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ABSTRACT

We report on three chemical vapor deposited (CVD) photothermal stack
configurations which combine promising selectivity, economical fabrication
and long 1ife expectancy at 500 C operating temperatures. CVD is a versa-
tile and economic technique for thin film deposition in the microelectronics
and protective coatings industries. Qur group at the University of Arizona
has adapted this technology to the preparation of optical thin films. Our
earliest configuration, developed in the mid-1970's, was a CVD polycrystal-
line silicon-on-stabilized siiver stack, which achieved longterm stability
(1000 hours cycling from room temperature to 500 C in vacuum), high solar
absorptance (a = 0.76 at 500 C), and low thermal emittance (e = 0.07 at
500 C). Recently, we have developed twe other configurations which employ
new CVD materials and which appear to be superior o our original silicon-
on-silver stacks. One stack configuration consists of a carbon stabilized
CVD amorphous silicon absorber layer antireflected with silicon nitride and
deposited on CVD thin film molybdenum. Non-optimized stacks have been
developed with absorptances of more than 0.75 and emittances of less than
0.03. The optical properties of these coatings were not degraced after
500 hours of anneal at 500 C in air. In our third configuraticn, a single
material functions both as solar absorber and infrared refiector. We have
termed this material "black molybdenum". When black molybdenum is anti-
reflected with silicon nitride, it has a high solar absorptance (greater
than 0.91) and a low thermal emittance (approximately 6.11), based on room
temperature reflectance. The a and e of these coatings were unchanged after
1000 hours of anneal at 500 C in a 1 mm Hg vacuum. e continue to optimize
material properties and stack design to maximize solar absorptance, minimize
thermal emittance, and insure stability at operating temperatures.
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I. Introduction

1.1 Overview

The remarkable growth of solar energy technology over the past six
years has created a demand for novel optical coatings. The total efficiency
of a solar energy system will critically depend on its reflecting, absorbing,
and transmitting components. During this recent period, our group at the
University of Arizona's Optical Sciences Center has focused on spectrally
selective surfaces. We have developed a novel technology based on chemical
vapor deposition (CYD) for fabricating multilayer stacks with the selectivity
required for efficient, high-temperature photothermal conversion.!?

We hope to stimulate interest in adapting our laboratory results to
larger scale production by briefily describing our recent successes and the
potential of CVD in preparing photothermal converter coatings. For two fun-
damental reasons, this technology merits the interest of the plating and
metal coating community:

1) CVD, already a mature technology in the microelectronics, tool and
protective coatings industries, shows promise as a low cost tech-
nique for quickly and uniformly coating the very large areas needed
for solar energy conversion.

2) Rapid laboratory progress on three high temperature, thin film CVD
materials - highly reflective molybdenum, black molybdenum, and
stabilized amorphous silicon - have set the stage for production of
stable selective stacks.

We report here on multilayer stack configurations that meet four essen-
tial requirements for high performance coatings: low thermal emittance, high
solar absorptance, econorical fabrication, and long life expectancy under
500 C operating conditions. The three different stack configurations we will
discuss can be tailored to accentuate any of the four requirements, depending
on the application required.

1.2 Chemical Vapor Deposition

CVD has provided a novel and versatile means of fabricating spectrally
selective solar coatings. An example serves to illustrate this process.
When a gas mixture containing silane (SiH,) is brought into contact with a
surface hotter than 500 C, sufficient thermal energy to fragment these silane
molecules is transferred to them from the surface.? Individual silicon atoms,
resulting from the breakup of the silane, remain on the surface as part of a



growing thin film, while hydrogen molecules, also formed, and any undecomposed
silane leave the reactor with the carrier gas. The reaction can be written

S1'H4 > Si+ 2Hyt . (1)

In short, vapor phase molecules receive enough energy from a hot surface for

a chemical reaction to take place, depositing a film, hence the term chemical
vapor deposition. When a reactant is broken up by heat, it is said to be
pyrolytically decomposed, or pyrolyzed. Examples of pyrolytically deposited
films for our selective coatings include the deposition of silicon from silane,
as in the above example, and the deposition of molybdenum from molybdenum
hexacarbonyl Mo(CO)6 (Section II.2.1).

