

deposition and characterization is completed (A-B), several cycles of 

anneal and characterization (B-C-B) and several cycles of redeposition 

and characterization (B-A-B) are carried out before the analysis (B-D) 

is done. The analysis is comparised of establishing correlations 

between each physical quantity and reflectance. Explanations of these 

correlations using the band picture and Drude model are given in 

Chapter 6.

The next section of this chapter follows in detail the 

methodology of Figure 5.1 for Mo films deposited from the carbonyl and 

chloride processes^. Similar treatments in less detail are presented in 

the last section for Mo films deposited in evaporative and sputtering 

systems. We rely on the organization of Figure 5.1, and will label each 

step in our development with a sequence of letters from the figure, in 

order to organize the various depositions, anneals, and measurements.

CVD Films

Chemical vapor deposition has been used to generate most of the 

results in this chapter. CVD was used because it can easily form Mo 

films with different compositions and structures, as discussed in 

Chapter 3. This capability increases the utility of the deposition- 

characterization cycles (A-B-A-B) in Figure 5.1. Both the carbonyl and
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chloride processes were used because each process complements the other. 

Our carbonyl system produces films containing both carbon and oxygen, 

but is limited to temperatures below 450 C at one atmosphere. The 

chloride system can deposit relatively pure films at temperatures 

ranging from 500 C to over 800 C. The following two subsections 

describe how these two CVD systems can be used to understand the 

reflectance of Mo thin films.

The Carbonyl Process

Films discussed in this section were deposited by pyrolyzing 

Mo(CO)^ at temperatures ranging from 200 C to 450 C, under one 

atmosphere of a flowing argon-carrier gas (1800 cc/min). Of the total 

gas flow, 500 cc/min was directed through a bed of Mo(CO)^ (held at 

70 C) in order to entrain the subliming carbonyl and sweep it into the 

reaction chamber. Initial, runs were done at 300 C because this - 

temperature allowed for the best combination of deposition rate and 

film adherence. The deposits were grown from 1 to 3 A/second on one 

inch square fused-silica substrates. All deposits were at least 

1200 A thick, with the less reflective samples ranging up to 4000 A 

in order to ensure opaqueness. Changes in deposition temperature, 

composition of the gas phase, and post-deposition anneal parameters 

were all used to produce samples of varying properties. The following 

three paragraphs involve step A-B in Figure 5.1.

Initial deposits formed at 300 C exhibited only moderate 

infrared reflectance (85% at 10 pm) which is similar to the reflectance 

of the PVD films of Figure 3.4. The electrical resistivity of these
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films at 20 C is 250 1" 25 yficm, or about fifty times the resistivity of

bulk -Mo. Three major structural and compositional modifications from

bulk Mo were found in these films. First* Auger spectroscopy indicated

the following composition, which was uniform with depth in the film:

Mo = 65, 0 = 19, C = 17 (in atomic per cents). As described in the

previous chapter, these Auger results were calibrated with known

samples. They agree with the results of Ferguson and Ainscough (1964),

and are close to the following formula: MoO C , with x + y = 1/2..- Asx y
mentioned in Chapter 3, the high C and 0 per cents are due to the

incomplete decomposition of Mo(CO)^. In addition. Auger line shapes

and the reactivity of Mo for carbon and oxygen indicate that the C and

0 atoms are probably bonded into the Mo lattice, as opposed to being

present in the films as molecular CO.

Second, Mo atoms in these films are arranged in an fee array,

instead of bcc which is the usual crystal structure of bulk Mo. In

light of the statement in Chapter 2 that impurities can stabilize

anomalous crystal structures, it appears that C and 0 in these films

are forcing the Mo into a fee structure. Ferguson and Ainscough (1964)

state that MoO C is isostructural with Mo0N. Molybdenum nitride has x y 2
a rock salt structure with a defective anion sublattice, thus the N 

atoms occupy eight out of twelve of. the octahedral sites associated 

with the fee Mo unit cell. The MoO C phase with x 4- y = 1/2 isx y
analogous to Mo^N, with both C and 0 atoms occupying an average of 

four of the available twelve octahedral sites. Placement of the Mo,

C, and 0 atoms in the MoO^C^ structure is envisioned by referring to 

Figure 5.2. Either carbon or oxygen atoms are placed at the midpoints
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z

\\

Figure 5.2. Illustration of the formation of fee Mo from bee Mo —  The 
bee phase has been distorted into the body-centered 
tetragonal cell (heavy lines) which is contained in the 
two fee cells (light lines). Reproduced and modified from 
Marcus and Quigley (1968, p. 474).
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of eight out of twelve of the cube edges. The presence of C and 0 

apparently stretches the bcc cell into a body-centered tetragonal 

configuration, which in this case is the same as an fee phase.

Third, these films exhibit grains which are only 300 A in 

diameter. Figure 5.3 shows an electron micrograph of a typical as- 

deposited film, with the associated diffraction pattern. The pattern 

exhibits fee rings.

In summary, these as-deposited films contain considerable C and 

0 in an fee phase with a fine grain size. The next step is to anneal 

and then recharacterize the films (B-C-B) with the hope of improving the 

reflectance.

The films were annealed in flowing gas (90% He, 10% H^) at 

temperatures from 700 C to 1000 C for different durations. With 

temperature measured to within ten degrees, the anneal duration begins 

after a four minute warm-up and excludes a five to ten minute cool-down 

period. Figure 5.4 plots the relative reflectance of films deposited 

at 300 C, and annealed for five minutes at various temperatures *

Figure 5.5 shows the relative reflectance of a similar set of films as 

a function of anneal duration at 750 C. Similar profiles are obtained 

for films deposited at temperatures from 200 C to 450 C, establishing 

the insensitivity of the effect of the anneal to the initial deposition 

temperature. It follows from Figures 5,4 and 5.5 that the anneals of 

from five minutes at 100.0 C to thirty %inptes ,at 750 C are capable of 

producing films which approach the infrared reflectance of the A1 

reference (Carver and Seraphin, 1979a). Scatter in the data points 

may be cuased by a variation in thickness from 1200 A to 4000 A,
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Figure 5.3. Micrograph showing grain size and diffraction pattern of an as^deposited molybdenum 
thin film.*- '
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Figure 5.4. Relative reflectance, at 10 micrometers, of CVD molybdenum 
films plotted against the temperature of a five minute 
anneal.
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Figure 5.5. Relative reflectance, at 10 micrometers, of CVD molybdenum 
films plotted against the duration of anneal at 750 C.
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affecting the occurrence of outgassing and structural changes during 

anneal.

Since the reflectance traces of the fully annealed films 

coincide with that of the aluminum reference on our reflectometer, 

films were deposited on two quartz optical flats, annealed for twenty- 

five minutes at 1000 C, and submitted to H. E, and J. M. Bennett at the 

Michelson Laboratory, China Lake, California for measurement in their

Precision Absolute Reflectometer. This instrument was described in\
Chapter 4. The results are shown, in Figure 5.6. One CVD film is bare, 

while the other has been passivated with 300 A of CVD Si^N^ to prevent 

any reflectance reduction by exposure to air. Included in Figure 5.6 

are also the absolute reflectances of bulk molybdenum polished to a 

supersmooth finish (Klugman and Bennett, 1977)? as well as a molybdenum 

film sputtered under ultraclean conditions (Temple et al., 1977). Note 

that the CVD films have absolute reflectances within 0.7% of the 

reflectance of supersmooth bulk molybdenum from 3 to 15 pm. Note also 

that the CVD films., prepared and annealed within a few minutes without 

the need for vacuum apparatus, exhibit a higher reflectance than the 

sputtered sample. Abrupt changes in reflectance during annealing are 

accompanied by large increases of electrical conductivity, although the 

conductivity of bulk Mo is not attained. Table 5.1 compares the 

resistivity and reflectance values of as-deposited, annealed, and bulk 

Mo samples. The annealed film is a separate sample and was not produced 

by annealing the as^deposited sample in Table 5.1,

All three physical properties change in coincidence with the 

enhancements of reflectance and conductivity as shown in Figure 5,7.
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ABS REFLECTANCE (%>
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97-
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1 Bulk Mo

2 CVD Mo • S13N4

3 CVD M o unprrxected

4  M o sputtered in uhv

96-
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Figure 5.6. The absolute reflectance, from 3 to 15 y.m, of supersmooth 
bulk molybdenum, unprotected and passivated CVD molybdenum 
after anneal, and sputtered molybdenum.

Table 5.1. Thickness, electrical resistivity at 20 C, and absolute
reflectance at 10 pm of an as-deposited film, an annealed 
film, and supersmooth bulk molybdenum.

Sample
Thickness

(pm)
Resistivity 

at 20 C (pftcm)
Absolute Reflectance 

at 10 pm (%)

As-deposited 0.154±0.006 250±25 85+1

Annealed 0.134±0.007 9±2 97.4±0.1

Bulk Mo — 5.7a 98. 1±0.1

aWeast (1977-78, p. E-72).
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ANNEAL OF CVD MOLYBDENUM
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Figure 5.7. Relative reflectance of Figure 5.4 with changes of oxygen 
and carbon content, crystal structure, and grain size 
during anneal of a CVD Mo film.
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First5 C and 0 are removed from the film .such that the post-anneal 

composition is Mo = 96, 0 = 3 ,  C = 1. As-deposited and completely 

annealed samples have flat Auger sputter profiles, indicating a 

homogeneous composition with depth. Partially annealed films, however, 

contain a nonuniform distribution of impurities with depth. Second, 

removal of the impurities also allow the fee MoO^C^ to revert to first 

hep Mo^C and then finally to bcc Mo, Figure 5.7 shows that these 

structures co-exist in the partially annealed films. Third, micro

graphs taken with an electron microscope show large increases in grain 

size during anneal. Figure 5.8 demonstrates that .annealed films 

contain grains which are over fifty times the.size of the grains in 

as-deposited films shown in Figure 5.3. Since the grain size in Figure 

5.3 is on the order of the electronic mean free path in bulk Mo 

(Oikawa and Tsuchiya, 1978), grain boundary scattering may affect the 

reflectance of the as-deposited films. This potential effect is 

eliminated by the grain growth during anneal. The electron diffraction 

patterns shown in Figures 5,3 and 5,8 concur with X-ray measurements by 

exhibiting the transition from an fee to a bcc ring pattern which occurs 

during anneal. The fee rings of Figure 5,3 are more densely populated 

than the bcc rings of Figure 5.8, as is expected due to the growth in 

grain size caused by the anneal.

There are three likely ways for either the C or the 0 to be 

outgassed, including CO, CH^, and H^O. Hydrogen was originally

included in the annealing atmosphere to prevent oxidation of the films. 

It has, however, provided the possibility of removing oxygen from the 

film without removing carbon. In fact. Figure 5.7 indicates that much
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Figure 5.8. Micrograph showing grain size and diffraction pattern of a molybdenum thin film which 
was annealed at 1000 C for 20 minutes in an He-H^ atmosphere.
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of the oxygen is outgassed before carbon is, and that the majority of 

the reflectance increase occurs in conjunction with the removal of the 

oxygen. This observation must be tempered, however, by the fact that 

the partially annealed films are not homogeneous with either crystal 

structure or composition. A dependable separation of changes in 

reflectance of Mo films caused by the incorporation of either C and 0 

must be based on a set of homogeneous films. The two only homogeneous 

films presented here so far are the as-deposited and completely annealed 

samples discussed above. The reflectance and composition of these two 

types of films have been plotted in Figure 5.9. The reflectance of the 

fully annealed sample is given in Figure 5.9 as 98.7%. This improve

ment over the value of 97.4% given .in Table 5.1 will be explained later 

in this chapter. Figure 5.9 allows correlations to be drawn between 

the Mo-C-0 ratios and the reflectance at 10 pm. We must introduce the 

other points in Figure 5.9 before any correlations are drawn. Table 5.2 

presents data from Figure 5.9 in tabular form, along with the production 

process and X-ray patterns corresponding to each film. Methods of 

producing samples with various compositions are presented throughout the 

rest of this chapter. Stable, condensed phases which exist at one 

atmosphere within the Mo-C-0 diagram are discussed in a paper by 

Worrell (1965).

The two points which we have placed on Figure 5.9 can be used 

in comparisons with all other samples prepared in this study. The 

relatively pure film exhibits the highest measured reflectance and the 

dirtier'film contains all three potentially adverse effects: impurities, 

fine grains, and an abnormal crystal structure. As a result, these two
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C V D  carbonyl 
C V D  chloride 
P V D  evaporated
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Figure 5.9. Molybdenum-carbon-oxygen ternary phase diagram —  Points 
represent the composition of films from both CVD and PVD 
systems. Absolute reflectance at 10 pm is shown near each 
point. The circle is the error in the atomic per cents 
while underlined reflectances correspond to weak X-ray 
diffraction patterns.
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Table 5.2. Production process, composition, crystal structure, and 
reflectance at 10 pm of the Mo thin films represented in 
Figure 5.9.

Production Process
Mo-C-0 

(Atomic %)
Crystal

Structure

Absolute 
Reflectance 

(10 pm)

From carbonyl at 300 C 
annealed in He-H^ 91-1-3 bee 98.7

From oxychloride at 650 C 
annealed in Ar-H^ 94-2-4 bcc 98

Evaporation on 200 C substrates 
annealed in Ar 96-1-3 bcc 98 "

From chloride at 500 C 92-4-4 weak bcc 97

Evaporation on 700 C substrates 91-3-6 bcc 96 '

From oxychloride at 800 C 78-7-14 weak bcc 94

From carbonyl at 300 C 
annealed in 68—28—4 hep 93

From carbonyl at 300 C 65-17-19 fee 85

From carbonyl at 350 C 
with 270 cc/min CO^ 66—5—29 fee 84

From carbonyl at 400 C 
with 0.2 cc/min 0^ 63-7-30 fee 83

From carbonyl at 300 C 
with 3 cc/min 0^ 42-trace-58 monoclinic 78

From carbonyl at 450 C 
with 500 cc/min CO^ ,1- . 65-3-32 weak fee ' 78
Evaporation on 200 C substrates 70-6-24 weak bcc 78

From oxychloride at 650 C 68-7-25 weak bcc 77
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deposits were submitted to The University of Wisconsin for high energy 

(3 to 30 eV) reflectance measurements which allow for a Kramers-Kronig 

analysis. Details of these measurements were given in Chapter 4 while 

the analysis is presented in Chapter 6, The high energy reflectance is 

shown here in Figure 5,10, since these data are part of our optical 

characterization of the films. The two films exhibit different reflect

ances at the high energies due primarily to their different crystal 

structures.

Additional points within Figure 5,9 are generated by continuing

with two'more anneal-characterization cycles (B-C-B from Figure 5.1),

using MoO^Cy samples as the pre-anneal films. These as-deposited

MoO C samples are an ideal starting point for probing the Mo-C^0 phase x y
diagram, being that they are located centrally in the diagram. The 

anneal in He-H^ moved the location of the films toward the Mo apex. 

Experiments described in the following paragraphs have moved the loca

tion to the left and to the right.

The next B-C-B cycle involved annealing MoO^C^ in flowing He at 

1000 C for fifteen minutes. Anneals in commercial grade (< 50 ppm 0^ 

and H^O) He resulted in a partially outgassed film with a thin oxide 

overcoat. Use of a Matheson Hydrox Purifier, which reduces 0^ and H ^ O . 

levels in inert gases to less than 0.1 ppm, resulted in a highly 

reflective Mo film near the Mo apex of the phase diagram. The -resulting 

reflectance, composition, grain size, and crystal structure of"these 

films have reproduced the properties of the films which were completely 

annealed in He-H^. These results prove the practical utility of using 

H^ to prevent oxidation of the Mo surface during anneal, and also proved



  H i g h l y  R e f l e c t i v e  Mo

R

2520 30
Energy  (eV)

Figure 5.IQ. Specular reflectance, from zero to 30 eV, of as-deposited and fully annealed films 
which were deposited using the carbonyl process.



93

that the carbon and oxygen of MoO C can be outgassed as CO when EL is
x  y  z

not used. We will show in the chloride process section that must be 

present, however, if oxygen is to be outgassed from a film which 

contains oxygen without carbon in its pre-anneal condition.

Our final B-C-B cycle with MoO^C^ as the starting film involved 

annealing at 1000 C for fifteen minutes in a flowing mixture of He and 

acetylene (C^H^ equal to 1%). This anneal, suggested by D. D. Allred of 

the Optical Sciences Center, reacts C H with oxygen in the film to form
t' A 2.? i -

H^O vapor and solid phase carbon. The oxygen in the film is replaced

by carbon until a film with a strong hep Mo^C diffraction pattern and a

composition of Mo = 68, 0 = 4 ,  C = 28 is formed (the x in MoO C isx y
gradually reduced to nearly zero, while the y increases to a value near 

one-half). Auger sputter profiles have indicated that after the Mh^C 

is formed, additional annealing with C^H^ chemical vapor deposits free 

carbon over the molybdenum carbide. After the free carbon was polished 

off with a 1/4. pm grit, the reflectance of this film equaled 93% at 

10 pm. Observation of the points in Figure 5.9 with Mo = 60% 'to 70% 

indicates that carbon reduces the reflectance of CVD Mo less than oxygen 

does. We return to a discussion of this point in Chapter 6.

Having shifted the composition of MoO^C^ both up and to the left 

in Figure 5.9 by annealing in different atmospheres, we then needed a 

method for shifting the films to the right. Two redeposition- 

recharacterization cycles (B-A-B from Figure 5.1) were used to 

accomplish this, both of which replace C atoms with 0 atoms such that 

the y in MoO^C^ goes to zero while x increases. These experiments were



encouraged by the fact that molybdenum carbide can dissolve considerable 

oxygen by its substitution for carbon (Storms5 1967, p. 225).

In the first B-A-B cycle, oxygen was bled into the system during

the pyrolysis of Mo(.CO)^. The 0^ reacts with C within the film to form

gaseous CO^ and/or CO, thereby removing C from the deposit. The oxygen

can also react with the Mo in the deposit to form molybdenum oxides.

Thermodynamic data for these reactions can be found in a paper by

Young (1973).. Depositing at 400 C with 0.2 cc/min of 0^ produced an

fee film with the following composition: Mo = 63, 0 = 30, C = 7.

These atomic per cents are similar to those of the film annealed in

except.that the C and 0 per cents have been reversed. The

reflectance of the film deposited in the presence of the 0^ bleed is

83% at 10 |im, or 10% lower than the hep film. Depositing at 300 C with

3 cc/min of 0^ produced the point in the lower right side of Figure 5.9.

In this case the x in MoO C has nearly reached a value of two while thex y
carbon level is negligible. The composition of this film. Mo = 42,

0 = 58, is almost within experimental accuracy of that of M0O2 . In 

addition, this film exhibits a monoclinic MoO^ X-ray diffraction 

pattern, a reflectance of 78% at 10 yjn, and a reflectance in the visible 

of less than 25%. This result will be used in comparison with our 

other films in Chapter 6, and will lead into a discussion of black 

molybdenum in Chapter 7.