When two or more reactants are added to the diluting carrier gas the
system becomes more complex. An example is our "chloride process.” This in-
volves the reaction between a refractory metal halide, molybdenum chloride,
and hydrogen gas; the latter reduces the former, leaving behind highly re-
flecting molybdenum and evolving gaseous hydrogen chioride:

M0C15 (g) + 5/2 H2 (g) - Mo + 5HCI+ (2)

(see section 11.2.2)

A schematic drawing of a typical cold wall CVD reactor appears in Figure
1. The essential elements are the vapor generators for solid and liquid re-
actants (not shown), the reactant and/or carrier gas cylinders, flow meiers
to regulate the gas flow, a containment vessel for the reaction zone, a heat
source, a substrate, and a susceptor on which it sits. Two basic reguirements

for producing uniform fiims by CVD are uniform gas flow and uniform substrate
heating.

Two strategies can be employed to achieve uniform heating. They are dis-
tinguished by the wall temperature of the reaction vessel. The walls in a hot
wall reactor ‘have the dual role of containing the reactants and heating the
subtrates placed within the reactor. Hot wall reactors can be heated by resis-
tance heaters or by radio frequency generators. We employ cool wall reactors;
power from the external heating source is transmitted directly through the
walls of the reaction vessel to a susceptor upon which the substrates are placed.
Heating is localized at the susceptor so the reactor walls remain relatively
cool. The susceptor is more massive than the substrates and acts not only as
a target for incoming power, but also as a heat reservoir. In our reactor,
the susceptor is a graphite block coated with silicon carbide.

In our depositions of silicon compounds from silane and molybdenum from
molybdenum carbonyl, the susceptor is heated by high intensity lamps placed
outside the clear walled reaction vessel. In fabricating molybdenum thin films
by the hydrogen reduction of molybdenum pentachloride (Reaction 2), however,
the susceptor is heated by a radio frequency power source.

As in electroplating, the substrate in CVD plays a pivotal role in film
formation. In electroplating, the substrate discharges the ions which form
the coating. In CVD, the substrate must provide the activation energy and
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Figure 1. A schematic drawing of a typical inductively heated CVD reactor.

may often act as an active site for the chemical reactions which deposit

the film.3 While the substrate is necessarily hot in CVD, it need not be
electrically conductive as required by electroplating.® The high deposition
temperatures needed by CVD pose problems of mismatched thermal expansion
coefficients, agglomeration, interdiffusion, erosion of the substrate by the
reactant gas (ablation), and interaction of component layers. Therefore,
for certain CVD applications, some substrates and component layers are com-
pletely unsuitable, while others may be used only if passivated prior to
deposition of the next layer.>

On the other hand, high fabrication temperatures prescreen CVD selective
surfaces against failure at operating temperature and in many cases improve
the quality of the films.® For example, high temperatures during deposition
or anneal are essential for the achievement of high reflectance in molybdenum
thin films.



A large number of chemical reactions can be harnessed by CVD, making
it a very flexible process. Moreover, doping or alloying of films is
straightforward in CVD, since additional reactants can be uniformly mixed
in the carrier gas stream, although differences in deposition rates among
reactants can complicate the process. Refractory metals,characterized by
Tow volatility and high chemical activity, are especially suited to CcvD,
as are some compounds whose low stability makes them difficult to deposit
by evaporation or sputtering. Lastly, very pure films can be deposited
by CVD without resorting to the very high vacuums required by the physical
vapor deposition (PVD) methods of sputtering or evaporation.

Electroplating, based on the flow of current through a substrate,
requires that the substrate be conducting. This is a strong constraint in
selective surface development, in that the use of insulating substrates and/
or thin films is necessary for many applications. For example, some collector
designs require coated glass elements, and many selective surfaces operate
more efficiently with antireflection coatings which are made of insulators
such as silicon nitride.

Coating rates as high as 1500 um/hour have been revorted for CVYD.7
However, in the long run, the important quantity for large scale selective
surface production will not be rate but rate times area coated. The vital
advantage of CVD over PVD is that once gas flow conditions are optimized for
the geometry of the substrate which must be coated, very large areas can be
coated in a single deposition.® In the tool and microelectronic industries,
areas on the order of 10% cm? on many small pieces are routinely coated by
CVD at one time. In the processes developed at the Optical Sciences Centzer,
deposition rates are between 1 and 10 wm/hour,®>10 more than adequate for
selective stacks. For example, even at this slow deposition rate, only a
few minutes are required to fabricate the absorber laver; these layers are
thin, usually less than the wavelength of visisle 1light, in order to exploit
interference effects to maximize solar absorptance.

CVD can be carried out at pressures ranging from considerably above
atmospheric down to 1 um Hg. Of course, pressure is a parameter which
must be optimized to achieve high purity and uniformity of the resulting
films. Coating is simplified and costs can be reduced by avoiding non-
ambient pressures. All of the selective surfaces made in our laboratory
are deposited at ambient pressures. Therefore, long flow-through ovens
could be built for the large scale deposition of our coating on pipes and
flat plates.® As an alternative to batch production in PVD systems requiring
large, expensive diffusion pumps, CVD may provide considerable savings in
equipment and time.

When deposition parameters are properly chosen, CVD has greater throw-
ing power, or ability to coat objects of complex shapes with uniform films,
than does electroplating or evaporation.* The appearance of unusual con-
centrator, absorber, and boiler designs may give throwing power increasing
importance. Summing up all of the above considerations, we expect to see

a growing interest in CVD technology, especially in the area of coatings
for solar energy converters.



1.2 Optical Properties

In the conversion of solar radiation to heat, the optical properties
of surfaces intercepting the solar flux determine the upper 1imit of the
system's conversion efficiency.l! The desired optical characteristics of
a photothermal converter are high absorption cver the solar emission spec-
trum combined with low reradiation loss across the thermal infrared rance.
Thus, the absorption spectrum of the converter must approximate a step
function of wavelength with strong absorption for short wavelengths and
very weak, or no, absorption for long ones. The exact location of the
step in the absorption profile depends on the conditions of solar flux
concentration and the operating temperature.
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Figure 2. Ideal spectral profile of a photothermal converter.



To quantify the selectivity of our stacks and to compare them with those
prepared by other methods, I will briefly define the quantities "solar absorp-

tance" and "thermal emittance" and describe our procedure for their deter-
mination:

Solar absorptance, a, is the ratio of the insolation absorbed by a sur-
face to the total insolation incident on that surface, where the insolation
must be known as a function of wavelength.

Thermal emittance, ¢(T) is the ratio of the energy radiated by a surface
at a temperature T to that radiated by a blackbody at the same temperature.
Both values are evaluated over the hemisphere above the surface.

If possible, the measurements should be made with the surface at oper-
ating temperatures. Unless otherwise indicated, however, our calculations
of solar absorptance are based on room temperature hemispherical absorptances
a (n), according to the formula

0f°° a, (\)F (1) dr

Ofw.xf(x) dx

where an Air Mass 2 solar spectrum is used for the insolation .»°(1). Our
thermal emittances are computed by the formula

7 e(0T) €L (LT dr
oty = O bb (4)

Of £bb(x,T)dx

where éBB (x,T) is the blackbody emission for temperature T.

If it is assumed that the samples are opaque and Kirchoff's Law is
valid, the absorptance, a(X),and the emittance «(4,T),can be approximated
by 1-R(i), where R{’}) is the hemispherical reflectance. Although the eval-
uations of the solar absorptance in our results are actually based on hemi-
spherical reflectance measurements, it should be noted that within the
precision of the measurement the same values are obtained for specular re-
flectance. The thermal emittances quoted in this paper are based on specular
reflectance measurements, giving an upper limit for e, so that the actual
thermal emittance may be even smaller. Except for measurements of the

silicon-on-silver stacks which were made at 500 C, reflectance measurements
were made at 20 C.

To compare the solar absorptance of different absorber materials, it
is helpful to plot absorptance against a suitable function of the wavelength
such that equal increments along the abscissa correspond to equal fractions
of the solar flux (see Fig. 9 and Section II.4). The advantaqge of such a
"distorted wavelength plot" is that solar absorptance can be derived by

planimetry of the area beneath the curve with the area of the entire graph
representing 100%.12



The function which relates the wavelength and the distance along the
abscissa is

)\i
b s 2(x) dxr
0
x(1')=

Of°° o () da (5)

where b is a scaling factor and, as before, .# is the solar flux. Distorted

wavelength plots can also be prepared for determining the emittance at a
given temperature given the reflectance spectrum.