The second type of B-A-B cycle involved bleeding CO2 into the ~ 

deposition chamber. The presence of carbon dioxide reduces C levels 

while increasing 0 levels, just as with the O2 bleeds. The reaction of 

CO2 with C in the film to form evolved 2C0 does not, however, proceed
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under the conditions of our depositions. The reverse reaction, that of 

decomposing CO to, form C 4~ ^ 0 ^  does proceed at 30.0 C if not limited by 

kinetic effects (Patokin and Sagalovich, 1976). Additions of CO^ can 

therefore reduce the amount of CO (present due to the decomposition of 

Mo(CO)g) which decomposes by shifting the equilibrium position of the : 

reaction toward higher CO levels’. This reduces the amount of C in the 

film. In addition, CO^ can react with the Ho to increase the presence 

of oxygen in the deposit. Kaplan and d THeurle (1970) have tried to 

minimize C levels in Mo deposits from the carbonyl while avoiding 

increased 0 levels by bleeding in CO^ with limited success. In our 

depositions, the GO^ decreased the y in MoO^C^ to nearly zero while 

increasing x to about one-half. Two types of films, both represented 

in Figure 5.9 and Table 5.2, were deposited with CO^ bleeds. Using a 

substrate temperature of 350 C and 270 cc/min of CO^, an fee film with 

Mo = 66, 0 = 293 C = 5 was formed. Using a temperature of 450 C and 

500 cc/min of CO^ resulted in.a“film with Mo = 65, 0 = 32, C = 3 and 

weak fee X-ray lines. The former film has a reflectance of 84% while 

the latter film reaches 78%. The significant difference in the 

reflectance of these two films, which have similar compositions, must 

be related to their degree of crystallization. This point is also 

considered in Chapter 6,

Instead of involving C and 0 levels in the films, our final 

B-A-B cycle from Figure 5.1 concerns producing films with less heavy 

metal impurities. The most reflective, fully-annealed sample from the 

carbonyl which we have discussed to this point had a reflectance of 

97.4% at 10 pm. Electron microprobe studies have, however? detected up



to two atomic per cent W and four atomic per cent. Cr in these films.

Bahl and Drew (1976) have found that each atomic per cent of Re in Mo 

increases the resistivity by 2.2 pficm. The presence of Cr and W in our 

films therefore account for at least part of the difference between the 

resistivity of our most reflective film (9 pficm) and that of bulk Mo 

(5.7 pficm). The W and Cr originated from W(CO)^ and Cr(CO)^ in the 

starting source material. Using more pure Mo (CO)^ to deposit a typical 

MoO^Cy film and then annealing under He-H^ has produced the most highly 

reflective film in this study. The reflectance was measured to within 

± 0.1% on the Bennett Absolute Reflectometer at China Lake, California 

and is plotted against wavelength in Figure 5.11, equaling 98.7% at 

10 pm. The data obtained during this measurement comprise Appendix A. 

The fact that this film contains only 1% W and 3% Cr may explain the 

1.3% increase in reflectance. Possible reasons for the reflectance of 

this film being higher than the reflectance of supersmooth bulk Mo is 

discussed in Chapter 7 in the section concerning the use of CVD Mo 

as high power laser mirrors. This film appears to be the most reflec

tive Mo surface ever reported.

In summary, films from the carbonyl process have exhibited both 

the highest (after anneal) and the lowest reflectances in this study. 

Deposits with lower reflectance contain considerable amounts of either 

C and/or 0, fine grains, and nonbulk crystal structures. The reflect

ance of the samples which were produced with either high C and low 0 

or low C and high 0 per cents indicated that oxygen is more detrimental 

to the reflectance than carbon. The relative effects on the reflectance 

of outgassing, grain growth, and recrystallization during annealing are
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Figure 5.11. The absolute reflectance in the wavelength range 3 to 15 
micrometers of annealed CVD Mo (curve 1); supersmooth 
bulk Mo (curve 2); and Mo sputtered in ultrahigh vacuum 
(curve 3),

still, however, unknown. Some films with similar composition and grain 

size but different degrees of crystalline order were produced, but more 

are needed before any correlations between crystal structure and 

reflectance can be established. In addition, samples with similar 

composition and crystal structure yet different grain size are needed to 

investigate grain boundary scattering. Depositions from the chloride 

process have satisfied these two needs, and are discussed in the next 

section.
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The Chloride Process

Films discussed in this section were deposited by hydrogen 

reduction of either MoCl^ or MoO^Cl^ at temperatures ranging from 500 C 

to 800 C, under one atmosphere of flowing forming gas (90% Ar, 10% 

at 1800 cc/min)- Part of the total gas flow (60% with the MoCl^ and 

30% with the lAoO^Cl^) was directed through a bed of either MoCl<- (held 

at 140 C) or MoO^Cl^ (held at 90 C) in order to entrain the subliming 

reactant and sweep it into the reaction,chamber. The deposits were 

grown on one by one inch fused silica substrates at the following rates: 

0.2 A/second at 500 C and 1.5 A/second at 750 C from MoCl^; 2 A/second 

at 650 C and 0.5 A/second at 800 C from MoO^Cl^. All samples were thick 

enough to be opaque at 10 pm. Changes in deposition temperature, 

reactant material, and post-deposition anneal parameters weere all used 

to produce samples of varying properties. The next paragraph presents 

the results from initial depositions using MoCl^, step A-B in Figure 5.1.

Films deposited at 750 C from MoCl^ exhibited reflectances in 

the infrared which were identical to the A1 reference on our reflecto- 

meters between 3 and 15 pm. The absolute reflectance at 10 pm is 

therefore about 98%. Although measurements to within 0.1% were not done 

with these films, they appear to be equally as reflective as the fully- 

annealed samples from the carbonyl process. The chloride process has 

thus provided an additional way to deposit the most reflective films.

The composition, crystal structure, -and grain size of these.films from 

the chloride process are identical to the fully-annealed films from the 

carbonyl process. These films are therefore not included in Figure 5.9 

and Table 5.2 to avoid redundancy. A temperature of 750 C and 10% in
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the gas stream apparently results in. not only the reduction of MoCl^ to 

Mo, but also the reduction of oxychloride contaminants to Mo and H^O 

vapor. This demonstrates the self-cleansing action of CVD. These 

highly reflective films are an ideal starting point for other deposi

tions with lower reflectances from the chloride process. The next 

paragraphs present attempts to deposit less reflective films by 

reducing the substrate temperature or contaminating the source 

material with oxychlorides.

The first B-A-B cycle from Figure 5.1 involves forming a CVD 

Mo film with MoCl^ on 500 C substrates. The result was a fine grained 

(300 A) deposit exhibiting a weak bee structure and the following 

composition: Mo = 92, 0 = 4, C = 4. The electron micrograph shown in 

Figure 5.12 along with its corresponding diffraction pattern shows the 

small grains, between 150 A and 300 A in diameter, and densely popu

lated rings exhibited by this film. Grain boundary scattering in this 

sample is not severe, as evidenced by its reflectance of 97% at 10 pm. 

This same film was. subjected to a post-deposition anneal (fifteen 

minutes at 1000 C in He-H^) and subsequent recharacterization (B-C-B in 

Figure 5.1). The resulting film exhibited strengthened bcc lines, 

virtually the same composition, M o = 9 5 ,  0 = 4 ,  C = 2 ,  and the grain 

size as shown in Figure 5.13. The grains in Figure 5,12 are close to 

the size of the electronic mean free path in Mo (300 A) while the grains 

- in Figure 5.13 are four to five times that size..,' The spotty diffraction 

pattern in Figure 5.13 reinforces that fact that the grains have, grown 

during anneal. This sequence of micrograph and ring patterns and the 

fact that the reflectance remained unchanged during anneal confirms that
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Figure 5.12. Electron micrograph and diffraction pattern of a CVD Mo film deposited at 500 C 
from MoClj..
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Figure 5.13. Electron micrograph and diffraction pattern of the same sample from Figure 5,12 
after 15 minutes of exposure to 1000 C in He-t^.
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grain boundary scattering does not affect the reflectance at 10 \m. of 

relatively pure CVD Mo thin films♦

The next step with the chloride process.was stimulated by 

reports in the literature (Nestell and Christy, 1978; Oikawa and 

Tsuchiya, 1978) indicating that grain boundary scattering causes 

important changes in the resistivity and reflectance of PVD Mo thin 

films. These effects were reported to be enhanced by the concentration 

of carbon and oxygen in the grain boundaries of the films. A less pure 

CVD Mo film was therefore needed to investigate whether or not grain 

boundaries in CVD Mo contain enough .impurity to affect the reflectance 

of the films. Attempts at depositing less pure films was first done by 

bleeding 0^ into the system during the deposition of MoCl^, The result 

was a reaction between MoCl^ and 0^ to form a nonvolatile oxychloride 

(probably MbOCl^) which condensed in the plumbing of the chloride system 

before reaching the substrate. This problem was circumvented by using 

MoO^Cl^, which is more volatile than MoCl^, as the source material as 

done by Seto et al. (1972), Two deposition-recharacterization cycles 

(B-A-B from Figure 5.1) were done using MoO^Cl^. First, a deposition 

temperature of 650 C produced a film with the following properties:

Mo = 68, 0 = 25, C = 7, weak bcc structure, and a grain size on the 

order of 300 A. Second, a deposition temperature of 800 C produced a 

film with Mo = 78, 0 = 14, C = 7, weak bcc, and grains on the order of 

300 A. ~ Just as with deposits from the carbonyl, the C and 0 in these 

films are almost certainly bonded to Mo atoms.

Before discussing the performance of these two films during 

post-deposition annealing, three items should be noted. First, the
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samples have identical crystal structure and grain size while the 650 C 

deposition contains about ten atomic percent more oxygen than the 800 C 

deposition. The importance of oxygen on the reflectance of CVD Mo is 

proven by observing that the former film reflects 77% of 10 pm radiation 

while the latter film has a reflectance of 94%. Second5 the composition 

of the 650 C deposition is located in Figure 5.9 near the compositions 

of three films from the carbonyl. These four films have similar 

composition and grain size, but differing crystal structures and 

degrees of crystallization. We will return to these facts in Chapter 

6 during- a discussion of the effects of crystal structure on reflect

ance. Third, the 650 C deposit has a low visible reflectance (< 30%) 

in addition to its relatively low infrared reflectance. This film is 

another example of black Mo and will be mentioned in Chapter 7.

We mentioned in the section concerning the carbonyl process that 

must be present in an annealing atmosphere if oxygen is to be out- 

gassed from a Mo film containing little carbon. This fact is proven 

in the following experiment, which was set up to observe potential 

reflectance changes during grain growth in a CVD film containing 

considerable oxygen. The 650 C deposit was submitted to an anneal 

under pure (< 0.1 ppm 0^ and H^O) Ar at 1200 C for three hours (B-C-B - 

in Figure 5,1). Neither the reflectance, composition, grain size, nor 

crystal structure changed during this anneal. Oxygen within CVD Mo 

apparently stabilizes the material against grain growth. If this same 

anneal is carried out in Ar-H^, however, the film converts to a 

composition of Mo = 94, 0 = 4 ,  C = 2 and a reflectance of 98% at 10 pm. 

This establishes yet one further way to produce the most reflective
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Mo films. An additional attempt to grow larger gains in a CVD Mo film 

containing oxygen was done by submitting the 800 C deposition from 

MoO^Cl^ to anneal in pure Ar at 1200 C for four hours. After this 

rigorous anneal, electron microscopy indicated that the grains had 

grown by a factor of two to five. The reflectance and composition were 

unchanged within the accuracy of our measurements. This result indi

cates that grain boundary scattering does not affect the reflectance 

in our CVD Mo films, even when they contain substantial impurity.

■PVD Films .

In the previous section we mentioned that two groups (Oikawa 

and Tsuchiya, 1978; Nestell and Christy, 1978)-have claimed that grain 

boundary scattering causes PVD Mo (evaporated) to exhibit lower 

conductivity than bulk Mo. In Chapter 2 we stated that reductions in 

conductivity due to grain boundary scattering is a function of two 

factors: (1) the size of the grains and (2) the amount of impurity in 

the grain boundaries. Oikawa and Tsuchiya (1978) stated that elevated 

substrate temperatures (600 C) during deposition cause larger grains 

and cleaner grain boundaries than in deposits grown on 20 C substrates. 

Their highest temperature (600 C) resulted in the most conductive of. 

their as-deposited films. - Oikawa and Tsuchiya (1978) also stated that 

post-deposition annealing in flowing nitrogen at 1000 C increases the 

conductivity by enlarging the grains while leaving the composition 

(which includes C and 0) of the films unchanged. We have tried to 

reproduce some of the results of Oikawa and Tsuchiya since grain growth 

in CVD Mo does not affect the infrared reflectance and since anneals of
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CVD Mo in He did, in fact, outgas C and 0 from the filmsP Mo thin 

films, deposited "by evaporation by the John Poulos Optical Coating 

Laboratory in Tucson, Arizona, were therefore subjected to the 

methodology of Figure 5.1.

Initial samples were made by evaporating Mo of three nines 

purity in a vacuum of 3 x 10  ̂ torr and condensing the vapors on fused 

silica substrates held at 200 C (step A-B from Figure 5.1). The 

resulting films exhibited a reflectance of 78% at 10 pm, weak bcc 

diffraction lines, and an average composition of Mo = 70, 0 = 24,

C = 6. Electron micrographs were not taken for these samples. * In 

addition. Auger sputtering profiles indicated that the composition of 

these films are very nonuniform with depth. All CVD films, except 

partially annealed samples, had uniform profiles. These depositions 

on 200 C substrates will be compared with samples of similar composition 

from both the carbonyl and chloride processes in Chapter 6. A second 

set of films was deposited on 700,C substrates under similar conditions 

to the 200 C run (B-A-B from Figure 5,1), This second set of films 

had a reflectance of 96% at 10 pm, exhibited strong bcc lines, and had a 

composition of Mo = 91, 0 =6, C = 3. The micrograph on the left side 

of Figure .5.14 shows that even the 700 C deposition results in a grain 

size on the order of the electronic mean free path in Mo, The enhanced 

reflectance of the 700 C run over the 200 C deposition is therefore due 

to the higher-purity and/or crystalline order of the 700 C samples.

Samples from the 200 C deposition were subjected to an anneal 

in flowing Ar (purified to 0.1 ppm H^O and 0^) at 1000 C for several 

minutes (B-C-B from Figure 5,1). After the anneal, the reflectance
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(a) Cb)

Figure 5.14. Electron micrographs of (a) Mo thin film condensed on a 700 C substrate and (b) the 
same film after anneal at 1000 C.
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equaled 98% at 10 pm. This establishes yet another method of producing 

the most reflective Mo films. If we assume that depositions on 200 C 

substrates result in a concentration of impurities in grain boundaries, 

these reflectance enhancements during anneal could be due to (1) 

redistribution of the impurities throughout the grains (Oikawa and 

Tsuchiya, 1978), (2) growth of the grains, and (3) outgassing of the

impurities. Electron microscopy has demonstrated that the grains in 

PVT) Mo do grow during annealing, as shown by the micrographs in 

Figure 5.14. The composition of the films, however, also changed 

dramatically to values of Mo = 96, 0 = 3 ,  C = 1. Nestell and Christy 

(1978) and Oikawa and Tsuchiya (1978) may be correct in relating the 

conductivity of their as-deposited films to grain boundary scattering. 

Our data, however, indicate•that the cause of increases in the 

infrared reflectance of PVD Mo resulting from high temperature treat

ments during and/or after deposition are due to the outgassing of C 

and 0. Even though anneals of films from the chloride process contain

ing only oxygen impurity show that anneals of Mo films can be done 

without outgassing, the films of Oikawa and Tsuchiya (1978) did contain 

both C and 0. Nestell and Christy (1978) did not measure the 

composition of their films. Most Mo films from evaporative systems 

will, however, contain both C and 0 (suppliers of high purity Mo only 

quote the purity with regards to heavy metal impurities, not C and 0).

Sputtered Mo thin films were also procured from outside sources 

such that the results of optical and physical characterizations of these 

PVD films could be compared with the analysis of our CVD deposits. Four 

samples were received from P. Temple at the Naval Weapons Center at



China Lake, California, As discussed in Chapter 3, Temple has shown 

that low sputter gas (Ar) pressures lead to high deposition rates and 

high reflectance. This trend is demonstrated by the infrared reflect

ances of the four samples from China Lake, as shown in Figure 5.15. 

These four films can be thought of as four A-B-A cycles from Figure 

5.1 with sputter gas pressure as the process parameter which is altered 

between each cycle. The film formed at 4 p, has a reflectance of 96.6% 

at 10 pm while the film deposited at 30 p has a reflectance of 74.7% 

at 10 pm (Temple et al,, 1977), The most reflective sample represents 

an improvement over the sputtered films of Figure 3.4 and is said to 

be the most reflective sputtered Mo sample yet measured (Temple et al., 

1977). The reflectance of this same film is plotted in Figures 5.6 

and 5.11. Sputtered Mo films were also received from G. Wehner1s group 

at The University of Minnesota. WehnerTs samples were deposited under 

similar conditions as TempleTs most reflective film and exhibited the 

same reflectance at 10 pm (Raj and Wehner, 1979). Raj and Wehner do 

feel, however, that DC substrate biasing during sputtering may lead to 

higher reflectance.

The composition and reflectance of Temple?s samples, both 

before and after anneal, are shown in Table 5.3, The reflectances to 

0.1% were quoted by Temple et al. (1977) while the reflectances to 

1% were measured at the Optical Sciences Center. These compositions 

were not plotted in Figure 5.9 because some contain nitrogen. The 

anneal (B-C-B from Figure 5.1) was done at 1200 C for three hours in 

pure Ar (< 0.1 ppm H^O and 0^)• All samples have the bcc crystal 

structure. Two items in Table 5.3 should be noted. First, high oxygen
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Figure 5.15. Reflectance of sputter-deposited Mo thin films for four 
different sputter gas pressures —- The reflectance of 
polished, bulk Mo is shown for comparison, Reproduced 
from Temple et al. (1977, p. 18).
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Table 5.3. Composition and reflectance of sputtered Mo films.

Mo-C-O-N Reflectance
Sample # (Atomic %) (10 pm) Anneal

1 99-1-0-0 96.6 no

2 95-2-2-0 96 no

3 79-3-15-4 89 no

4 61-3-29-7 74.7 no

3 91-2-7-0 94 yes

4 93-1-6-0 94 yes
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levels correlate well with low reflectance. Second, the anneals 

purify sputtered Mo, but do not increase the reflectance all the way 

to the reflectance of bulk Mo. The porousness of sputtered Mo (Wong 

et al., 1978) may be responsible for this. We return to differences 

between the properties of as-deposited CVD and PVD films in Chapter 6,



CHAPTER 6

DISCUSSION .

Several methods for producing highly reflective CVD Mo thin 

films were presented in Chapter 5. Each approach is of both practical 

and scientific interest. Practical aspects involve the applications of 

Mo films which were mentioned in Chapter 1 and, will he discussed in 

Chapter 7. Scientific interest stems from two questions. The first, 

also to be discussed in Chapter 7, concerns why our most reflective 

film., is more reflective than super smooth bulk Mo and the chances of 

producing a Mo film of yet higher reflectance. The second question 

concerns why our best films are more reflective than both our less 

reflective samples and. PVD Mo films. This second question is answered 

by the analysis presented in this chapter.