Our approach to spectrel selectivity has been based on an absorber-
reflector tandem, which contains three elements: an absorber layer, which
captures the solar flux but which becomes transparent in the thermal infrared,
a reflector layer which underlies and essentially looks through the absorber
layer to lower the stack's emittance, and an antireflection layer which over-
Ties the absorber and reduces front surface reflection in the stack.

Recently, we have begun to combine the functions of the absorber and
reflector in a remarkable material we call black molybdenum (Section I1.5).
In a parallel development, we have begun combining the functions of the
absorber and antireflection layers by making the silicon absorber thin enougn
so that interference effects between the absorber, the antireflection layer,
and the molybdenum add to the absorption. The optimum stack configuration
for a particular application will depend on the relative importance of emit-
tance, absorptance, durability, and cost. rortunately, the optical properties

are proving to be amenable to manipulation, so that such optimization appears
to be practical.

CROSSECTION OF THE CONVERTER STACK

Function Material ) Thickness (p)

AR layer /4 at 0.5 um
Absorber 1.5 - 1.6
Stabiliser = 0.02
Reflector = 0.1
pet « .03
Substrate massive
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Figure 3. Cross-section and functions of the component layers of a spec-
trally selective stack for use in high temperature photothermal solar energy
conversion.*



II. CVD Solar Materials and Stack Configurations

II.1 Silicon-on-Silver Coating

Figure 3 shows the design of the first selective surface developed in
our laboratory. The essential elements were a suitable antireflected absorber
layer (CVD polycrystalline silicon) deposited on a silver reflector layer
deposited, 1in turn, on an oxidized stainless steel substrate. The spectral
selectivity was derived from the absorber-reflector tandem principle: the
silicon strongly absorbs the solar flux but becomes transparent in the in-
frared, allowing the highly reflective silver layer below to determine the
entire stack's emittance.

Our program developed stacks which could be reproducibly fabricated
and which showed noteworthy selectivity. Figure 4 shows the reflectance
profile of the state of the art stack at 20 C and 500 C. The solar absorp-
tance and the infrared emittance at 500 C as calculated from the reflectance
measured at 500 C are 0.76 and 0.067, respectively. Free carrier absorption
is acceptably small in the CVD silicon absorber. We stabilized the silver
reflector layer against interdiffusion with adjacent layers and against
morphological changes which would otherwise occur during deposition of the
rest of the CVD stack or during sustained operation at 500 C. The optical
performance of these stacks did not deteriorate when stacks were cycled
several thousand times to 500 C in a roughing pump vacuum. Total annealing
time exceeded 1000 hours. Sample sets annealed at 700 C in vacuum for
several hours lost less than 2.5% of their infrared reflectance.
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Figure 4. The spectral reflectance of a Si-Ag sample measured at temper-
atures of 20 C and 500 C. (In the region of rapidly oscillating fringes be-
tween 0.7 and 2.0 um, the effective coating reflectance is plotted.) The

silicon thickness is 1.75 um and the silicon-nitride thickness is 0.07 um.!



We are no longer developing the silicon-on-silver stack configuration.
Since 1977, our goal has been to improve the stack in two ways: by replacing
the polycrystalline absorber layer with amorphous silicon and by replacing
the silver reflector layer with a CVD refractory metal film. The work has
progressed to the point where the new stack configurations produce superior
optical performance, possess greater stability at operating temperatures,
and will be easier to fabricate because each layer can be deposited by CVD.

11.2 Highly Reflecting Molybdenum Thin Films

Refractory metals such as tungsten and molybdenum were selected to re-
place the noble metals for several reasons:

1. The infrared reflectivity of the bulk refractory metals competes
with that of silver or aluminum. 1In Table I, we compare the infrared re-
flectivities and the 500 C emittances (calculated from infrared spectral
measurements) of some common reflector materials.

2. Because of their high melting points, agglomeration is not a prob-
lem for 500 C applications.®

3. Films of molybdenum and tungsten are readily made by CVD.*

We also had to deal with several drawbacks to the use of refractory
metals:

1. The expense of refractory metals in bulk form is prohibitive, re-
quiring that they be used as thin films.

2. The reflectance of sputtered or evaporated refractory metal films
was reported to be lower than that of the bulk metals.®-13

3. The optical properties of such films were not well known

4. Molybdenum and tungsten oxidize at high temperatures and must be
passivated (protected) by a suitable overcoat layer. The emittances of the

standard passivators, silicide layers of the base metals, are too high to
use for solar applications.!®

We have focused on molybdenum and have successfully dealt with these
problems; we expect that tungsten, a subject for futurg research,'wi]] behave
similarly. Through CVD, we have produced molybdenum films whose infrared
reflectance comes within 0.7 of a percentage point of supersmooth, cargfu]ly
polished bulk samples.!> Passivation also has been achieved by empioying
optically acceptable coatings (Section 11.2.4).The topmost curve in Figure 5
shows the absolute reflectance of a bulk molybdenum sample. Ref1ectance of
a CVD molybdenum film passivated by a thin layer of silicon nitride approaches
this curve to within a few tenths of a percentage point. An unprqtected
molybdenum film is only slightly lower in reflectance. Botn profiles exceed
that of a film sputtered in ultrahigh vacuum.!® A1l measurements were performed
in the high precision absolute reflectometer of the Michelson Laboratory,
Naval Weapons Center, China Lake, CA.
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TABLE 1. Reflectance at 10 um and 500 C emittance calculated from room
temperature reflectance data. For emittances, the third figure after
the decimal point is given for comparison purposes.

Reflectance
Element (10 ym, 20 C) e(500 C)
ar(asb) 98.7 0.022
ag(bc) 99.5 0.015
au(b»c) 99.4 0.016
cub) 98.9 0.017
Mo(d) 98.1 0.031
w (e 98. 5 0.030
T Bernett, M. Silver, and E.J. Ashley, JOSA 53, 1089 (1963).
b G. Hass and L. Hadley, AIP Handbook, 2nd Edition, McGraw-Hill, New York,
(1963), pp. 6-119.
© J.M. Bennett and E.J. Ashley, App. Opt. 4221 (1965).
A. Klugmann and J.M. Bennett, in Proc. High Power Laser Optical Com-
ponents and Component Materials Meeting, J.S. Harris and C.L. Strecker,
eds., Defense Advanced Research Projects Agency, p. 163 (1977).
M.M. Kirillova, L.V. Nomerovannoya, and M.M. Noskov, Soviet Physics JETP
33 (6), 1210 (1971).
e

L.V. Nomerovannoya, M.M. Kirillova, M.M. Noskov, Soviet Physics JETP
33 (2), 405 (1971).
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Figure 5. Absolute reflectance of bulk molybdenum (Curve 1), a molybdenun
film sputtered in ultra-high vacuum (Curve 4), and two molybdenum
films prepared by CVD. HMeasurements were performed with the
High Precision Absolute Reflectometer at the Michelson Laboratory,
Naval Weapons Center, China Lake, CA, where the bulk and sputtered
samples were also prepared.l1S»16,21

11.2.1 Molybdenum from the Pyrolytic Decomposition of Molybdenum Carbonyl

One of two techniques for making highly reflecting CVD molybdenum films
involves the pyrolytic decomposition of molybdenum carbonyl. The CVD films
measured in Figure 5 were prepared using this method. The ideal reaction can
be written

MO(CO)6 - Mo + 6CO+ . (6)

We deposited these films at temperatures between 200 and 400 C at one atmo-
sphere with argon carrier gas in a horizontally fed radiatively heated
reactor.® Deposition rates were on the order of 0.3 nm/second at 300 C on
quartz and nickel substrates. Attempts to work above 400 C at one atmosphere
result in gas phase decomposition and powdery, non-adherent films.!7 Because
Reaction 6 will not go to completion at temperatures below 400 C,!® molybdenum
oxycarbide (Mo0 Cy with x+yz1), rather than pure molybdenum, is deposited.