As shown in Figure 5*7, the transition from moderately 

reflective MoO^C^ to highly reflective Mo during post-deposition 

annealing occurs in conjunction with changes in three physical 

properties: (1) increases in grain size, (2) outgasses of C and 0, and 

(3) reerystallization from fee MoGMl^ to bcc Mo. The grain size, 

composition, and phase of Mo films were identified in Chapter 2 as 

those modifications from the pure, bulk phase which are most likely 

responsible for the low reflectance of thin film Mo, Since MoO Cx y
exhibits all three modifications from the bulk, understanding the 

difference in infrared reflectance between MoO^C^ and the post-anneal,

112
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highly reflective film will therefore allow us to make general state

ments concerning which modifications from the bulk appreciably affect 

the reflectance of any Mo thin film. The dielectric function and the. 

reflectance of Mo change for several reasons when impurities are added 

to its lattice. Impurities can scatter metallic electrons, localize 

them in impurity-Mo bonds, and enhance the scattering of electrons at 

grain boundaries. If present in large amounts, impurities can also 

stabilize anomalous crystal structures, as shown in Figure 5.2, and 

can lead to the formation of new bands within the metallic bands. The 

influence on the reflectance of these various changes in the composition 

and structure of a film must be separated to obtain a complete under

standing of why the reflectance of thin film Mo differs from that of 

the bulk.

As outlined at the end of Chapter 2, three methods are employed 

in the first section of this chapter to separate the influence on the 

reflectance of each modification from the bulk observed in MoO C . The% y
first combines the versatility of CVD, discussed in Chapter 3, with the

methodology of Figure 5.1 to experimentally determine the effect on

reflectance of grain boundary scattering. The second method employs

the Drude model to determine differences between the free carrier

concentration and relaxation time in MoO C and the most reflectivex y
films. The third method uses the band picture to evaluate the influence 

which interband transitions in the infrared have on the reflectance 

of MoO^Cy. The second section of this chapter compares the reflectance 

of MoO C to that of CVD .films with other compositions while the finalx y
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section compares our results with CVD Mo to data from the literature on 

PVD Mo,

Conversion of MoO^C to Highly 
Reflective Mo •

We begin our analysis by determining the effect on the

reflectance which grain growth plays during -the conversion of MoO C tox y .
Mo, This is done with the first method listed in the preceding 

paragraph, and is based on our success in producing films of various
jj

grain size with the same composition and crystal structure. Three 

observations established the potential of the reflectance having a 

dependence on the grain size in MoO^C^. First, Oikawa and Tsuchiya

(1978) have shown that the diameter of columnar grains in PVD Mo films
/ - --

is directly proportional to the conductivity of the films. Second, the

absence of fringes at the edges of each grain in the micrographs of our

CVD deposits show that the grains in our samples are columnar (Murr,

1970, p. 314). Third, the micrograph of MoO^C^ in Figure 5,3 shows

grains with diameters on the order of the mean free path in bulk Mo.

The micrograph presented in Figure 5.12 shows that the grains

in deposits formed at 500 C by reduction of MoCl^ are roughly 300 A in

diameter. Since the mean free path at 20 C in bulk Mo is 395 A

(Oikawa and Tsuchiya, 1978), both quantum size effects and grain

boundary scattering could potentially affect the reflectance of this

film. The reflectance of this sample is, however, 97% at 10 pm while

bulk Mo is only one per cent higher at 98%, Thus, fine grain size does

not reduce the 10 pm reflectance of CVD Mo containing less than 8
. •

atomic per cent C and 0 by more than 1%. A post-deposition anneal of



115

this same sample enlarged the grains to 900 A, as seen in Figure 5.13. 

Observation of these enlarged grains confirmed that the crystallites 

in Figure 5.12 are actually the grains in the as-deposited film (as 

seen in Figure 5.12, grains of diameters less than 300 A are difficult 

to distinguish in our micrographs).

The preceding observations were repeated with a film containing

14 atomic per cent oxygen prepared by the reduction of MoO^Cl^ at 800 C

for three reasons. First, Oikawa and Tsuchiya (1978) observed that

oxygen enhances grain boundary scattering by collecting in the grain

boundaries of their as-deposited, evaporative Mo films. Second,

Nestell et al. (1979) have shown that intergranular impurity in

evaporative Mo films.can constitute 20 to 30 volume per cent of the

films with a fine (100 A) grain size. Nestell et al. showed that the

low, nonbulk, visible reflectance of their films could be explained by

using effective medium theories, with the dielectric function of both

the grain interiors and the intergranular regions affecting the

effective dielectric function of their films. Third, since MoO C- x y
contains 19 atomic per cent 0, its reflectance could potentially be 

affected by intergranular impurity. Our tests for the effect on 

reflectance of dirty grain boundaries with a CVB film containing 14 

atomic per cent 0 are more rigorous than the tests by Oikawa and 

Tsuchiya (1978), whose samples contained about the same amount of C 

and 0 detected in our CVD film deposited from MoCb-. Testing with a 

film containing 14 atomic per cent 0 is more appropriately compared to 

the work by Nestell et al. (1979). In its as-deposited state, the 

reflectance of this film containing 14 atomic per cent 0 was 94% at
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10 jJLin, while the grain size was about 200 A to 300 A. As stated in 

Chapter 5, post-deposition annealing of this film caused grain growth 

without measurable changes in either the 10 pm reflectance, the 

composition, or the crystal structure. This observation indicates 

that small grain size and intergranular impurity inithis film are not 

responsible for the 4% drop in reflectance from that of the bulk. We 

will show in a later section, however, that the incorporation of oxygen 

within the grains of a CVD M q film can reduce the reflectance by several 

per cent.

We therefore conclude that grains on the order of the mean free

path in bulk Mo do not alter the reflectance at 10 pm of CVD Mo films

by more than 1%. The remainder of our analysis with CVD Mo will

neglect grain size effects, although we return to a consideration of

the grains during a discussion of PVD Mo at the end of this chapter.

The second step in our analysis of the difference between the

reflectance of MoO C and bulk Mo involves the use of the Argand andx y
Drude plots described in Chapter 2. Drawing up these plots requires

knowledge of the dielectric function of MoO C and highly reflectivex 7
Mo, which were obtained by measuring the reflectance of both films from 

low to high energies and then doing a Kramers-Kronig analysis. The 

reflectances from 3 eV to 30 eV were measured at The University of 

Wisconsin by Dr, C. G. Olson, and were presented in Chapter 5. The 

visible, near-infrared, infrared, and far infrared measurements of 

reflectance were done at the Optical Sciences Center, the Naval Weapons 

Laboratory at China Lake, California, and the Chemistry Department at 

The University of Arizona, respectively (as detailed in Chapter 4).
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The Kramers-Kronig analysis was carried out by Dr. D. W 9 Lynch at the 

Ames Laboratory of Iowa State University. The reflectance data were 

submitted to Dr. Lynch because he has computer facilities and programs 

set up specifically for Kramers-Kronig•calculations of transition 

metals like Mo. Extrapolations to low and high energy for the Kramers- 

Kronig of our reflective Mo films were the same as used by Weaver et al. 

(1974). The accuracy of the dielectric function (e^9 e^) derived for 

reflective Mo in the infrared is similar to that obtained in the above 

paper, although scattering from our CVD surfaces resulted in reflectance

inaccuracies at energies over 10 eV of roughly 10%. Veal and Paulikas
' 1 ’

(1974) have shown, however, that inaccuracies;iin the reflectance beyond

10 eV will not cause unacceptable error in the low energy (0.124 eV)

dielectric function. Extrapolations for MoO^C^ at high energy were

similar to those for reflective Mo while the low energy extrapolations

for MoO C required more care. This was because MoO C has a reflect- x y ■ - x y
ance of only about 85% at 12 pm whereas reflective Mo is already

99% reflective at this wavelength and has no room for error at longer

wavelengths. Actual measurements of the reflectance of MoO^C^ to

100 pm were therefore obtained for the Kramers-Kronig. Several

Kramers-Kronig calculations were done for MoO C , with various lowx y
energy extrapolations and with and without smoothing of the data points.

All final results were similar in shape with the values of and

at 10 pm being varied by roughly 10%. This amount of error in and E^

is not large enough to damage conclusions we will make concerning

differences between the Drude parameters of reflective Mo and MoO^C^.

The low energy extrapolations for the Kramers-Kronig of MoO C presentedx y
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here used a Drude term with a relaxation time equal to 0.17 of bulk Mo

and a plasma•frequency equal to 1,9 times that of the bulk. This

extrapolation was used for wavelengths longer than 83 pm. The

resulting and of the two types of CVD Mo are presented in

Figures 6.1 and 6.2. Figure 6.1 shows typical Drude tails at low

energy for reflective Mo while Figure 6.2 shows that of MoO^C^ is

much more positive than that of reflective Mo. The high values of

of MoO C can be due to either dramatic differences between the Drude x y
parameters of the two types of films and/or to stronger interband

transitions at lower energies in MoO^C^ than in reflective Mo. The

of MoO^Cy does eventually go to high negative values for energies less

than 0.02 eV while the reflectance approaches 100% at 100 pm.

We are now equipped to use Argand and Drude plots to determine

differences between the Drude parameters (w , t ) of the two films. WeP
will be able to relate these differences in (jl)̂  and T to the presence of 

the C and 0 in MoO^C^. Figures 6.3 through'6.6 present both plots for 

both types of CVD Mo. As discussed in Chapter 2, both a frequency 

dependence in T and interband transitions cause nonstraight Argand 

plots. Nagel and Schnatterly (1974) have shown that grain boundaries 

are the most likely cause of a frequency dependence in the relaxation 

time of gold thin films at wavelengths less than 5 pm. We have shown, 

however, that grain boundaries in our CVD films do not affect the 

reflectance at 10 pm and therefore we do not expect the boundaries to 

result in curves of our Argand plot for MoO^C^ in the vicinity, of 10 pm. 

As we progress toward smaller wavelengths, the Argand plot of MoO^C^ 

does, in fact, begin to curve at wavelengths where interbands occur, as
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evidenced by the spectral location of oscillations in the dielectric

function of Figure 6.2. Since we need a straight Argand to evaluate

the Drude T, the plot for MoO^Ch; is presented from 20 pm to 62 pm such

that the interbands are avoided. Interband transitions are not evident

in bcc Mo until the wavelength is less than 10 pm. The plot for

reflective Mo is therefore given from 4 pm to 13 pm. Figures 6,3 and

6.5 both show a range of possible T values, all within our experimental

error, for reflective Mo and MoO^C^. Selection of the most appropriate

T values was done by graphing the Drude plots using T values within the

allowable ranges determined from Figures 6.3 and 6.5. The resulting

top and P values from the Drude plots in Figures 6.4 and 6.6 were.

substituted along with T into the dielectric function of the Drude

model. This iterative procedure was carried out until the calculated

and at 62 pm (for MoO^C^) and at 13 pm (for Mo) were reasonably

matched to the experimental values. Tables 6.1 and 6.2 show the results

of this procedure for both films. We" see that the match between

experiment and the Drude model deteriorates as comparisons are made at

higher energies. This fact will be discussed later in a paragraph on

how interband transitions affect the reflectance of MoO C . Table 6.3

shows the Drude parameters and P for bulk Mo (Veal and Paulikas, 1974;

Kirillova et al., 1971), our reflective Mo, MoCkC^, and MoO^ (Chase,

1974). The close agreement between the parameters for reflective Mo and

bulk Mo from the literature establishes the validity of our numbers.

The major difference between MoO C and either reflective Mo or bulk Mox y
2is in 0)̂ , not T. Since 00̂  is proportional to the quantity n/m, we see

that MoO C has about 2% of the Drude free carriers that bulk Mo has x y
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Table 6.1. Reflectance and 
experimental and

dielectric
Crude.

function of reflective Mo, both

£1 £2 Reflectance Lambda

Drude predicted reflectance. e-i, and e_ (with T = 1.7 x 10
0) = 1. O x  10 , P = 350) Z
P— —

-4168 1784 .98 13.1
-3525 1402 .98 12
-2967 1100 .98 11
-2439 841 .98 10
-1945 623 .98 9
-1490 443 .98 8
-1077 301 .98 7
-710 191 .98 6
-393 112 .97 5
-129 57 .93 4

Experimental data

-4165 1557 .98 13.0
-3571 1251 .98 12.0
-2979 1042 .98 10.9
-2517 851 .98 10
-2072 685 .98 8.9
-1684 520 .98 8
-1316 381 .98 7.0
-976 259 .98 5.9
-683 171 .98 5
-433 102 .97 4
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. Table 6.2. Reflectance and dielectric function of MoO C , both 
experimental and Drude X ^

el £2 Reflectance Lambda

Drude predicted reflectance. -14e^, and £-2 (with T = 1.35 x 10 ,
0) = — P 1.71 x lO-L̂ , P = 402)

26 1111 .91 62
59 831 .90 ' 50
98 619 .88 41

134 479 .86 35
171 370 .84 30.2
223 252 .81 24.8
279 159 • .80 20
333 93 .80 15.9
386 45 . 81 12

Experimental data

16 1188 . 92 62
63 985 .91 50

100 822 .90 41
123 718 .89 35
134 631 .88 30.2
148 538 .87 24.8
130 473 .86 20.6
140 381 .84 • 15.9
118 362 .84 12.4
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Table 6,3. The 0) , T ? P, and electrical resistivity (p) of bulk Mo, 
CVD Mo, and MoC^.

Samples (sec "*") T (sec) P p (20 C) (pficm)

Bulk Mo 1.2xl016 -141.3x10 250 5.7

Reflective Mo l.OxlO16 1.7xl0-14 350 9

MoO C 1.7xl015 -141.3x10 480 250x y 
M o09 4xl015 -15 • 6.6x10 ; _ 100
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(if we assume that the Drude mass is the same, in both materials). The

Drude m in bulk Mo can differ from that of MoO C but by a factorx y-
which is much less than the change in n/m which we observed.

A further check on the accuracy of our dielectric function and

Drude calculations can be done by relating our optically determined n/m

and T to the p data in Table 6.3. Since the conductivity is propor-
2 2tional to nT/m, the ratio of bulk’s 0) t to the go t of MoO C should ? p p x y

be roughly equal to 509 which is the case. This calculation works for

comparisons of bulk to MoO C , bulk to Mo00 3 and MoO0 to MoO C . The 11 x y 2 2 x y
resistivity of reflective Mo would have to be somewhat lower (equaling

about 6 pficm) for the calculation to work with a comparison of •

reflective Mo and one of the other samples. In summary5 the difference

between the go values of MoO C and bulk Mo is real and is sufficient to P x Y
explain their differing reflectances at 62 pm. This is not to say we

feel the difference in go can account for the reflectance of MoO C atP x y
10 pm. We return to a comparison of the reflectances of MoO^C^ and 

reflective Mo at smaller wavelengths after rationalizing the two Drude 

parameters and the P values which have been observed in terms of the 

composition and crystal structure of MoO^C^.

The presence of C and 0 within a Mo - lattice apparently leads to 

a reduction in free carrier density by localizing metallic electrons in 

Mo-C and/or Mo-0 bonds. Although the relative importance of ionic, 

metallic-, and covalent bonding between transition metals and carbon, 

nitrogen, and oxygen have not been determined (Lynch et al., 1979), the 

literature indicates that both carbon (Seraphin, 1979) and oxygen 

(Adler, 1968) can withdraw electrons from the bands of a transition
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metal. Outgassing of the C and 0 from MoO^C^ during anneal and the 

subsequent replacement of electrons into the Mo' bands would therefore 

contribute to the rise in reflectance in Figure 5.7. If the C and 0 

in MoO^Oy are bonded to Mo atoms 3 the impurities will therefore be 

dispersed throughout the metal lattice in a semiperiodic manner. 

(Incidentally, this fact indicates that few impurities are collected 

in the grain boundaries of CVD Mo, agreeing with our grain size experi

ments.) . Thus, the C and 0 will alter, but not drastically disrupt 

the lattice potential such that the relaxation time in MoO^C^ is riot 

much different from that in= the bulk.

Having rationalized the Drude parameters of MoO C , we now turnx y
to a consideration of the P value determined by the Drude plot for

MoOxCy. This plot gave P =480, which is higher than the P value in

either reflective Mo or bulk Mo. This indicates that there are larger

matrix elements allowing transitions to contribute to in MoO^C^ than

in the pure material. These additional transitions may be due to

either lower energy transitions which can occur in fee, but not bcc

metals (Lynch, 1975) or transitions involving C and 0 subbands within

the fee Mo bands. The influence of P on the reflectance of MoO C atx y
62 \m is smaller than our experimental error Ct 1%)• In addition,

changing P from 350 to zero alters the reflectance at 10 pm of our most

reflective Mo film by only 0.1%. Wex show in the next paragraph, •

however, that P is very important in understanding the reflectance of

MoO C between 12 pm and 62 pm. x y
We continue our analysis of the optical differences between 

MoOxCy and reflective Mo by evaluating the influence of interband
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transitions on the infrared reflectance of MoO C , Figure 6»7 presents

experimental' and theoretical reflectance curves of M o C M ^  between 12 jjjn

and 62 pm. The three theoretical curves are calculated from the Drude

and E£ with three different P values (corresponding to the P of

MoO C , reflective CVD Mo3 and bulk Mo) added to 6-. Confident that we x y 5 1
have explained the reflectance of MoO^C^ at 62 p,m with the Drude model, 

we hope to use Figure 6.7 to extend our analysis to smaller wavelengths 

by observing .how well the Drude model can approximate the actual 

reflectance in those spectral regions which exhibit interband transi

tions. Moving from high to low wavelengths in Figure 6.7, we see that 

all three Drude curves diverge from the experimental data. This 

divergence can be due to two factors: (1) the spectral dependence of P 

and (2) the presence of interbands. As we- move through the spectral 

position of an interband transition, the P value decreases. Thus, the

P value of 480 for MoO C at 62 urn may be reduced to the P value ofx y • ■
reflective Mo (.350) or to the P value of bulk Mo (250) by the time we 

reach 12 pm. The point to be made with Figure 6.7 is that the decreasing 

value of P further diverges the Drude reflectance from the actual

value. No physical P value can match the Drude and experimental

curves. We therefore conclude that the difference between the experi

mental and theoretical curves between 12 pm and 35 pm is due to the 

presence of interband transitions in that region. This conclusion is

reinforced by looking again at Figure 6.5. The Argand plot of MoO Cx y
curves at 35 pm (where the divergence in Figure 6,7 becomes appreciable) 

and then becomes highly nonstraight at 20 pm (where the curves in 

Figure 6.7 are furthest apart).
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In .summaryy both changes in the Drude parameters and the

presence of inter band transitions affect the reflectance of M o C M ^  at

12 pm. The non-negative values of at low w in Figure 6,2 result from

a combination of the small absolute values of the Drude e^.due to

carrier depletion and positive contributions to from the interband

transitions. With no influence on either E^ or E^ from the interbands

(P = 0), the,Drude E^ and E^ predict a reflectance at 10 pm of 91.8% for

MoO C . Thus, interband transitions in MoO C reduce its reflectance x y  x y
from nearly 92% to 85% at 12 pm. Figure 6.7 shows that the interband

i
resonances cause higher reflectance than that predicted by the Drude

E^ and E^ with a physical value of P added to e^. We have seen that

the P value affects the reflectance of MoO C much more than it does thex y .
reflectance of our most reflective Mo film. In addition, good agreement 

between the Drude E^ and E^ and the actual E^ arid* .e ' of the reflective

Mo film was found at 10 pm even though interband resonances begin

occurring at that wavelength (Lynch, 1975). The carrier depletion in 

MoO^Cy apparently reduces the Drude E^ and E^ enough to allow under

lying interband processes to substantially affect the reflectance (see 

absolute values of E^ and E^ in Tables 6.1 and 6.2).

Having outlined the influence of interband transitions on the 

infrared reflectance of CVD Mo, we now try to determine the origin of

the transitions which occur in the far infrared in MoO C but not inx y
pure Mo. As mentioned above, these can be due to the fee crystal 

structure of MoO^C^ or to the presence of impurity bands within the 

metallic bands. Determining the origin of the transitions is important 

because of the following. Our understanding of the reflectance of
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MoO. C can apply to any CVD Mo film if the transitions arise from,x y
impurity bands while our results are of less utility if the transit

tions are due to the fee crystal structure of MoO^Cy. This statement

follows from the fact that most Mo films contain C and 0 and are bcc.