The measured 1n¥rared reflectance of this film is considerably inferior

(87% of Al at 10 um) to that of bulk mo]ybdenum.19 The molybdenum hexacarbonyl
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was purchased from the Alfa Division of the Ventron Corporation. It contains
as impurities the other two elements in the same column of the periodic table
as molybdenum: tungsten and chromium. As a result, our films contain about

1 at.% tungsten and 2 at.% chromijum.20

When subjected to a post-deposition anneal in a flowing hydrogen-con-
taining atmosphere (90% He/10% H,) at temperatures between 750 and 1000 C,
the films came within 0.7% of the reflectance of bulk, supersmooth molybdenum.21
During this anneal, electrical resistivity falls and grain size grows fifty-
fold to approximately 0.5 um. The molybdenum oxycarbide x-ray lines are
replaced by body-centered cubic (bcc) molybdenum x-ray diffraction lines, and
most of the carbon and oxygen leave the film.21-22 The fact that the annealed
film still contains carbon and oxygen is important. For a strongly reactive
material such as molybdenum, a realistic technology must tolerate some im-
purities. It is therefore encouraging that the higher reflectance of annealed
CVD molybdenum films is not necessarily tied to very high purity.23

Table 2 compares conductivity and reflectance values for unannealed
and completely annealed films with those of bulk molybdenum. The essential
function of hydrogen in the anneal step seems to be to retard oxidation of the
molybdenum during the anneal.2“

TABLE 2. Thickness, electrical resistivity at 20 C, and absolute reflectance

at 10 wm of an as-deposited film, an annealed film, and supersmooth
bulk molybdenum

Absolute
Resistivity at Reflectance
Sample Thickness (um) 20 C (un-cm) at 10 um (%)
As-deposited 0.154 + 0.006 250 + 25 85.0 £ 1.0
Annealad 0.134 + 0.007 9+ 2 97.4 £ 0.1
Bulk Mo - 5.7% 98.1 + 0.1

Handbook of Chemistry and Physics, 52nd Edition, The Chemical Rubber Co.,
Cleveland, Ohio, 1971, p. E-72.

I1.2.2 Molybdenum from the Hydrogen Reduction of Molybdenum Pentachloride

Reaction 2 above,
MoC]s(g) + 5/2 Hz(g) - Mo + S5HC1+ (2)

can deposit molybdenum if relatively pure molybdenum carbonyl is used at depo-
sition temperatures above 500 C.2°> Some care must be taken with the molybdenum



13

pentachloride. The presence of oxygen or water vapor would lead to the for-
mation of oxychlorides, which are also reduced by hydrogen, resulting in the
inclusion of oxygen in the films. To minimize contamination of the molybdenum
pentachloride powder, the source generator is loaded in a glove box under

dry nitrogen. Depositions in this system are usually performed at atmospheric
Pressure in a flowing gas mixture of 10% hydrogen in argon at temperatures
ranging from 500 C to 750 C. The inductively heated reaction chamber is
horizontal and incorporates pyrex lines and ground glass joints. Molybdenum
thin films deposited at 750 C from molybdenum pentachloride exhibit infrared
reflectances equaling those of the best annealed films discussed above. These
highly refiecting films exhibit bec X-ray diffraction patterns and are as pure
as the fully annealed films produced by the carbonyl process.2

I1.2.3 Comparison of Carbonyl and Chloride Processes

The chTloride process may be the preferred method for large-scale produc-
tion. First, it is a less complicated technique.Being a single step procedure,
there is no need for a post-deposition anneal, and, although the deposition
temperature is higher than that used in the carbonyl process, it is lower than
the temperature required in the carbonyl process's annealing step. This is
particularly important for molybdenum 31ms deposited on low Chrome steel, which
has a ferritic to austenitic phase transformation at approximately 725 (.

The resultant volume change in the stee] substrate during the annealing of a
carbonyl process molybdenum film may destroy the optical coating. Finally,
the chloride process promises to be more economical than the carbonyl process.
In large quantities, it is much Cheaper to buy molybdenum and chlorine and
combine them in situ via

Mo + 5/2 Cl, - MoC1, (Temperature > 800 () (

~d
S—

than to purchase molybdenum chloride. 0n the other hand, the reactant needed
for the carbonyl process, molybdenum hexacarbenvl, cannot be directly produced
from molybdenum, but must be purchased or procuced from molybdenum pentachloride.