The influence of composition and crystal structure on the occurrence

of the interbands cannot, however, be experimentally separated because

the anomalous, fee structure is stabilized by the C and 0. This

separation requires knowledge of the band structure of MoO^C ,

In conclusion, the difference between the reflectance of

MoO C and our most* reflective Mo film is. due to the small carrier x y ,
concentration and the influence of interband transitions in MoO C ,x Y
and is not due to a difference in T between the two ’films’.

Comparison of MoO^C to Mo Films Containing 
Different Amounts of C and 0

Even though the fee crystal structure of MoO^C^ may allow for 

interband transitions in the far infrared which influence the 

reflectance, some of our conclusions from the previous section extend 

to films exhibiting other crystal structures deposited in this study. 

This section addresses differences in reflectance between the various 

films represented in Figure 5.9.

The carrier depletion in MoO C was attributed in the last.x y
section to some combination of Mo-0 and Mo-C bonding. Data correspond

ing to films from the carbonyl process in Figure 5.9 show-that oxygen 

is more detrimental to reflectance than is carbon. Films from the 

chloride process and evaporative films clearly show the detrimental 

influence of oxygen on infrared reflectance. Meanwhile, Table 5.3
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shows the importance of oxygen on the reflectance of sputtered Mo thin 

films.

Even though the loss of carriers in Mo-0 bonds could explain 

the low reflectance of many of these films ? structural modifications 

from the bulk must also be considered. This is seen by viewing the 

cluster of five data points near the composition 66-5-23. in Figure 5.9. 

Underlined reflectances in Figure 5,9 refer to films with weak X-ray 

diffraction patterns. Each film with a weak pattern exhibits lower 

reflectance than its neighbor with similar composition and a strong 

pattern. This implies that poor crystalline order can cause a lower T 

in the films with respect to the bulk and a corresponding loss in 

reflectance. Since impurities can reside within the grains- in CVD Mo, 

as found in the last section, poor order in a CVD sample could be due 

to disruption of the lattice caused by the impurity. On the other 

hand, weak X-ray patterns and poor order in evaporative Mo can be 

caused by the intergranular impurity and fine grain size discussed by 

Oikawa and Tsuchiya (.1978) and Nestell et al, (1979) * We return to 

this point in the next section.

So far in this section we have shown that impurities affect 

the reflectance of any of our CVD films and that poor crystalline 

order can have influence on the reflectance of the films. We 

now discuss the data point near the composition of MoC^ in Figure 5.9 

to bring out how influential band structure can be on the infrared 

reflectance. This point corresponds to black Mo which has a reflect

ance at 10 pjn of 78% and contains 58 atomic per cent 0, In contrast, 

one of the deposits from the carbonyl contains only 32 atomic per cent 0
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but has the same reflectance. Clearly, the monoclinic crystal structure 

of black Mo creates a band structure which.allows for a reflectance of 

78% in spite of the oxygen in this film. This is not surprising if we 

refer to Table 2.1 and realize that MoC^ is a completely different 

material as compared to Mo. This extreme case shows that a considera

tion of band structure is essential for understanding many of the 

points in Figure 5.9.

In conclusion, impurities, grain size, and crystal structure 

must be involved in an analysis of the reflectance of any of the films 

deposited in this study. Each film, however, must be analyzed in

detail (as we have done with MoO C ) to determine the relative influencex y
on the infrared reflectance of each modification from the bulk.

Comparison of MoO C to PVD Mo--- C---------  x—y-- --=--
Both MoO C and PVD films described in Chapter 5 exhibit x y

infrared reflectances which are more than 15% below that of the bulk.

Reasons for the anomalous reflectance of MoO C and the PVD films may,x y
however, differ. This statement is based on the observations of

Oikawa and Tsuchiya (1978) and Nestell et al. (1979) in addition to

our results. We explained the low infrared reflectance of MoO C withx y
arguments based on a mixture of carrier depletion and the optical 

influence of interband transitions, while Oikawa and Tsuchiya (1978) 

explained low electrical conductivity with arguments based on inter- 

granular impurity.. Nestell et .al. (1979) followed the lead of Oikawa 

and Tsuchiya to explain the low visible reflectance of evaporative Mo.

We observed changes in the Drude n while the other authors1 conclusions
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relate to changes in the Drude T, Seto et al, (1972) present data 

which reinforce our assumption that these discrepancies are real. Seto 

et al. do this b y 'showing that the presence of impurities in"PVD Mo 

alters only the value of the temperature independent (extrinsic) term 

in Matheson’s Law [Equation (2,10)] while impurities cause changes in 

both terms of Equation (2.10) in CVD Mo, Changes in the first term 

correspond to a change in the intrinsic resistivity of a metal? such as 

is possible when the carrier concentration is depleted by the formation
rlof metalloids, or Mo-C and Mo-O bonds. Changes in the second term 

correspond to changes in the severity of electron scattering, such as can 

be caused by impurities, Seto et al, (1972) are basically saying that 

impurities in CVD Mo are bonded into the Mo lattice while impurities in 

PVD Mo are rionbonded. This statement- makes sense since CVD deposits 

are grown in thermal equilibrium with the substrate, as described in 

Chapter 3. This fact allows impurities such as C and 0 to become 

bonded in CVD films before being buried,

Thus, the reflectance of as-deposited CVD and PVD Mo may be 

lower than that of the bulk for different reasons.. _ In Chapter 5, we 

did, however, observe an unexplained disagreement between our data and 

that of Oikawa and Tsuchiya (1978). Our data indicated that the 

increase in infrared reflectance of evaporative Mo during post

deposition high temperature treatments are due to the outgassing of C 

and 0, not grain growth.

Measurements of the composition of sputtered Mo films deposited 

by Temple et al. (1977) indicated that oxygen is detrimental to the 

infrared reflectance of these.PVD films as seen in Table 5.3. This is
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consistent with statements by. Temple et al, (1977) which explain that 

the most. highly reflective sputtered Mo film is deposited with the 

highest deposition rate. A high rate of deposition will form the 

films before they have time to getter oxygen. Complete post-deposition 

annealing of sputtered Mo did not, however, increase the reflectance of

these films to that of the hulk.- In fact, sputtered Mo deposited by

Raj and Wehner (1979) is more pure than our most reflective CVD films, 

yet is less reflective as shown in Figure 5.11. These observations may 

be explained by the collection of vacancies, or even voids, in 

sputtered Mo. The nonthermal equilibrium nature of sputtering may 

incorporate enough voids in sputtered Mo to prevent its reflectance 

from attaining that of the. bulk.

In conclusion, we can state for any Mo film that the removal 

of carbon and oxygen will lead to high reflectance. The avoidance of 

C and 0 prevents scattering from dirty grain boundaries in evaporative 

films, and carrier depletion in CVD films. Avoiding carrier depletion 

prevents interband transitions from having a substantial influence 

on. the infrared reflectance of CVD Mo, The absence of C and 0 also 

precludes impurity scattering and the stabilization of anomalous 

crystal structures by the impurities. The avoidance of C and 0 can 

be accomplished by CVD with much more ease than with PVD. High 

substrate temperatures (750 C) and a. reducing atmosphere allow for 

pure CVD deposits. Both high substrate temperature and ultrahigh 

vacuum are required in PVD systems to accomplish the same thing.



CHAPTER 7 

APPLICATIONS OF CVD MOLYBDENUM

Molybdenum exhibits several properties which allow for various 

applictions of the metal. ■ As compared to the noble metals5 these prop

erties include: (1) superior hardness„ (2) smaller coefficient of

thermal expansion, (3) higher melting point, (4) electrical resistivity 

only twice that of aluminum, (5) infrared reflectance as high as that of 

aluminum, and (6) lower visible reflectance. An early paper by Lander 

and Germer,. (1948) mentions that Mo has desirable properties, but that it 

is expensive in bulk form. As a result, applications of Mo often 

utilize thin films of the metal. Early applications used the hardness 

of thin plates of Mo and molybdenum alloys to provide wear resistant 

surfaces on bearings, dies, and other tools (Lander and Germer, 1948).

In the mid-sixties contacts and interconnections for microelectronic 

circuits on silicon wafers were made of aluminum. Holmwood and Glang 

(1965) realized that problems caused by scratches in the A1 could be 

solved by switching to thin Mo contacts formed by evaporation. This 

application combined advantages due to the hardness and resistivity of 

Mo with its coefficient of expansion, which is closer in value to the 

expansion rate of silicon wafers than any other metal except tungsten. 

Recently? thin films of_ Mo have been employed as self^aligned gates and 

interconnects for MOB LSI circuits because the high melting point 

of Mo allows it to be used as a diffusion mask at temperatures up to

. 139
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1000 C (Oikawa and Tsuchiya, 1978), All of the above mentioned proper

ties of Mo are utilized in this latter application, except the optical 

properties. >

One reason for the dearth of optical applications of Mo films is 

the fact that their infrared reflectance is inferior to that of the bulk. 

In this study, we reveal causes for -the anomalous.low reflectance of Mo 

thin films, and demonstrate several methods of producing, and even

surpassing, bulk-like infrared reflectance. As a result, optical
:! . applications of Mo films will now benefit from a combination of the re

fractory nature of Mo and the high infrared reflectance generally asso

ciated with conventional mirror materials. This chapter discusses two 

applications which benefit from both the optical and thermal properties 

of CVD Mo: (1) photothermal solar energy converter surfaces and (2)

high power laser end mirrors.

Our success in merging the thermal and optical properties of Mo 

thin films by using CVD techniques is only one example of a thin film 

intended for optical use at high temperatures. Hafnium carbide, poly- 

crystalline silicon, amorphous silicon, and silicon-carbide alloys have 

all been chemical vapor deposited with optical applications in .mind 

(Seraphin and Spitz, 1977; Janai et al., 1979; Booth, Allred, and 

Seraphin, 1979). In the past, thin film optical technology has been by 

and large limited to room temperature applications. High temperature 

induced diffusion between coating and the substrates, -chemical reactions 

between coating and the atmosphere or substrates, recrystallization, and 

phase changes in the coating all have limited uses of conventional thin 

film materials at elevated temperatures (Hahn and Seraphin, 1978). The
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CVD process not only allows for the deposition of refractory materials 

without the high source temperature required in evaporated systems, but 

also prescreens the growing deposit against failure at temperatures 

lower than the substrate temperature during deposition. Expanded use of 

CVD and novel optical applications of refractory thin films allow for 

the development of high temperature thin film optics (Gurev and Seraphin, 

1975; Donnadieu and Seraphin, 1978). The advantages of using CVD tech

niques . ,dnd Mo thin films in photothermal-converters and .high power 

lasers will be brought out in the following sections.

Highly Reflective Mo Thin Films in Photothermal 
Solar Energy Converters

A few paragraphs concerning the -nature of photothermal convert .

sion and those properties which are required of converter surfaces are

in order before we address the use of CVD Mo in this application. The

following description of photothermal conversion was taken from Seraphin

(1979). More details can be found in Meinel and Meinel (1976).

The Nature of Photothermal Conversion

The basic principle of photothermal solar energy conversion is 

illustrated in Figure 7.1. Some optical device, such as the cylindrical 

parabola shown in-Figure 7.1, concentrates the solar flux onto the 

absorber-converter element. The element is shown in Figure 7.1 as a 

pipe which runs along the focal position of the parabola. A heat.trans

fer medium flows through the pipe which is coated bn the outside with a 

thin film stack. We use the parabolic trough configuration for reasons 

of illustration. Other concentrator-absorber geometries exist and will
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select ive surface on 
opaque pipe conta ining
heat f low medium

ecr T = r a d i a t i v e  
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Figure 7.1. Energy balance at the surface of a photothermal solar 
energy conversion unit: input equals the concentrated 
solar flux (X$); output equals the reflective loss (l-a) 
(X$), the radiative loss (eGT^), and power to the heat 
flow medium (Q) —  T, a, and £ are equal to the 
temperature, absorptance, and emittance of the selective 
surface, respectively.
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be mentioned later. The reflectance of the stack is low in the solar 

emission band, such that solar absorjptance is maximized, and high in the 

thermal infrared. The high infrared reflectance results in low infrared 

absorptance and therefore low emissive loss by KirchhoffT s law. A 

surface with high solar absorptance and high infrared reflectance is one 

example of a spectrally selective surface. High selectivity maximizes 

energy transfer to the fluid within the absorber-converter element. The 

fact that a drop in reflectance between the infrared and visible can
■ : • ; Hoptimize photothermal conversion stems from the the difference in 

temperature between the sun and our converter surface. The sun, 

effectively a blackbody at 5500 C, emits 95% of its output at wave

lengths less than 2p,m. A terrestrial receiver kept at 650 C emits 95% 

of its Planckian radiation at wavelengths longer than 2p,m. Thus, as 

shown in Figure 7.2, the spectral ranges of solar flux and reradiative 

loss are well separated on the wavelength scale. The optimal spectral 

location of the reflectance drop is determined by calculating at which 

wavelength, for a given application, the ratio of absorbed solar flux 

and reradiative loss is optimal. Figure 7.2 shows that the. result is 

dependent on both the concentration ratio and the converter temperature. 

Since practical converters will experience a range of temperature and 

concentration ratios during cloud passages, etc., a reflectance drop at 

2p,m is considered optimal for most applications, as shown in Figure 7.3.

Figures of Merit of Photothermal 
Converters

The optical properties of selective stacks are summarized by 

two quantities or figures of merit; (1) solar absorptance CL and (2)
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Figure 7.
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thermal emittance We will now review the meaning of these two

numbers before discussing those properties which are required of selec

tive converters. The most general expressions for a and £ are given as 

follows (Hahn and Seraphin, 1978):

9° 2tt it/2
7 " S S a(X, T,.0, (J)) §(X, 0 ,cj))sin0cos0d0d(f)dA

^ H e m ^  = » 2rr tt/2 ~  " ' " “
o o o $(X, 0, <(>) sin0cos0d0d(f)dX

00 2 tt e / 2

/ / / e(A,T,0,4>)£ (A,T)sin0cos0d0d<j)dA
o (T) =  -----2---------   ££--:____ -_______  V  .2;“Hemv J 9° 2 tt tt/ 2

■ ' I f f  £ (X,T)sin0cos0d0d$dX
O O O B B

where a and e are the spectral-angular absorptance and emittance, 0 is 

the spectral-angular solar flux in power per unit solid angle per wave

length interval per area, is the spectral blackbody output, 0 is the
B B

angle with respect to the surfave normal, (J) is measured around the 

normal, and X is the wavelength. p̂[ein an<̂  ^Hem are t îe hemispherical- 
total solar absorptance and hemispherical-total thermal emittance 

respectively, because they represent integrals both over all directions 

above the collector and over all wavelengths. In addition, the re

flectance and absorptance of solid surfaces (and therefore a, &, a, and 

c) are all functions of temperature.

In actual practice. Equations (7.1) and (7.2) are difficult to 

implement, since information on the directional variation of the 

spectral absorptance-, emittance, and solar intensity is generally not 

available. Three basic assumptions are therefore often made. First, 

the solar flux is assumed to impinge on the absorber surface at normal

incidence such that we can express the normal absorptance, a , as:
/ n
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/ an (A,T)$(A)dA

V 1? " * - = : ------------   .f 0(A)dA

where and <$> are the same quant it it es as in Equation (7.1) except that

8 equals zero degrees. Second, the normal emittance is often used 

instead of the hemispherical emittance, such that:

“ en.(A,T)eBB(A,T)dA
e (T) = — —  —  • (7.4)

/ eBB(A,T)dA
o „ ;

. ;iThis second approximation is made when is determined by measuring 

the reflectance of the converter surface. We will explain tbisnstate- 

ment by demonstrating how the reflectance is related to the emittance, 

starting with the following equation for opaque surfaces:

1 = + a(X,T,6,(|>). (7.5)

Equation (7.5) is a statement of the conservation of energy: the

energy in a beam of'light incident from a single direction (8 ,(j)) is

either absorbed within the converter or scattered into the hemisphere

(Rtt ) above the converter. With the converter in thermal equilibrium hem . .
with its surroundings, ■ we can also invoke Kirchhoff's law:

e(A,T,0,<J>) = a(A,T,9 ,<j)) . (7.6)

Equations (7.5) and-(7.6) can then be combined to write:

£(A5T,e,<f>) = 1 - .Rliem(X’T?6’<,))' (7.7)
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To find the hemispherical emittance we would then need to measure 

(X,T90 ?<j)) to determine £ (A 9T 96 9(J)) from Equation (7.7) and then &^^(T) 

from Equation (7.2). One way to determine Rg^m (A9T 9 0 9(j)) is to measure 

what is known as the directional-hemispherical reflectance at all 

angles (Siegel and Howell9 1972). In other words9 we would need to 

place a pencil beam on a converter from a direction (0;, (f>), collect all 

scattered, light in the hemisphere9 and do this for all sets of 0 and <j>. 

The difficulty of this measurement justifies using Equation (7.4) with 

£^(A9T) determined from Equation (7.7) (with 0 = 0) to find C^(T) . We.

still see, however, that the normal emittance depends on a 

hemispherical reflectance measurement. The fact that 0 =

directional- 

0 is chosen

in Equation (7.7) for evaluating £(A,T), as opposed to any other angle,

belies the error in assuming that &^(T) can be used to evaluate the

radiative loss term in Figure 7.1; i.e., that £ (T) equals ^ ein(T) .

This is clarified by remembering that the off-axis reflectance of p type

polarized light from metal (principal angle) and dielectric (Brewster

angle) surfaces goes through a minimum for some angle which can force

the average reflectance of the s and p polarized waves to be lower at

that angle than at the normal (Drummeter and Hass, 1964). Drummeter

and Hass have shown that this effect causes £TT to be equal to fromHem
1.25 6 to 1.3 £ for metals with clean, smooth surfaces of high n n
infrared reflectance. The normal emittance can be even a smaller

fraction of £ for rough metal surfaces with an oxide layer. The best Hem &
way to evaluate the usefulness of an £ which is derived from a reflect-n
ance measurement is to compare it with the total-hemispherical emittance 

which has been measured directly. The Measurements Laboratory at the
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Optical Sciences Center is developing an instrument for measuring 

e H e m ( T ) *

The third assumption which is often used to simplify Equations 

(7.1) and (7.2) is that a and £ are not functions of temperature. This 

assumption is difficult to justify when one considers the reversible 

changes in reflectance and absorption that occur in metals and semi

conductors as they are heated to 500 C and then cooled back to room 

temperature. The Measurements Laboratory of the Optical Sciences 

Center also contains a functional high temperature reflectometer which 

measures specular (near normal) spectral (visible and near infrared) 

reflectance (Jacobson and Lamoreaux3 1979).

We have discussed assumptions which are made to determine 

approximations of a and £ so that the absorptances and emittances which 

we quote in the remainder of this chapter will be firmly defined, with 

all'these assumptions clarified. In all cases we will use the following 

relationships:

' ■ 00 i
f [I-Rt, (A,T,0) ]4>(X)dXriem

— =---------- —
/ »(X)dX
o

co
/ [l-Rjj m (A,TvB=7o)]eBB(A,T=500 C)dA

e  _  P _ .    ..........................— ---------- — -----------

/ <Lb b (A,T=500 C)dA -
O

where 0(A) represents the solar flux for air mass = 2 (Hahn and 

Seraphin, 1978) and the blackbody emission spectrum at 500 C was used

(7.8)

(7.9)



in Equation (7.9). Three comments are now in order concerning the

angles, the type of reflectance (hemispherical or specular), and the -

temperatures used in Equations (7.8) and (7.9).

First, 0 in Equation (7.8) was set at either of two off-axis

values, 7° and 20°. Picking 0 equal to a nonzero value is just another

way to simplify Equation (7.1), except the result is instead of the

of Equation (7.3). We have shown that a^0 is equal to O^q0 to

within our experimental error for some of the silicon on molybdenum

stacks discussed later in this chapter. This qualitatively allows us

to state that the a values from Equation (7.8) are close to the

values which would result from using Equation (7.1). In Equation (7.9),

0 has always been set at 7°. This value is so close to zero that the

average of the s and p polarization reflectances.will be virtually

equal to the normal reflectance. The values of £ from Equation (7.9)

can, therefore, still be used for £ within the relation £_. = 1.3 £9 „ . n Hem n
to get an estimation of the lower limit of the hemispherical emittance.

Second, the R values in Equation (7.8) were measured with an Hem
integrating sphere reflactometer. As discussed in Chapter 4, this

instrument functions in the hemispherical-directional mode. For uniform

hemispherical illumination, the hemispherical-directional reflectance,

^Hem-Dir9 e(lua^ to the directional-hemispherical value,
(Siegel and Howell, 1972). Either of these quantities can therefore be

used -for in Equation (7.8). We have used ĵ)£r_^eiI1 discussion

to this point because it is easier to visualize than R,, _. . InHem-Dir
addition, R ^ ^  in Equations (7.8) and (7.9) was replaced with a specular
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reflectance when it was shown that the surfaces were smooth enough for 

the hemispherical and specular reflectances to be equal.

Third, most of the d and £ values mentioned later were deter

mined from reflectance measurements made at room temperature, although 

some measurements were done at 500 C. We will dicsuss how much the 

reflectances can change during heating from 20 C to 500 C in the 

following sections concerning each different type of stack.

The integrals of Equations (7.8) and (7.9) were evaluated 

either graphically using "distorted wavelength" plots (Hass, Schroeder, 

and Turner, 1951) or by computer using the Thomas-Richmond 100 Selected 

Ordinate Method (Thomas and Richmond, 1978). In summary, the d values 

which we will quote can be considered hemispherical quantities, the £ 

values must be considered normal quantities, and both d and £ must be 

qualified with respect to the temperatures at which the reflectance 

measurements were taken.

Requirements of Pho to thermal Converters

In this section we bring out specific ways in which both the 

CVD process and Mo thin films can help satisfy requirements of photo- 

thermal conversion. Converter requirements and the advantages of CVD 

follow argumentation used by Gurev and Seraphin (1975) and Tabor (1978).

Both the visible and infrared optical properties of Mo are 

useful in meeting the two most important requirements of photothermal 

converters: high aHein and low Figure 7.7 (p. 172) shows the high

infrared and moderate visible reflectance of the most reflective Mo 

films prepared in this study. The drop in reflectance as we move from
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the infrared toward the visible is caused by the occurrence of non-Drude 

behavior in the form of interband transitions. Uncoated Mo exhibits a 

solar absorptance of 0.36 and a normal emittance of 0.03 (calculated 

from room temperature reflectance). The next two sections will show 

how Mo films can be overcoated with dielectric and semiconducting films 

which enhance absorptance while leaving emittance near the value of bare 

Mo. The resulting selective surfaces have emittances which are nearly 

as low as.that of conventional mirror materials, with substantial solar 

absorptance. The absorptance of stacks deposited on a metal such as 

silver with d = 0.02 (Drummeter and Hass, 1964) depends solely on the 

absorptance of the nonmetallic overlayers, whereas the d of stacks on 

Mo can be enhanced by the absorptance of the Mo itself.

- Long-term stability at the intended operating temperature 

(500 C) of the converter is a further requirement. Stacks containing 

silver agglomerate and therefore lose reflectance at temperatures 

above 300 C unless silver is stabilized with additional layers (Hahn, 

1976). The high melting point temperature of Mo (2625 C) precludes 

agglomeration at 500 C. In addition, the thermal- expansion coefficient 

of Mo matches the coefficient of silicon (which is often used as the 

overlayer) more closely than any other metal except tungsten. The 

closeness of this match allows silicon and Mo layers to cycle between 

500 C and 20 C without severe cracking or peeling.

The survival of the stack during high temperature spikes is a 

further requirement which CVD films can satisfy. The chemical vapor 

deposition of Mo films and other stack components at temperatures well 

in excess of 500 C prescreens the stack against catastrophic failure
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during short-term overheating above 500 C due to possible system 

failures like a loss of coolant accident. Yet another requirement 

relating to stability is the need for resistance against atmospheric 

corrosion. A later section in this chapter describes how CVD silicon 

nitride can passivate thin film Mo against oxidation during exposure 

to air at 500 C. Micro-cracks in the nitride passivator must be 

eliminated, however, or else the reflectance is lowered due to oxida

tion. We'will return to this point in the section concerning 

passivation.

Compatibility of the stack components with substrate materials 

which are appropriate for the application shown in Figure 7.1 is another 

requirement. The tendency of Mo deposits to completely diffuse into 

metallic substrates at the high deposition temperatures of CVD, and 

corrosion of the substrate by reaction gases during CVD are two 

problems in this regard (Bryant and Meier, 1974). Childs et al. (1951) 

have shown that some film-substrate diffusion is beneficial for the 

adherence of thick deposits while Wlodek and Wulff (1960) have 

produced adherent Mo coatings on several metal substrates (including: 

nickel, Inconel, Cu plated iron, Co plated iron, Ni plated iron, Rh 

plated iron, and Ni plated i030 steel). Stacks produced at the Optical 

Sciences Center which contain Mo films have been deposited on either 

quartz or silicon wafer substrates.. From the above references it would 

appear that complete. Mo based stacks can be deposited by CVD on 

appropriate metallic substrates.

Another requirement which Tabor (1978) stresses is the ability 

to reproducibly deposit converters with the same optical and thermal
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properties. As discussed in Chapter 1, one of the objectives of this 

dissertation was to reduce the art of depositing highly reflective CVD 

Mo to a science. Having determined which aspects of the composition 

and structure of the growing film tend to reduce the reflectance, 

future optical applications of CVD Mo will be straightforward.

The final requirement, 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 refractory materials like Mo without the 

high temperature crucibles needed in evaporative systems. Operation at 

one atmosphere permits a sequence of deposition chambers to be lined 

up— separated by O-ring seals-— to deposit the various components of a 

selective stack on the pipes of Figure 7,1 in a continuous manner. -From 

a materials viewpoint, CVD systems can deposit a larger selection of 

metals, semiconductors, and dielectrics than any other deposition 

process. Thus, all components of the stacks can be prepared in thin 

film form in avoiding the costs of bulk materials. CVD can also 

deposit materials of variable compositions, such as graded^index AR 

coatings for the outer converter surface (Donnadieu and Seraphin, 1978).

In summary we have shown how the thermal and optical properties 

of Mo can be merged with the advantages of CVD to satisfy some of the 

requirements of fabrication and operation of photothermal' solar 

converters. The next two sections discuss various approaches to 

attaining high & with low (L and how CVD Mo has been, or could be, used 

in this regard.



154

Methods for Providing Spectral Selectivity

Before discussing the various approaches for attaining spectral 

selectivity, we should briefly consider how important selectivity is 

for different solar thermal systems. Most of the concepts in this 

section were taken from Seraphin (.1979) and Hahn and Seraphin (.1978),

The importance of selectivity can be quantified by calculating the 

absorptance of merit, which is defined as the power Q which is

transferred to the heat flow medium (in Figure 7,1) divided by the
A

amount of solar power incident on the converter element, The

absorptance of merit is determined by first writing the power balance

equation at the surface of the converter in Figure 7.1. For no

convective losses and if the converter is at a much higher temperature
4than its surroundings (such that (7T of the converter is much higher 

than OT^ of the surroundings),

x$a = ecrT4 + Q , " (7.10)

and

"m = &  = & - ' (7-1I)

We see that increases in solar absorptance, a, have direct impact on 

a^, ;while changes in & are weighted by the concentration factor and the 

converter temperature. Since high temperatures are desired for 

increased thermodynamic efficiencies during the utilization of Q, low &, 

and high X are at a premium. Figure 7.4 plots a^ of a converter 

exhibiting a = 0.95 against the emittance for the X values equal to 

100, 250, and 1000 at temperatures of 400 C and 500 C. Assuming the
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Figure 7.4. Absorptance of merit versus emittance for a converter of 
d = 0.95 at various concentration ratios, X, and for T = 
400 C and 500 C.

system exhibits maximal absorptance, we see from Figure 7.4 that either 

high X or low a must be employed to attain the highest Cl̂ . As a 

result, the solar engineer faces a tradeoff between providing high X 

with complex concentrating systems and providing low a, and high Cl, 

with spectral selective coatings. The expense of concentrating systems 

goes up with X, increasing from the flat plate (X = 1), the Winston 

collector (X = 10), and the parabolic trough (X > 100), to the central 

receiver or power tower (X > 1000). Figure 7.5 illustrates the four 

configurations, characterized by increasing values of X. Masterson 

(1977) has shown that even systems with X = 500 benefit from using
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Figure 7.5. Schematic representation of the basic types of nonimaging 
(a, b) and imaging (c, d) solar collectors: (a) flat 
plate; (b) Winston parabolic concentrator; (c) parabolic 
trough; and (d) power tower.

spectral selectivity. Both this fact and the expense of large 

concentration systems justify extensive research with selective 

coatings.

There are five basic methods being pursued for providing 

spectral selectivity. These include the use of (1) intrinsic materials, 

(2) absorber-reflector tandems, (3) interference effects, (4) surface 

textures, and (5) composite materials. Practical converter stacks 

require a combination of at least two of these methods. As mentioned 

in the previous section, an uncoated Mo film exhibits low emittance
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with moderate ahsorptance, and therefore can be classified as an 

intrinsic material-with spectral selectivity. Other examples are W,

HfC, TIN, and TiC (Hahn„and Seraphin, 1978). Although refractory, 

these materials can be readily deposited by CVD. The ideal single 

layer converter would have enough free electrons to provide for high 

infrared reflectance plus bound electrons which would result in 

substantial visible absorptance (Seraphin, 1979). Since no single 

material has been found which exhibits both high enough <X and low . 

enough £, the other four methods are used to enhance the absorptance 

of a metal with high infrared reflectance, such as Mo * This absorp

tion enhancement must be done, however, without dramatically increasing 

the £ of the metal.

In the absorber-reflector tandem approach, a material with high 

visible absorptance and high infrared transparency is deposited on a 

metal. The absorber is generally a semiconductor like Si or Ge which 

has an absorption cutoff in the near infrared. Oxidizing a metal 

surface to form a metal oxide with intrinsic absorption in the visible 

is a simple method for producing an absorber-reflector tandem (copper 

oxide on copper is an example). The idea behind the absprber-reflector 

tandem is to obtain selectivity with the absorber. In cases where 

the absorber does not exhibit complete absorption, however, selectivity 

of the underlaying metal (such as Mo) can assist the absorber layer in 

trapping the solar flux. The next section compares CVD"silicon on 

evaporated silver with CVD silicon on CVD Mo tandems fabricated at the 

Optical Sciences Center. For completeness we mention in passing the 

existence of reflector-absorber tandems which emphasize selectivity in
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the reflector layer. In this approach a material, such as indium-tin 

oxide, with high infrared reflectance and high visible transparency is 

placed over a nonselective absorber (Hahn and Seraphin, 1978).

A second method for enhancing the a of a metal without 

increasing its £ is to employ interference effects by coating the metal 

with one or more absorbing or nonabsorbing layers. Drummeter and Hass 

(1964) have presented two basic approaches for producing interference 

coatings with low visible and high infrared reflectance. These methods 

depend not only on the optical properties of the individual layers, but 

also on the film thickness-to-wavelength ratio. Interference effects 

predominate at visible wavelengths where the optical thickness of the 

films is a sizeable fraction of a wavelength. At the longer wave

lengths the optical thicknesses are so small that the films are unable 

to appreciably affect the incident radiation and the reflectance of the 

stack equals that of the underlaying metal. As an example of the first 

approach, A1 is coated with a single film of germanium followed by a 

single film of S10, each film approximately one-quarter wavelength 

thick (Hass et al., 1951). . Germanium was used because it absorbs 

strongly in the visible, but becomes transparent in the near infrared. 

Thus, intrinsic absorption within Ge enhances AR induced absorption 

within the Al. These stacks have exhibited & = 0.75, but lose their 

selectivity when Al diffuses into the Ge at temperatures above 200 C.

The next section discusses a similar stack configuration, using CVD

SiqN,, Si, and Mo, with much higher temperature stability.
/

In the second approach involving interference effects, the stack 

consists of the sequence: opaque metal/dielectric/thin semitransparent
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metal/dielectric. The so-called AMA coatings9 using opaque Mo/AJ^Og/ 

thin Mo/ALl^O^) have demonstrated high temperature stability (500 hours 

at 920 C) with a =.0,85 and £ = 0.11 (Peterson and Ramsey, 1975). 

Extensive work with the AMA configuration has been pursued by Meinel 

using several other physical vapor deposited materials (Hahn and 

Seraphin, 1978). The review by Hahn and Seraphin also mentioned that 

high reflectance in the opaque PVD Mo layer is difficult to attain and 

that some oxygen contamination in the semitransparent Mo layer leads to 

an increase in the band width at the high absorption region. The high 

infrared, reflectance of CVD Mo, and the ability to add controlled 

amounts of oxygen to a CVD film establishes the potential of using CVD 

Mo in the AMA configuration.

Depositing a converter with a texturized surface represents the 

fourth method of providing selectivity. In this approach the front 

surface of a metal with high infrared reflectance is roughened such that 

visible radiation is trapped between whiskers which appear flat to 

infrared light. As with previously discussed methods, surface texture 

enhances the visible absorptance of a metal without decreasing its 

infrared reflectance. Examples include CVD rhenium (Seraphin, 1975) 

and CVD tungsten (Cuomo, Ziegler, and Woodall, 1975).

The final method of providing selectivity involves depositing 

an absorber which consists of metal particles embedded in a dielectric 

matrix over a metal with high infrared reflectance. These so-called 

composite materials provide absorption in the visible while exhibiting 

reasonable transparency in the infrared. Their absorptance is the 

result of resonances within metal particles instead of intrinsic
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absorption in the entire absorber layer. Chromium in a Cr^O^ matrix 

(Black Chrome) (Ignatiev, O ’Neill, and Zajac, 1979; Lampert and 

Washburn, 1979; Spitz, Danh, and Aubert, 1979) and platinum in a 

Al^O^ matrix (Craighead et al., 1979) are good examples. As the- 

thickness of these composite films is increased, the solar absorptance 

increases while the infrared transparency and therefore the ability of 

the underlaying metal to suppress the emittance is reduced. In fact, 

composite based converters generally have rather high emittance 

(Craighead et al., 1979). If the composite layer was deposited on a 

transition metal like Mo, the initial moderate absorptance of the metal 

would allow the absorber layer to be thinner than it would need to be 

for the same a value on a metal like silver or copper. Thus, the use 

of Mo in composite-metal stacks should lead to higher infrared 

transparency and therefore lower emittance.

We have briefly discussed how CVD techniques and/or use of a 

transition metal like CVD Mo can be used in all five approaches to 

providing spectral selectivity for photo the rma1 solar converters. The 

next section involves actual solar thermal applications of CVD .Mo which 

have been pursued in the last four years in an effort of which this 

study was an integral part.

CVD Molybdenum in Photothermal Converters

To this point we have established the potential of utilizing 

the optical and thermal properties of CVD Mo to help provide the <%, 

and stability required of photothermal converters. This subsection 

discusses the absorptance and emittance values which Mo based stacks



161

have exhibited while the next section presents data on the lifetime 

stability of the same stacks.

Except for the final section of this chapter5 the remaining

material demonstrates the .^.evolutionary nature of the solar group's

approach to using CVD materials in photothermal conversion. Even

though the space program has provided coatings with spectral selectivity

(Drummeter and Hass, 1964; Schmidt, Park, and Janssen,. 1963, 1964),

widespread photothermal conversion of solar energy using selective

coatings requires materials research into the most cost-effectirve ways

of producing efficient converters. .The solar group combines expertise

in solid state physics, materials science, thin film optics, arid

physical chemistry to make this empirical approach more systematic.

These comments are clarified in the following quote from Hahn and

Seraphin (1978, p. 3):

. . . photothermal solar energy conversion poses no great 
risks. There are few problems that do not have at least 
one technological solution. However, the ultimate applica
tion of this technology is dominated by economic considera
tions. Consequently, most of the recent efforts to 
fabricate spectrally selective surfaces have sought to 
apply new technologies to reduce the cost as well as to 
improve the performance of these components.

Many efforts to develop spectrally selective surfaces 
have been highly empirical in their approach. However, the 
successful development of several absorbers for certain 
applications has clearly identified the need for a thorough 
understanding of the fundamental physical mechanisms which 
determine the optical characteristics of the absorber»
This knowledge can then be systematically applied either to 
improve the spectral- characteristics and durability of 
existing absorbers or to develop new approaches using . 
different materials and preparation techniques.

The remainder of this section discusses the use of CVD Mo in existing

converter configurations while the next section involves the development
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of a new material? black molybdenum, which has potential for use in 

photothermal conversion.

We stated in the last section that two or more methods of 

attaining selectivity are used in any practical converter. The silver 

based stack in Table 7.1 is an antireflected tandem (Masterson, 1977), 

utilizing both interference effects and the tandem concept. All of the 

absorptance occurs within ttie silicon which is 1.5 pm thick. The 

reflectance of this stack is shown in Figure 7.6. The infrared fringes 

result from undesirable interference within the thick silicon layer. 

Agglomeration of the silver layer at temperatures over 300 C led to the 

development of stabilization layers which prevented agglomeration (Hahn" 

and Seraphin, 1975; Hahn, 1976). The desire to deposit the entire 

stack by CVD and to avoid the agglomeration problem resulted in the 

development of the Mo based stack,illustrated by the center column of 

Table 7.1. This stack also benefits from antireflection, and intrinsic 

absorption within the - thick silicon layer. The moderate reflectance 

of the Mo, however, does enhance the a of the stack, as seen by 

comparing the room temperature absorptahces in Table 7.1.. The 

enhancement occurs in the near infrared where.the absorption of silicon 

is small and the reflectance of Mo is moderate (Booth et al., 1979).

This Mo based stack does, however, have an unacceptably high emittance, 

caused by interference fringes in the infrared (due to differences 

between the optical constants of Ag and Mo, the fringes shown in 

Figure 7.6 are much deeper for the Mo based stack). As a result, we 

deposited stacks with a thinner silicon layer causing the fringes to 

move into the visible and near infrared such that the high infrared



Table 7.1. Summary of selective stacks produced using CVD at the Optical Sciences Center.

Simplified
CVD SiqN/,
CVD Si(1.5 urn)

CVD'SiqN/,
. CVD Si (1.5 um)

CVD SiiN4 •
CVD Si (0.07 pm)

Configuration Evap. Ag CVD Mo CVD Mo

Measurement
at 20 C 0.71 0.77 0.72-0.75

Absorptance
Measurement
at 500 C 0.76 ---- —  —

Normal
Measurement 
at 20 C 0.06 large 0.05

Emittance Measurement
at 500 C 0.07
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Figure 7.6. Near-normal-incidence reflectance of a CVD stack at 20 C 
and 500 C.
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reflectance of Mo could effectively limit the emittance of the 

converter. As a consequence, the intrinsic absorption with the silicon 

layer was decreased. The right hand column in Table 7 ̂ 1 does show, 

however, that the thin silicon on Mo stack exhibits a higher <X and a 

lower £ (using room temperature data) than the silver based stack. 

Absorption in the thin silicon stack is due.to a combination of anti-

reflection of the Mo by both the Si and Si^N^ layers and the intrinsic

absorption in the Si. Booth.(1980) has shown that the majority of the

absorptance of this stack occurs in the Mo. The range of absorptance

shown in Table 7.1 for this stack is due to the use of amorphous 

silicon versus carbon doped amorphous silicon (Booth et al., 1979). The

carbon stabilizes the silicon against crystallization and prolongs the 

lifetime of the stack. We will return to this point in the next 

section. The thin Si-Mo based stack employs exactly the same optical 

effects as did the SiO/Ge/Al configuration mentioned in the previous 

section. Both stacks have an absorptance on the order of 75%. Due to 

the refractory nature of Si^N^, Si, and Mo, the CVD stack presented 

here, however, is stable for extended periods at 500 C in vacuum.

We comment on the temperature dependences of the CL and £ values 

in Table 7.1 as a closing note to this section. The increase in d of 

the silver based stack as the temperature increased from 20 C to 500 C 

is due to enhanced electron-phonon interaction. The increases in £ are 

due to a deepening of the interference fringe minima, caused by 

increases in free carrier absorption in the silicon (Masterson, 1975). 

Although not measured, temperature induced changes in the reflectance 

of the thick Si-Mo based stack will probably also be dominated by
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changes in the silicon. Similar changes in a- and Z are therefore 

expected. Since.the Si layer is so thin in the thin Si-Mo based stack, 

changes in reflectance of this stack with temperature will probably 

be dominated by the Mo layer. Speculation concerning changes in OL and 

Z caused by the Mo must involve the so-called X point (equal to 1.8 jjim 

for bulk Mo). At wavelengths longer than 1.8 pm, the reflectance of Mo 

decreases with temperature while at shorter wavelengths it increases 

(Price, 1947). Both changes work against high & and low Z. Actual 

measurements of these changes are being pursued at the Optical Sciences 

Center.

Lifetime-Stability Tests with Mo Based 
Photothermal Converters

The results of the last section showed that Si and. Si^N^ films 

can be chemical vapor deposited over the CVD Mo layer without adversely 

affecting the reflectance of the Mo. This establishes the potential of 

using CVD to sequentially deposit each layer of the stack over the 

previous one in a continuous, cost-effective manner. Assured that CVD 

stacks can be economically mass produced, the next step in proving the 

utility of these selective surfaces is to test their stability at 500 C 

under an atmosphere in which they would actually be used. Convective 

losses dominate radiative losses if C < 0.10 under one atmosphere 

(Hahn and Seraphin, 1978). Thus, stacks with Z = 0.05 will be used 

within evacuated tubes if their low emittance are to be fully taken 

advantage of. We have therefore tested the thin Si CVD Mo stacks of 

Table 7.1 in a roughing pump vacuum for over 1000 hours at 500 C. The 

tests were done using both quartz and silicon wafer substrates.
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Before presenting the results of these tests, properties of the 

thin silicon overlayer must be briefly discussed. Several types of Si 

films have been chemical vapor deposited at the Optical Sciences Center, 

including polycrystalline silicon (pcSi), amorphous silicon (cxSi) , 

and carbon doped amorphous silicon (aSi:C) (Booth et al., 1979), The 

aSi exhibits advantageous optical properties, including a higher index 

of refraction and a higher absorption coefficient than pcSi in the 

near infrared. The increased absorption coefficient is not of conse

quence for stacks containing only 700 A of Si, although stacks with 

thicker 1 Si could benefit from this property. For the thin Si CVD Mo 

stacks, the real advantage of the aSi is the fact that its index (3.7 

at 2 pm) can match the optical constants of Mo better than the index of 

pcSi (3.5 at 2 pm),, and therefore more effectively antireflects the Mo 

in the near infrared (Booth et al., 1979). The optical advantages of 

aSi are, however, destroyed by crystallization of the films at the 

temperatures of operation. In addition, crystallization causes the 

silicon to crack (Janai et al., 1979), leading to oxidation of the Mo. 

These problems led to the development of the carbon doped amorphous Si 

films which are stable against crystallization at 700 C for several 

decades. The aSi:C film has a higher coefficient of absorption in the 

near infrared than aSi, but has -a lower index (3.6 at 2 pm). As a 

result, the aSi:C films antireflect Mo less effectively than aSi (in 

Table 7.1, d = 0.72 corresponds to stacks with. aSi:C while CL = 0.75 

corresponds to stacks with aSi). The thin Si CVD Mo stacks which have 

been tested under vacuum at 500 C for 1000 hours have contained aSi:C 

in order to avoid possible failures due to the crystallization of aSi.
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After the 1000 hours, these stacks exhibit the same <X- and & values, to 

within experimental error of our reflectometers, that they had at the 

outset of the test. Agglomeration of the Mo, crystallization of the Si, 

and molybdenum silicide formation at the Mo-Si interface have not 

occurred. Cracking of the stacks which were deposited on fused silica 

substrates was observed and has led us to consider—therma1 expansion 

mismatches between the,substrate and various components of the stack. 

Cracking during tests in air has caused catastrophic failure of the 

stacks, as discussed in the remaining paragraphs of this section.

Tests in air were done for two reasons. First, survival of the 

stacks during short term exposures to abnormally high temperatures 

during a heat medium circulation breakdown, or to"the atmosphere during 

an enclosure breakage are two of the converter requirements. Second, 

the air tests can be considered as accelerated lifetime tests and could 

be used to predict extended lifetimes under evacuation. The ability of 

both the aSi:C and Si^N^ layers to passivate the Mo against oxidation 

induced reflectance losses was evaluated by testing three types of 

samples: Si^N^-on-Mo, OiSi:C-on-Mo, and Si^N^-on-aSi:C-on-Mo . For the 

sake of comparison, we note that the exposure of a Mo film (typical 

thickness of 2000 A) to 500 C in air converts the metal to a dielectric 

molybdenum oxide, drastically reducing the reflectance, in a matter of 

six minutes. The passivators do not affect the emittance of Mo films, 

except for a small increase near 2 pm where the reflectance profile 

begins to dip toward the first order fringe minima in the visible 

(which is caused by the antireflection action of the passivator).
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Results for the Si^N^-on-Mo samples are as follows. Initial 

findings showed that 500 A of Si^N^ could passivate the Mo for at least 

160 minutes at 500 C in air (Carver, Gurev, and Seraphin, 1978).

Later experiments successfully extended the tests to two days using 

500 A of Si^N^ and to 750 hours using 1100 A of Si^N^. Tests were also 

done at 500 C in air with the aSi^C-on-Mo samples, using approximately 

700 A of aSi:C and silicon wafer substrates. After 1000 hours, these 

samples exhibited negligible loss in reflectance, although a few pits 

and craters were observed on the samples. The presence of these 

defects, which occur in the midst of an otherwise unmarred, specular 

surface, may be related to particulates on the substrate during 

deposition.

Having tested the passivating ability of each overlayer, the 

next step involved depositing the complete stack, 700 A of Si^N^ on 

700 A of aSi:C-on-Mo, and testing in air at 500 C. The results of 

these samples were least successful, with blotching and/or cracking 

occurring within a few hundred hours. Some mixture of thermal expansion 

mismatch induced failure and oxygen diffusion through the thin over

layers of the Mo is the suspected cause. The degree of failure has 

been related to the choice of substrate, fused silica being more 

detrimental than silicon wafers. Ongoing research will clarify this 

failure mode, and use the air tests to predict long-term survival 

durations under roughing pump quality vacuum. Even the least 

successful of these air tests have shown, however, that the stacks can 

survive brief system failures during use in photothermal conversion.
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Development and Optical Properties 
of Black Molybdenum

The development of black Mo stemmed from some of /the results 

presented in Chapter 5 and discussed in Chapter 6. In these chapters, 

we related the infrared reflectance of Mo-to the incorporation of oxygen 

within the films. Various amounts of oxygen were intentionally built 

into the films by bleeding into the carbonyl system and by using MoO^Cl^ 

as the source material in the chloride system. .The infrared reflectance 

was lowest for those samples containing the most oxygen. These black 

Mo samples are of interest because they also exhibit low visible 

reflectance, and therefore substantial solar absorptance. In addition, 

if hlack. Mo films from., the carbonyl process are annealed for seven 

minutes at 770 C in a hydrogen containing atmosphere, their visible 

reflectance remains nearly unchanged while the infrared reflectance 

rises dramatically... - These observations relate to outgasses of oxygen 

during the anneal, and will be discussed in more detail in the following 

paragraphs. This section is devoted solely to a description of black 

Mo because these films, after a partial anneal and antireflection, 

are the most highly absorptive converters with selectivity yet 

produced at the Optical Sciences Center. The development and optimiza

tion of black Mo is another example of the versatility of CVD in 

adjusting the composition of thin films. The production of black Mo 

converters has resulted in a further optical-thermal application of 

CVD films, and is therefore described in this chapter.

A brief physical and optical characterization of black Mo will * 

be presented here. Additional data can be found in a paper by the 

author (Carver, 1979a), reproduced in Appendix B. Table 7.2 and.
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Table 7.2. Solar absorptance and thermal emittance of CVD molybdenum.

Sample
<x (% of air 
mass 2)

p
(at 500 C)

Curve number 
in Figure 7.7

Annealed reflective molybdenum. 0.37 0.03 1

As-deposited black molybdenum 0.77 0.31 2

Annealed black molybdenum 
(770 C, seven minutes) 0.74 0.08 3

Antireflected annealed black 
molybdenum 0.91 0.11 4

Figure 7.7 display absorptance, emittance, and reflectance profiles that 

have been obtained with black Mo (Carver, 1979b). Data for the most 

reflective CVD Mo are also included for comparison. All black Mo 

samples represented in Table 7.2 were deposited from Mo(CO)^ at 300 C 

with an oxygen bleed equal to about 0.5% of the argon carrier flow. As 

shown in Table 7.2, as-deposited black Mo exhibits much higher solar 

absorptance than reflective Mo. Possible reasons for the absorptance 

of black Mo are presented later in this section. The annealing step 

(770 C for seven minutes) decreases the emittance while nearly 

retaining the original absorptance of as-deposited black Mo. If as- 

deposited black Mo is annealed at 1000 C for several minutes, the d and 

£. values revert to the absorptance and emittance of reflective Mo. The 

annealed black Mo films with d = 0.74 and & = 0.08 are therefore 

referred to as partially annealed black Mo, and are as selective as 

the silicon on Mo stacks from the previous section. The absorptance
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of these single layer converters is enhanced to 0.91 by antireflecting 

them with 750 A of CVD Si^N^5 with the emittance increasing to 0.11.

We stress that these emittances are normal values. For highly

reflective metals, the relationship £TT = 1.3 £ (Drummeter and Hass,Hem n
1964) predicts = 0.14 for antireflected, partially annealed black

Mo. Since the factor of 1.3 was derived for smooth metal surfaces with 

infrared reflectance similar to that of Al, £ ^ ^  = 0.14 probably is a 

best case number. We also stress that all of these a and £ values were 

derived from reflectance measurements made at room temperature,

Possible changes in the reflectance of black Mo with temperature will 

be discussed after we present the physical properties of black Mo and 

potential reasons for its blackness.

As-deposited black Mo contains enough oxygen to be 

stoichimetric MoO^ (film from the carbonyl at 300 C with 3 cc/min 0^ 

in Table 5.2), exhibits monclinic MoO^ lines in X-ray diffraction, and 

has an average grain size of 300 A (from electron microscopy). During 

anneal, most of the, oxygen is outgassed while MoO^ X-ray lines revert 

to those for bcc Mo. .Complete anneal at 1000 C produces a film similar 

to the most reflective CVD Mo in both composition and structure.

Partial anneal at 770 C produces a film with less oxygen than as- 

deposited black Mo, but more than reflective CVD Mo.'

As with most practical solar converters, the selectivity of 

antireflected, partially annealed black Mo is due to two effects: (1) 

antireflection by CVD Si^N^ and (2) the selectivity of the partially 

annealed black Mo itself. As shown by comparison with CVD rhenium in 

Figure 7.8, the surface of black Mo, though rougher than reflective
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Mos does not exhibit sufficient texture to explain this selectivity by 

wavelength discrimination.

We first consider the optical properties of as-deposited black 

Mo. . An explanation of the blackness of this material should consider 

how oxygen affects the visible reflectance, since absorptance is 

reduced to that of reflective CVD Mo with the loss in oxygen, Oxygen 

induced blackness can be due to a combination of two processes: (1) 

electronic transitions within M0O2 and (2) absorption due to a two 

phase structure. Figure 7.9 shows that pure MoO^ exhibits both 

respectable infrared reflectance and low visible reflectance. This 

is not surprising if we remember the range of conductivities 

which transition metal oxides can exhibit, as discussed in Chapter 2. 

Molybdenum dioxide apparently contains enough free electrons to 

produce infrared reflectance over 80% at 15 pm, but also enough bound 

electrons to cause strong interband absorptions in the visible. Adler 

(1968) states that MoO^ could be either a metal, a narrow gap semi

conductor, or a degenerate semiconductor. The dotted line in Figure 

7.9 represents our data for as-deposited black Mo. The similarity 

between the two curves in Figure 7.9, and the presence of MoO^ within 

the films indicates that most of the blackness of as—deposited black Mo 

is due to the .intrinsic optical properties of MoC^* Much of the devia

tion between the two specular reflectance curves above 3 eV is .due to 

scattering from the surface of black Mo. An understanding of cthe * 

difference between the reflectance of MoO^ and as-deposited black Mo 

between 0.5 eV and 3 eV as well as reasons for the fact that the 

infrared reflectance of black Mo increases before the visible
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Figure 7.9. Reflectance of Mo02 and black Mo at 300 K —  The MoO„ curve 
was reproduced from Chase (1974, p. 2227).
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reflectance does during anneal are being pursued at the Optical 

Sciences Center, Comparisons between the optical properties of black 

Mo deposits from MoO^Cl^ and from Mo(CO)^ are being made to further 

this research. . x

As mentioned above, the d and C. values of these black Mo 

samples have been determined from room temperature reflectance 

measurements. The high temperature reflectance (500 C) of black Mo 

has not been measured. Adler (1968) states that MoO^ has exhibited a 

slight decrease in resistivity with increasing temperature. This 

observation tends to indicate that black Mo could exhibit a higher 

.infrared reflectance at 500 C. Since MoO^ is neither a clearcut metal 

nor semiconductor, the visible reflectance of black Mo could either 

go up or down with increasing temperature.

A final paragraph concerning lifetime tests with antireflected 9 

partially annealed black Mo is in order. Since we were interested in 

testing these samples (which see 770 C during fabrication) at only 

500 C in vacuum3 there was a good chance of stability for extended 

times. The major concern was that the samples would slowly complete 

the outgassing of oxygen at 500 C, and thereby lose absorptance. We 

showed in Chapter 5, however3 that oxygen cannot oufgas from a film 

which contains no carbon without in the annealing gas. Samples 

tested at 500 C in the absence of either substantial oxygen or 

hydrogen (roughing pump vacuum) remained unchanged for 1000 hours. 

Further work will both optimize the optical properties of black Mo and 

extend these preliminary lifetime tests.



•Highly Reflective CVD Mo Thin Films 
for High Power Lasers

Using CVD Mo for high power laser mirrors is a second applica

tion of both the optical and'thermal properties of the films. A paper 

by Carver and Seraphin (1979b), comprising Appendix C, presents the 

details of this application, A summary is given here.

The high thermal conductivity, low thermal expansion coeffi

cient, and relatively high damage threshold of bulk Mo suggests its 

use as high power laser mirrors (Wong et al,, 1978), Since the 

reflectance of polished hulk Mo is only 98.2% at 10 pm, the metal is 

usually used as a substrate for highly reflective (> 99%) coatings.

Two problems occur- when a ,coated .Mo substrate is laser damage tested. 

First, failures generally happen in the coating or at the coating-Mo 

interface. Thus, a Mo surface with reflectance over 99% may avoid 

these failures by eliminating the need for these reflectance enhance

ment coatings. Second, bulk Mo is difficult to polish and is 

sometimes coated with a thick layer of PVD Mo. The PVD Mo has a small 

grain size and thus can be polished to a smoother finish than the bulk 

Mo substrate. Damage testing of PVD Mo over bulk Mo causes failures 

at the PVD-bulk interface. Wong et al. (1978) have stated that these 

failures may be caused by contamination at the interface and/or 

porosity in the sputtered Mo layer. We discuss in the remaining 

paragraphs how CVD Mo may help to alleviate both of these problems.

First, data were presented in the carbonyl section of Chapter 5 

showing that the reflectance at 10 pm of an annealed CVD Mo film eauals 

98.7%. The fact that this film exhibits a higher reflectance than that
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of bulk Mo is discussed in Appendix C, The basic point is that the 

film’s surface was deposited in thermal equilibrium with the substrate 

and has never been touched. The reflectance of bulk Mo, on the other 

hand, is likely to be reduced by the effects of a polished induced 

damage layer. We then hypothesize as to whether the 10 pm reflectance 

of CVD Mo could be even higher than 98,7%. Chapter 5 showed that 

CVD Sî -N̂ , can increase the. reflectance of CVD Mo by a few tenths of a 

per cent (probably due to preventing the formation of a thin-oxide 

layer). Deposition on a substrate like SiC which has a better thermal 

expansion coefficient match to Mo than fused silica may also result in 

a higher reflectance. In addition, Chapter 5 mentioned that even the 

most reflective films still contain a few atomic per cents of Cr and W. 

Further purification of the Mo (CO)^, deposition on SiC, and passiva

tion of the Mo with Si^N^ may produce a Mo film with reflectance at 

10 pm over 99%. This type of reflectance increase is a substantial 

percentage reduction in the infrared absorption of Mo and would lead to 

increased damage thresholds.

Second, the chloride process section in Chapter 5 mentioned that 

highly reflective Mo films with a 300 A grain size could be deposited by 

CVD. This indicates that a CVD film could be deposited on bulk Mo and 

then polished to as smooth a finish as is obtained when PVD Mo layers 

are used. The CVD layer may be superior to the PVD layer for two 

reasons. First, the CVD deposit-formed at 500 C in the presence of 

will be laid down on a cleaner surface than the sputtered layer.

Second, the CVD film will be more dense than the sputtered film, as 

mentioned in Chapter 3. Thus, CVD Mo may avoid interfacial failures
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and problems associated with the porosity of sputtered Mo during damage 

testing. The next and final chapter reviews the accomplishments of 

this study.



CHAPTER 8

SUMMARY

In the preceding chapters we presented the results of an in

vestigation of why CVD Mo thin films often exhibit a smaller infrared 

reflectance than polished, bulk Mo. The study began with a discussion 

relating reflectance to band structure. We stressed that physical 

processes establishing the interaction of light with metals must be 

understood to interpret the reflectance of a metallic surface. We 

explained.that compositional and structural modifications from the bulk 

alter the band structure and therefore the dielectric function of a 

metal. Compositional and structural modifications from the bulk were 

therefore blamed for causing the anomalous reflectance of metallic 

thin films.

The next step in our study was a discussion of thin film 

nucleation and the incorporation of various modifications from the bulk 

in the lattice of a metal film. Impurities, grain size, and crystal 

structure were then identified as those modifications which could 

potentially reduce the infrared reflectance of CVD Mo by several per 

cent. '

Chemical vapor deposition was used in conjunction with post- 

deposition annealing to deposit Mo thin films with various compositions, 

grain size, and crystal structures. These three physical properties 

were measured by Auger spectroscopy, electron microscopy, and X-ray

181
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diffraction. The pyrolysis of-Mo(CO)^ with various process parameters 

resulted in films with several different atomic per cents of carbon and 

oxygen. Process control with the hydrogen reduction of MoCl^ or 

MoO^Cl^ produced films exhibiting both a range of grain size and arrange 

of atomic per :.cents of oxygen. Post-deposition annealing was used to 

outgas impurities, enlarge grains, and convert anomalous crystal 

structures to the normal bcc phase of Mo. Reasons were given for our 

choice of CVD over PVD, with CVD allowing for easier control of composi

tion and structure. '

The relative influence of each of the three modifications from

the bulk on the infrared reflectance of MoO C (a CVD film containingx y
20 atomic per cent C 'and 20 atomic per cent 0) was determined by using

the following three approaches. First, the influence of a fine (< 300 A)

grain size on reflectance was determined to be less than 1% by using

CVD to deposit films with various grain sizes but similar composition

and crystal structure. Second, the influence of carbon and oxygen in

the film was determined by doing a Drude analysis to see if the C and 0

either scatter or bond up metallic electrons. We found the relaxation

time in MoO C equal to that in the bulk, while the carrier concentra- x y ^
tion in MoO^C^ equaled only 2% of the bulk concentration. Third, the 

actual infrared reflectance of MoO C was compared to the reflectancex y
predicted by the Drude model to determine the influence of interband 

transitions on the reflectance of this CVD film. In summary, carrier 

depletion reduced the reflectance at 12p,m of MoO^C^ from the bulk value 

of 98% to about 9.2%, while interband transitions pulled the reflectance 

further down to roughly 85%, The influence of interband transitions on
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the infrared reflectance of CVD Mo is increased when carrier depletion 

reduces the Drude dielectric function to values comparable to components 

of the dielectric function caused by the interbands;

Results from the analysis described in the previous.paragraph 

apply to one CVD film with nearly 20 atomic per cent C and 20 atomic 

per cent 0. The limitations involved with extending these results to 

films with other compositions were also discussed. We also justified 

differences between models proposed, by other authors to explain the. 

visible reflectance of PVD Mo thin films and our conclusions with CVD Mo.

The most reflective film from this study had a reflectance at 

lOpm of 98.7%. The fact that this film is 0.5% more reflective than 

polished, bulk Mo may be explained by the absence of a polished-induced 

• damage layer in the film. Two applications which benefit from both the 

thermal stability and high infrared reflectance of our CVD Mo films were 

described. Photothermal solar energy converters made from a silicon 

absorber deposited over our CVD Mo benefit from the low thermal 

emittance of the Mo. In addition, the damage thresholds of high power 

- molybdenum laser mirrors will be increased by the reflectance of our 

most reflective films. Finally, the versatility of CVD was used to 

deposit a film, called black Mo, with both significant solar absorptance 

and low thermal emittance in a single layer.

We wish to conclude by stating that other metals like TiN and W 

- may be more suited than Mo to the applications described in Chapter 7>. 

Techniques developed in this study for the preparation of high tempera

ture stable CVD metal films for optical applications are more important. 

than the applications of Mo which we have discussed.



APPENDIX A

LETTER AND DATA ESTABLISHING THE HIGH INFRARED 
REFLECTANCE OF POST-ANNEAL CVD Mo

D E PAR TM EN T O F TH E N A V Y

SI 38103/jMBijb 
3 April 1980

Gary E. Carver 
Optical'Sciences Center 
The University of Arizona 
Tucson, Arizona 83721

Dear Gary:

Enclosed are the results of the reflectance and scattering 
measurements made on your CVD molybdenum and molybdenum oxycarbide 
samples during September and October 1979- I believe these measure
ments show that the reflectance of the CVD molybdenum is stable, 
and does not degrade appreciably with time. The TIS measured for 
the two samples is about what would be expected for the substrates 
onto which the molybdenum was deposited. Therefore the molybdenum 
films are not adding appreciable roughness.

Sincerely yours,

JEAN M. BENNETT
Senior Scientist (Optics)
Code 38103
Michelson Laboratory
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Wavelength ' Reflectance of bcc Mo
(ktiti) (%)
3.0 0.9723

4.0 0.9787

5.0 0.9824

6.0 0.9839

7.0 0.9855

8.0 0.9858

9.0 0.9868

10.0 0.9873

11.0 0.9887

12.0 0.9889

13.0 0.9902



APPENDIX B

CVD MOLYBDENUM THIN FILMS IN PHOTOTHERMAL 
SOLAR CONVERTERS

186



187

Solar Energy Materials 1 (1979) 357-367 
©  North-Holland Publishing Company

CVD MOLYBDENUM THIN FILMS IN PHOTOTHERMAL 
SOLAR CONVERTERS*
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• Molybdenum thin films deposited by pyrolytic decomposition o f  molybdenum carbonyl attain, 
after anneal in a reducing atmosphere at 1000° C, infrared reflectance values within 0.7% of the 
reflectance of supersmooth bulk molybdenum. This result combines the refractory nature of 
molybdenum with the high infrared reflectance generally associated with conventional mirror 
materials. The entire production sequence proceeds at one atmosphere pressure and requires less 
than one hour. Films deposited under oxidizing conditions exhibit a solar absorptaiice of a =0.77  
and a thermal emittance of e= 0A 4 . Absorptances of a =  0.82 with e=0 .08  are obtained by first 
annealing and.then overcoating, thes'e.black molybdenum films with an antireflecting layer. Changes 
in the optical properties during annealing are related to compositional and structural properties of 
the films, as determined by X-ray diffraction, electron microscopy and Auger spectroscopy.

1. Introduction .

- . The most common-photothermal solar converters operate on the principle of the 
absorber-reflector tandem. The solar flux penetrates into the topmost layer which is 
absorbing over the solar spectral range. Towards longer wavelengths the absorber is 
transparent, so that a reflector layer underneath can “look through” the absorber on 
top, and minimize the reradiative loss in the infrared by its low emittance.

Efficiency of the solar conversion depends on the absorptance for solar radiation of 
the top layer and the low emittance of the reflector layer in the infrared, with both 
quantities sustained at the operating temperature. Operation at 500° C or above 
presents a problem in particular for the reflector. Materials of high infrared reflectance, 
such as the noble metals, agglomerate at temperatures as low as 250° C, causing the 
reflector to deteriorate.

. The problem is aggravated for converter stacks that are fabricated at high tempera
tures. Previous work has Established the feasibility of depositing spectrally selective 
stacks from the vapor phase [1]. This fabrication by chemical vapor deposition ; 
(CVD) proceeds at atmospheric pressure, offering the potential of large-scale con
tinuous flow-through manufacture. Since deposition temperatures are in excess of 
700° C, CVD fabrication pre-screens the stacks against catastrophic thermal deteriora
tion processes.

*Work supported by the U.S. Department of Energy, Division of Solar Technology, Advanced Tech
nology Branch under'Grant #EY-76-S-04-3709. *
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Stabilization of thin silver films up to temperatures in excess of 800° C has been 
accomplished by overcoating them with oxide films [2]. Nevertheless, the process was 
not quite satisfactory, because the noble metals are difficult to deposit by CVD, render
ing a sequential all-CVD fabrication cumbersome. The situation can be improved, and 
the inherent potential of CVD fabrication of selective surfaces realized, if a tempera
ture-stable material of sufficient infrared reflectance can be found that is readily laid 
down by CVD.

The obvious candidates are the refractory metals, which in bulk form are pro
hibitively expensive. When polished to a supersmooth finish, bulk molybdenum has 
has an absolute reflectance of from 97.1 % at 3 /mi to 98.4% at 15 /im [3]. Molybdenum 
thin films prepared by physical vapor deposition reflect considerably less than the 
bulk, unless excessive and lengthy preparations are employed [4], The strong chemical 
reactivity of molybdenum, and a structure different from the bulk, are suspected causes 
of the reduced reflectance of these films. Thin films of the refractory metals deposited 
from the vapor phase have been studied extensively for their hardness and electrical 
conductivity [5,6], but little is known about their optical properties. Recent work has 7 
demonstrated the possibility of preparing molybdenum films of improved infrared 
reflectance by chemical vapor deposition (CVD) [7]. Subsequent studies have 
determined those compositional and structural properties which influence the infrared 
optical properties of CVD molybdenum, and have led to the development of the 
procedure reported here for producing films of an even higher infrared reflectance.

In developing CVD reflector films that not only compete in their infrared reflectance 
with standard mirror materials, but have a promising solar absorptance of their own, 
previous concepts of the absorber-reflector tandem can be changed. The nearly- 
perfect wideband reflectance of silver is not desireable, if operating in tandem with a 
marginal solar absorber such as silicon. The absorptance of polycrystalline silicon 
drops without trapping the near-infrared insolation,'and moreover, an indirect gap 
results in a shallow absorption edge. In contrast, amorphous silicon exhibits a steep 
absorption edge located somewhat further into the infrared [8]. There is still room for 
improvement in the stack performance, however, by boosting its solar absorptance 
through a reflector material underneath that reflects considerably less than silver in 
the spectral range of the solar emission’s infrared tail. The reduced reflectance of 
molybdenum in the near-infrared will achieve this improvement of the stack’s per
formance. The improvement will be particularly pronounced if the technology of 
“black molybdenum” described in the following sections is utilized.

2. Experimental procedure

2.1. Deposition o f  molybdenum thin film s

Films were deposited by the pyrolytic decomposition of molybdenum carbonyl: 

M o(CO)6->Mo +  6CO.

This reaction does not go to completion at temperatures below 400° C [9]. Incomplete 
decomposition results in the inclusion of carbon and oxygen withim the growing 
film, and increases the electrical resistivity [6]. Attempts to deposit at temperatures
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above 400° C under one atmosphere result in gas phase decomposition and powdery, 
non-adherent films [5].

Films discussed in this paper were deposited at temperatures between 200 and 
400° C under one atmosphere of argon carrier gas. Although adherent to polished 
quartz substrates, these as-deposited films contain, as mentioned above, substantial 
amounts of carbon and oxygen and exhibit only moderate infrared reflectance. The 
films were grown in a horizontally fed, radiatively heated reactor at growth rates on the 
order of 3 A per second at 300° C.

Black molybdenum films, with significantly lower reflectance in both the infrared 
and visible wavelength ranges, were deposited at 300° C while under one atmosphere 
of argon by introducing oxygen at a flowrate equal to or less than 0.5% of the argon 

, flow.

1 2.2. Post-deposition anneal

In recent studies of the passivation of CVD molybdenum films against oxidation, 
we sometimes observed reflectance increases after anneals in air at 500° C [10]. The 
effect is ascribed to outgassing and/or structural changes in accordance with observa
tions on bulk molybdenum [11]. For thin films, DeRosa [12] has observed changes in 

* X-ray diffraction patterns of CVD samples after anneal, while Oikawa [13] used high 
, temperature treatments to improve the electrical conductivity of evaporated moly

bdenum. '
’ Results presented here involve changes in the optical properties of deposits which 

have been exposed to post-deposition anneals in flowing forming gas (90% helium, 
10% hydrogen) at temperatures from 700 to 1000°C for different durations. Measuring 

: the temperature to within ten degrees, the anneal time begins after a four minute 
warm-up and excludes a five to ten minute cool-down period.

i 3. Experimental results
I . •

3.1. Highly reflective CVD molybdenum
Films deposited by CVD without oxygen additions reflect up to 85% of 10 fin 

radiation before anneal. Near normal specular reflectance is measured to within one 
percent on a Perkin-Elmer 137 spectrophotometer, and is plotted in figs. 1 and 2 
relative to the reflectance of an aluminum reference. Fig. 1 shows the relative reflect
ance of films deposited at 300° C, and annealed for five minutes at different tempera
tures. Fig. 2 plots relative reflectance of a similar set of films as a function of anneal 
duration at 750° C. Similar profiles are obtained for films deposited at temperatures 
from 200 to 450° C, establishing the insensitivity of the effect of the anneal to the initial 
deposition temperature. It follows from figs. 1 and 2 that anneals of from five minutes 
at 1000°C to 30- min at 750° C are capable of producing films which approach the 
infrared reflectance of the aluminum reference. Scatter in the data points may be 
caused by variation in thickness from 1200 to 3000 A, affecting the occurrence of 
outgassing and structural changes during anneal.
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Fig. 1. Relative reflectance, at 10 /vm, of CVD molybdenum films plotted against the temperature of a five 
minute anneal.

100
Ed.o

S§ 9 0

85

2520 30
Duration of Anneal at 7 5 0 eC (Minutes)’C

Fig. 2. Relative reflectance, at 10 pm, of CVD molybdenum films plotted against the duration of anneal at
75(fC.

Since the reflectance traces of the fully annealed films coincide with that of the 
aluminum reference on our reflectometer, films were deposited on two quartz optical 
flats, annealed for 25 min at 1000°C, and submitted to H. E. and J. M. Bennett at the 
Michelson Laboratory, China Lake, California, for measurement in their Precision 
absolute reflectometer. This instrument is capable of determining absolute reflectance 
values to within an accuracy of +0.1% [14], The results are shown in fig. 3. One CVD 
film is bare, while the other has been passivated with 300 A of Si3N4 to prevent any 
reflectance reduction by exposure to air. Included in the figure are also the absolute 
reflectances of bulk molybdenum polished to a supersmooth finish [3], as well as a 
molybdenum film sputtered under ultraclean conditions [4], Note that the CVD 
films have absolute reflectances within 0.7% of the reflectance of supersmooth bulk
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4 Mo sputtered in uhv

WAVELENGTH (pm)

Fig. 3. The absolute reflectance, from 3 to 15 urn, of supersmooth bulk molybdenum, unprotected and 
passivated CVD molybdenum after anneal, and sputtered molybdenum.

molybdenum from 3-15 fim. Note also that the CVD films, prepared and annealed 
within less than one hour, are superior to the sputtered sample which requires lengthy 
and careful pre-deposition preparation [4]. The CVD film of higher reflectance is 
passivated with Si3N4, as is required for further processing during the fabrication of 
spectrally selective solar converters.

Abrupt changes in reflectance during annealing are accompanied by large increases 
of electrical conductivity. The conductivity of bulk molybdenum, however, is not 
attained. Sheet resistance was measured with a General Radio resistance bridge 
across a molybdenum square of known geometry using both silver paint and a grid 
of evaporated silver contacts. The non-rectifying character of the contacts was 
established through their I-V  characteristic. Thickness was measured by FECO 
interferometry. Table 1 compares conductivity and reflectance values for an un
annealed and a completely annealed film with the values for bulk molybdenum.

Table 1
Thickness, electrical resistivity at 20 C. and absolute reflectance at 10 pm of an as-deposited 
film, an annealed film and supersmooth bulk molybdenum

Sample
Thickness

(pm)
Resistivity at 20°C 

(pD cm)
Absolute reflectance at 10 pm 

(%)

As-deposited 0.154 +  0.006 250 + 25 85.0+1.0
Annealed 0.134 +  0.007 9 ± 2 97.4 +  0.1
Bulk Mo - 5.7" 98.1+0.1

“Handbook of Chemistry and Physics, 52nd ed. (The Chemical Rubber Co. Press, Cleveland.
1971) p. E-72.
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Three changes in film composition and structure occur in coincidence with the 
enhancements of reflectance and conductivity. First, the anneals change crystal 
structure significantly. As-deposited films show fcc-MoOC [15] structure in X-ray 
diffraction, which upon anneal is first replaced by hcp-Mo2C, and, finally, after 
complete anneal, by a bcc-Mo response. The abrupt reflectance increase shown in 
fig. 1 occurs in coincidence with the disappearance of the MoOC structure.

Second, micrographs taken with an electron microscope show large increases 
in grain size during anneal. Fig. 5 demonstrates that annealed films contain grains 
which are over 50 times the size of the grains in as-deposited films, shown in fig. 4. 
The electron diffraction patters shown in figs. 4 and 5 concur with X-ray measure
ments by exhibiting the transition from a fee to a bcc ring pattern which occurs during 
anneal. The fee rings of fig. 4 are more densely populated than the bcc rings of fig. 5, 
as is expected due to the growth in grain size caused by the anneal.

Finally, compositional changes resulting from outgassing during anneal have 
been measured by several techniques. Auger spectroscopy can only quantify C and

Fig. 4. Micrograph showing grain size and diffraction pattern of an as-deposited molybdenum thin film.

I 1/2
MICRON

Fig. 5. Micrograph showing grain size and diffraction pattern of a molybdenum thin film which was an
nealed at 1000 C for 20 min in an H e-H 2 atmosphere.
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O levels in a molybdenum matrix to within +30-50% [16]. A direct measurement for 
each of the three constituents by other techniques has therefore been used to calibrate 
the Auger results. Measurements were made for carbon with a Perkin-Elmer 240 
elemental analyzer, for oxygen with Rutherford backscattering, and for molybdenum 
by absorption spectroscopy. These determinations indicate that high temperature 
anneals of reflecting molybdenum change molybdenum content from (62+15) to 
(94 + 4) at%. Fig. 6 shows oxygen and carbon levels, measured by Auger spectroscopy, 
superimposed on the reflectance profile. It must be emphasized that these data are to 
be interpreted in a relative sense only. Fig. 6 demonstrates that the reflectance in
creases occur in conjunction with the outgassing of oxygen. As deposited, and again 
after complete anneal, the Auger sputter profiles indicate that the films are homogen
eous. Partially annealed films, however, contain a non-uniform distribution of 
impurities with depth.

-20
~  100 ♦ ♦♦ -18*  *

-16

14
95

-10

90

- V * —
85

700 800 900 10006005004 0 0
Temperature of Anneal for 5 minutes("C)

Fig. 6. Oxygen and carbon content of a set of molybdenum films annealed for five minutes at different 
temperatures. Shown for comparison is the reflectance profile of fig. 1.

3.2. CVD black molybdenum

Figs. 7 and 8 summarize solar absorptance and thermal emittance of films which 
were obtained by pyrolyzing Mo(CO)6 in the presence of oxygen. The evaluation of 
absorptance and emittance is based on “distorted-A plots”. These plots graph hemi
spherical reflectance against an abscissa which is linear in either fractions of the total 
solar flux or of the reradiation loss [17]. Since solar absorptance a and thermal 
emittance e are given by
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o f  fig . 5.

their values can be obtained from distorted-A plots by simple planimetry. Air mass 2 is 
used in fig. 7 for the solar input <hs(A), and a temperature of 500° C in the blackbody 
emittance £BB(A, T) of fig. 8. Assuming the samples to be opaque and Kirchhoff s law to 
be valid, the absorption oc(A) and the emittance e(A) can be approximated by 1 — flhcm. 
Although the evaluation of the solar absorptance in fig. 7 is actually based on a hemi
spherical reflectance measurement, it should be noted that nearly the same values are 
obtained for specular reflectance. This suggests that the absorptance of black moly-
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bdenum is not based on surface texture, but represents an intrinsic property of the 
material. Note further that the thermal emittance derived from fig. 8 is based on a 
specular reflectance measurement, giving an upper limit for e, so that the actual 
thermal emittance may be even smaller.

In both figures, curve 1 represents a and e for CVD molybdenum films deposited 
without the intentional presence of oxygen, and subsequently annealed for 20 min 
at 1000°C. Curve 2 gives a and e for black molybdenum, as obtained by CVD in the 
presence of oxygen, and subsequent anneal for 5 min at 1000° C. Curve 3 shows the 
profiles for as-deposited black molybdenum. Antireflecting the annealed black moly
bdenum of curve 2 by a layer of Si3N 4. of proper thickness results in the profiles 
marked 4 in figs. 7 and 8.

It follows that the presence of oxygen during deposition raises the solar absorptance 
to 0.77 andjhe. thermal emittance to 0.44. Subsequent anneal of black molybdenum 
decreases the emittance to 0.06, while lowering the solar absorptance to 0.58. Although 
not yet optimized, overcoating with an antireflecting layer produces respectible 
selectivity (a=0.82, 2 =  0.08). This antireflected black molybdenum is deposited by 
two simple CVD steps. The films are expected to demonstrate durability at 500° C, 
since they are subjected to anneal above 700° C during production. Table 2 summarizes.

Table 2
Solar absorptance and thermal- emittance of CVD molybdenum in 
percent o f  A M = 2  solar flux and 500° C blackbody radiation, respectively

Solar absorptance Thermal emittance

Reflective Mo, annealed 37 3
20 min, 1000°C
As-deposited black Mo - 77 ' • 44
Black Mo annealed 
5 min, 700°C

- 76 14

Black Mo annealed 72 8
5 min, 800°C

Black Mo annealed 56 6
5 min, 900°C -
Black Mo annealed 58 6
5 min, 1000° C

(Anti-reflected) 82 8
black Mo annealed
5 min, 1000'C

trends in a and e which are observed in response to annealing black molybdenum at 
different temperatures. Higher temperatures of anneal result in lower values for the 
solar absorptance as well as the thermal emittance. An optimal anneal temperature 
exists near 800° C. -

Analogous to the studies performed on highly, reflecting films deposited without 
the intentional presence of oxygen, we have followed the structural and composi
tional changes of black molybdenum through the anneal. The pattern of X-ray
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diffraction changes from monoclinic M o 0 2 to bcc molybdenum during the anneal. 
The oxygen-rich as-deposited black films outgass during anneal, as indicated by Auger 
spectroscopy, and become nearly as pure as the most reflective films deposited in the 
absence of oxygen. Although scanning electron microscopy indicates that black 
molybdenum films are slightly rougher than the highly reflective species, comparison 
of hemispherical and specular reflectance suggests that the slightly higher surface 
texturization is-not the cause of their blackness. Unlike selective blacks that operate 
on the basis of their surface texture, the solar absorptance of black molybdenum is 
not affected by wiping the surface.

4. Conclusions

Depending on the choice of process parameters, pyrolytic decomposition of 
molybdenum hexacarbonyl can result either in reflecting or black films of molybden
um. High temperature anneal significantly enhances the infrared reflectance of both 
types of films. The reflecting films reach after anneal reflectance values with 0.7% 
of supersmooth bulk molybdenum, competing with the optical properties of con
ventional mirror materials such as aluminum in the infrared range. Annealed black 
molybdenum nearly rivals this infrared reflectance, but retains through the anneal 
substantial solar absorptance. An overcoat of Si3N 4 raises the absorptance to 0.82, 
with the thermal emittance kept at 0.08 of the 500° C blackbody profile. These per
formance values establish a good approximation to a single-layer spectrally selective 
converter of promising temperature stability.
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C V D MOLYBDENUM THIN FILMS 
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G .E . Carver & ,B.O.. Seraphin  
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Molybdenum th in  film s  have been prepared by chemical vapor-d epo s ition  (CVD) 
from  both molybdenum carbonyl (Mo(CO)g) and molybdenum p entach loride  (M oC l^).

The c ry s ta l s t r u c tu r e ,g r a in  s ize  and composition o f  the film s  have been d e te r 
mined and re la te d  to  th e ir  in fra re d  re fle c ta n c e . P ost-depo sitio n  an n ea l!in g  ra is e s  
th e  ab so lu te  re fle c ta n c e  o f film s  deposited ‘from the carbonyl to  98.73% a t ten  
m icrom eters. The fa c t  th a t these film s  are prepared w ithout a p o lish in g  step  
may e x p la in  why th e ir  re fle c ta n c e  is  0.5% higher than, th a t o f super smooth p o l
ished bul : molybdenum. The h igher re fle c ta n c e  and absence o f a po lish -in duced  
damage la y e r  could increase the damage th resho ld  o f uncoated- CVD molybdenum m ir
r o r s . Films deposited from the c h lo r id e  have la rg e ly  reproduced the o p tic a l  
p ro p e rtie s  o f those prepared from the carb ony l, w ith  grain  s izes ranging from 
0 .0 3  to  0 5 m icrom eter. Polished bulk molybdenum substrates could  be fu r th e r  
smoothed by  f i r s t  overcoating them w ith , and subsequently p o lish ing  o f ,  a sev
e r a l  m ienm  th ic k  la y e r  o f f in e  grained CVD molybdenum.

Key words: Chemical vapor d e p o s itio n ; com position; c ry s ta l s tru c tu re ; g ra in  s iz e ;  molyb
denum th in  f i lm s ;  re fle c ta n c e .

1 . In troduction*

High th e rn a l c o n d u c tiv ity , a low thermal expansion c o e f f ic ie n t ,  and the r e la t iv e ly  
high damage-threshold' o f molybdenum (Mo) suggest the use o f  Mo as a high power la s e r  m ir
ro r  [ 1 , 2 ] i .  The fa b r ic a t io n  o f lo v /-scatte r.M o  surfaces by mechanical p o lish in g  is ,  however, 
d i f f i c u l t .  Molybdenum th in  f i lm s , on the o ther hand, can be much smoother i f  deposited  
on an a p p ro p ria te  su b stra te  due to th e ir  small g ra in  s ize  than the po lished b u lk . Thin  
film s  o f Mo g e n e ra lly  have, however, anomalously low -in frared  re fle c ta n c e  [3 ,^ 3 -  Attempts 
to  smooth bulk Mo by. f i r s t  overcoating w ith , and then p o lish in g  o f , sputtered  Mo th in  film s
r e s u lt  in  reduced damage thresholds [5 3 . This loss in  s t a b i l i t y  has been re la te d  to the
p o ro s ity  o f the sputtered  film s  and in te r fa c ia l  problems between the f i lm  and the bulk [ 1 ] .  
Many a p p lic a tio n s  d ic ta te  the use o f re fle c ta n c e  enhancement coatings which a lso  reduce 
th e  damage th resho ld  o f Mo-based m irro rs . This paper repo rts  on the production o f Mo th in  
f ilm s  which have a h igher in fra re d  re fle c ta n c e  than the re fle c ta n c e  o f even super-smooth 
b u lk  Mo. We a lso  re p o rt on the chemical vapor depo sitio n  o f f in e  grained film s  which may 
prove usefu l in  a d d it io n a l smoothing o f bu lk Mo su b s tra tes .

R e fra c to ry  metal film s  prepared by CVD fo r  use in  photothermal s o la r  energy conver
sion show promise through both high tem perature (500 C) s t a b i l i t y  and high in fra re d  re 
f le c ta n c e  [ 6 ] .  S ince the requirem ents are s im ila r ,  our previous work in  th is  area thus na
t u r a l ly  extends i t s e l f  in to  the high energy la s e r  m irro r  f ie ld  [7 3 .

2 . The CVD Process

Chemical /apor Deposition occurs on substra tes held above the th resho ld  tem perature  
of" th e  p y ro ly t ic  decomposition or gas phase reduction  o f the reactan t gas. As opposed to 
most PVD techn iques, CVD film s  are th e re fo re  screened ag ain st fa i lu r e  a t  tem peratures be
low th is  th resho ld  and are a t thermal e q u ilib riu m  w ith  the substrate during grow th, r e s u lt 
ing in  tem perature s ta b le  silms of high packing d e n s ity . I f  im p u rities  an d /o r im perfections  
can be avo ided. Mo film s w ith  very high in fra re d  re fle c ta n g e  can be deposited [7 ,8 3 . In  
a d d it io n , CVD can coat complex shapes under one atmosphere w ithout the need fo r  u l t r a  high

1 , F igure in  brackets in d ic a te s  the l i t e r a t u r e  references a t the end o f th is  paper.



vacuum. [9]
Two methods were used in  th is  work to  form Mo th in  f i lm s :  the p y ro ly s is  o f  Mo(C0)c* 

and th e  redu ctio n  o f MoCl^. The two reaction s are  as fo llo w s :

Ho(C0)c 300 ^ Mo + 6 CO 0).
• 2 K o C y S H , 500-750 C ,  ^ + 1 0  HC1. (2 )

D e ta ils  on these two processes can be found elsewhere. [ 7 ,8 ] .

A ll f ilm s  reported  here were deposited on fused s i l ic a  substrates under one atmosphere o f  
Argon c a r r ie r  gas and were approxim ately 0 .2  micrometer th ic k .

3 . .O p tica l and M eta llo grap hic  C h a ra c te riza tio n  
Of CVD Molybdenum

A m eta llo g rap h ic  an a lys is  must be c a rr ie d  o u t.to  ex p la in  why Mo th in  film s  have d i f 
fe re n t  re fle c ta n c e  from th a t  o f supersmooth bulk Mo. We have th e re fo re  determ ined the  
composition o f  CVD Mo by Auger spectroscopy and e le c tro n  microprobe techn iqu es, the c rys 
t a l  s tru c tu re  by x -ra y  d i f f r a c t io n ,  and the g ra in  s ize  by e le c tro n  m icroscopy.

R eactior (1 )  does not go to  completion a t  300 C. H igher temperatures r e s u lt  in  pow
dery deposit? i f  the re a c tio n  occurs under a pressure o f one atmosphere. Films deposited  
from the ca n  onyl a t  300 C th e re fo re  contain considerab le amounts o f carbon and oxygen 

-and are  on ly 54 ± 14 atomic % Mo. These film s  also e x h ib it  an fcc-MoOC phase in  grains  
which are less than 0 .03  m icrometer in  d iam eter. As a r e s u l t ,  the re fle c ta n c e  o f f ilm s  
from the carbonyl is on ly 87" o f the re fle c ta n c e  o f A1 a t  10 m icrom eters. As shown in  
fig u re s  1 ard 2 , po st-d ep o s itio n  anneal lin g  increases the re fle c ta n c e . Th e ' f ig u re s  show 
th a t  e ith e r  30 minutes a t 750 C or f iv e  minutes a t 1 ,000 C increases the re f le c ta n c e  o f  
the  Mo film s ' up to  the re fle c ta n c e  Of A1. The fu l ly  anneal!ed film s  conta in  as l i t t l e  
as one atom ic % carbon and two atomic % oxygen. The anneal also converts the f ilm s  to  
th e  bcc-Mo phase and en larges the grains to a diam eter o f 0 .5  m icrom eter. Changes in  

•com position, s tru c tu re  and gra in  s ize  during anneal are summarized in f ig u re  3 . Even 
though these f u l ly  anneal led film s  contain up to fo ur atomic % Cr and two atom ic % W, 
they s t i l l  have an absolute re fle c ta n c e  o f 97.4% a t  10 m icrom eters. We have p re v io u s ly  
repo rted  th a t  th is  va lue is  only 0.7% lower than the re fle c ta n c e  o f supersmooth bulk  
Mo [ ? ] .  S ince then , h igher re fle c ta n c e  values have been a tta in e d  on a new s e t o f f ilm s  
deposited from purer Mo(C0)g. A fte r  anneal, the new film s  contain about o n e -h a lf  the  
amount o f  Cr a n d 'W o f the previous s e t , and have an absolute re fle c ta n c e  o f 98.73% a t  
10 m icrom eters, now surpassing by 0.5% th a t o f super-smooth bulk Mo. A ll o f these abso
lu te  re fle c ta n c e  values were measured to w ith in  t  0.1%, and were provided to  us along  
w ith  th e  sui er-smooth bulk Mo d a ta , by Dr. J.M . Bennett o f the Michel son Laboratory a t  
China Lake, C a lifo r n ia .

' The adsorption  o f oxygen-or carbon monoxide on a Mo surface can reduce the re f le c ta n c e
[ 1 0 ] .  S ince our f i lm s , in  t r a n s it  to China Lake, C a lifo r n ia , were exposed to  a i r  fo r  sev
e ra l days be fore  the re fle c ta n c e  was measured, we may assume th a t the i n i t i a l  re f le c ta n c e  
is  even h igher than th e  value measured a f te r  such exposure. The most r e f le c t iv e  sample 
was remeasuied tw ice  a f t e r  a period o f several weeks to  insure th a t the re f le c ta n c e  was 
not decreas- ng fu r th e r  in tim e. The re s u lts  in Table 1 in d ic a te  th a t the re f le c ta n c e  
Is  s ta b le  tc w ith in  0.1% over the observation period o f  45 days.

TABLE 1

Absolute re fle c ta n c e , R a t 10 m icrom eters, 
versus tim e fo r  anneal!ed CVD Mo..

D eposition -  day zero

R = 98.73 6 days
_ R *  98 .55  -  ‘ 23 days

R = 98 .64  -  45 days

. The to ta l  in te g ra te d  s c a tte r  (T : I .S „ )  from the most r e f le c t iv e  f i lm  is  1 .1 9  t  0 .5 9  
. x 10*3 f or a wavelength o f 0.6471 m icrom eter. Th is r e la te s  to an RMS roughness o f  0 .0 018  
m icrometer w h ile  standard fused s i l ic a  substrates have an RMS roughness o f 0 .0013  m icro
m eter [ 1 1 ] , in d ic a tin g  th a t the CVD f ilm  ap paren tly  is  conformed to the q u artz  s u b s tra te . 
In  a d d it io n , the as-deposited film s  do not roughen during anneal as evidenced by s im ila r  
T . I .S .  values o f  film s  before and a f te r  the anneal s te p .



Film s deposited by re a c tio n  (2 ) a t 750 C have s im ila r  o p tic a l and m e ta llo g ra p h ic  
p ro p e rtie s  as the f u l ly  anneal led films, from the carbonyl re a c tio n . Reaction (2 )  can pro
duce, however, body centered cubic (bcc) deposits o f e q u iv a le n tly  pure Mo which have f in e  

. g ra ins  (0 .0 3 0  nicrom eter) by depositing  a t  500 C. P re s e n tly , th in  sp uttered  f ilm s  o f  Mo 
are  used to  smooth bulk Mo s u b s tra tes , but r e s u lt  in  reduced damage th resho lds o f  such 
m irro rs . Ever though CVD Mo must be deposited a t  high tem peratures, a small g ra in  s iz e  
can r e s u lt  i f  the su b stra te  tem perature is low enough. I f  f in e  grained CVD depo sits  were 
formed on b u l< Mo, the damage threshold may be h igher than th a t o f bulk Mo coated w ith  
sp u ttered  Mo ror two reaso ns .‘ F i r s t ,  the CVD Mo is  l i k e ly  to be less porous than the sput
te re d  Mo due to the depo sitio n  o f the CVD f i lm  a t  thermal e q u ilib riu m  w ith  the s u b s tra te . 
Second, contaminants a t the b u lk - f i lm  in te r fa c e  can be p a r t ia l ly  removed by re a c tio n  w ith  
hydrogen a t  the tem perature o f d e p o s itio n .

4 . D iscussion

In  comparing them to the pure bulk phase, the anomalously low re fle c ta n c e  o f  r e f r a c 
to ry  m etal film s  was o r ig in a l ly  blamed on im p u rit ie s  and/or s tru c tu ra l m o d ific a tio n s . Im
provements ir. the p u r ity  and s tru c tu re  o f Mo film s  have been accomplished s in ce the sp u t
te re d  f i lm  of f ig u re  4 was deposited in  u lt ra -h ig h  vacuum two years ago [% ]. B ias in g  dur
ing s p u tte r in g  [1 2 ]  and heating the substrates during evaporation [1 3 ]  have increased the  
r e f le c ta n c e  o f PVD film s  to  near bulk va lu es . To our knowledge, however, on ly anneal 1ed 
CVD film s  have a c tu a lly  ec lipsed  the re fle c ta n c e  o f super-smooth bu lk Mo. Th is fa c t  may 
be due to  the absence o f a p o lish in g  step during the p rep ara tio n  o f  our f i lm s .  Th is hy
pothesis is  supported by th re e  fa c ts . F i r s t ,  the l i t e r a t u r e  acknowledges th a t mechanical 
p o lis h in g  induces a damage la y e r  in  smoothed semiconductor.and re fra c to ry  metal su rfaces  
[ 1 4 ,1 5 ] .  Second, S a ito  observed increasing  specular re fle c ta n c e  o f po lished hu lk Mo w ith  
decreasing roughness u n t il  a c e rta in  RMS value was reached whereupon the  re f le c ta n c e  began 
decreasing w ith  decreasing roughness [ 2 ] .  T h ir d , polished bulk Mo which co nta ins hardening  
agents (TZM) has ex h ib ited  a s l ig h t ly  h igher re fle c ta n c e  than pure bu lk Mo [ 1 ] .  The h a r
dened m a te r i i1 may have a less extensive p o lish  induced damage la y e r .

CVD Mo 1 ilms deposited on an ap p ro p ria te  su b s tra te  w ith o u t a d d it io n a l la y e rs  w i l l  be
come u s e fu l *is m irro rs  fo r  high-power la s e rs . T h e ir  high re fle c ta n c e  can p o s s ib ly  be 
ra is e d  even fu r th e r  by the fo llo w in g  measures'. F i r s t ,  CVD Mo could be is o la te d  from gases 
which may be adsorbed a t  th e  su rface . We have coated CVD Mo im m ediately a f te r  anneal w ith  
a CVD Si^Ng la y e r  and improved th e ir  in fra re d  re fle c ta n c e  [ ? ] .  Second, a s u b s tra te  w ith
a therm al expm sion c o e f f ic ie n t  c lo ser to  Mo than fused s i l i c a ,  such as s i l ic o n  c a rb id e , 
may reduce e la s t ic  deform ation upon co o lin g . F in a l ly ,  res id u a l amounts o f Cr and W in  our
f ilm s  could t e fu r th e r  reduced through p r e -p u r if ic a t io n  o f  the re a c ta n t m a te r ia ls . A l
though not y e t determ ined, CVD Mo should have a h igher damage th resho ld than super-smooth 
bulk Mp, s in io  the increased re fle c ta n c e  reduces the res id u a l absorptance* Reducing the  
su rface damage by the absence o f a need to p o lish  w i l l  help fu r th e r .  Support fo r  th is  ex
p e c ta tio n  is  provided by the fa c t  th a t diamond-turned copper has a h igher th re sh o ld  than 
m echanically  polished copper [ 5 ] .

5 . Conclusions

Mo th in  f ilm s  have been deposited by chemical vapor depo s itio n  from both Mo(C0)^ and

MoClg. P ost-depo s itio n  anneal l in g  has increased the re fle c ta n c e  o f f ilm s  from the carbonyl

to  98.73% a t  10 m icrom eter. The re fle c ta n c e  o f  these f ilm s  is  0.5% h ig h er than super-smooth 
bu lk  Mo. Films from the c h lo r id e  have e x h ib ite d  g ra in  s izes  ranging from 0 .0 3  to  0 .5  m icro
m eter.
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