One disadvantage of the chloride process for some substrates and appli-
cations, however, is the release of highly corrosive hydrogen chloride. In
fact, it is not possible to deposit molybdenum directly onto steel using this
process unless the steel first receives a coating, such as nickel, to prevent
its chemical erosion.5

I1.2.4 Passivating the Molybdenum Reflector Against Oxidation

While molybdenum resists the agglomeration and pinhole formation that
affects silver, it is subject to a serious degradation mechanism that must
be blocked: oxidation. For solar energy applications, we have found this
problem not to be insuperable. Our recent work indicates that molybdenum
films overcoated with a 25 nm thick silicon nitride film are protected from
oxidation while retaining their infrared reflectance, even when exposed to
open air at 500 C for several hours.l* The emittance of these films is not
increased by the passivation.



Recently, we also discovered that if the thickness of the passivation
layer is increased to 75 - 110 nm, oxidation is slowed even further with no
loss of infrared reflectance. Thin film CVD molybdenum samples passivated
with 110 nm of silicon nitride have maintained their high infrared reflec-
tance for over 750 hours annealing at 500 C in air. Further, we have found
that the stack's absorber layer can also protect the molybdenum film from
oxidation. We have lifetime tested solar stacks composed of highly reflecting
thin film molybdenum overcoated with a thin (approximately 100 nm) silicon
layer antireflected with silicon nitride. These were tested in air for 500
hours at 500 C without showing degradation of optical performance. Acceler-

ated lifetime tests involving passivated molybdenum and complete stacks
continue.?2%

I11.3 Amorphous Silicon Absorber Layers

While the very highly reflecting molybdenum which we have preparad by
CVD can presumably be combined with many types of absorber layers to produce
selective surfaces, we have focused on silicon. Silicon has been a favored
candidate for the absorber material, as its absorption edge falls approximately
between the solar spectrum and the thermal reradiation,?’? and its linear
expansion ceefficient (3 x 10-%/°C) 1is very similar to those of molybdenum
and tungsten (5 x 107%/°C and 4.5 x 1076/°C, respectively),2® lending inter-
facial stability to the coating.

I11.3.1 Amorphous Silicon

In the silicon-on-silver stacks discussed above, the ahbsorber was
polycrystalline silicon. Research is now underway to improve the moderate
solar absorptance of these converter stacks by replacing the crystalline
silicon absorber with a layer of amorphous silicon stabilized against crystal-
lization by alloying with carbon. 7This would eliminate the problems posed
by the polycrystalline silicon, which has a shallow absorption edge allowing
too many near-infrared solar photons to pass through unabsorbed.2:29

It has long been known that the absorption profile of amorphous silicon
is superior to that of polycrystalline silicon with respect to steepness and
spectral position, thereby providing larger solar absorptance.30732 Sputtered
or evaporated amorphous silicon, however, crystallizes at 550 C.33 Not only
is the loss of absorption disadvantageous, but the volume changes upon
crystallization could destroy the stacks containing amorphous silicon. The
converter surfaces would have too short a lifetime at the operating temper-
atures necessary for reasonable Carnot efficiency. As a conseguence, it
initially appeared that the silicon phase having superior optical performance
had to be ruled out on the basis of insufficient temperature stability.

14
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11.3.2 CVD Amorphous Silicon

Chemical vapor deposited amorphous silicon differs from the evaporated
or sputtered material. Incomplete decomposition of the silane molecule
leads to the incorporation of hydrogen intc the growing film. The resultant
material, which contains between 0.2 and 0.7 at.% hydrogen, does not crystallize
as rapidly as 1ts sputtered or evaporated counterparts. Detailed studies
show that crystallization in amorphous silicon is a gradual process that de-
pends on length and temperature of anneal and proceeds exponentially at
higher temperatures. With this in mind, a "crystallization temperature" of
680 C for CVD amorphous silicon can be assigned for comparison with the
crystaltization temperature of 550 C previously obsarved for sputtered or
evaporated amorphous silicon films.3"

In spite of this improvement, the thermally activated crystallization
kinetics of CVD amorphous silicon implies that a converter opercted at 500 C
would survive at the most a few years before progressive crystallization of
the absorber layer destroyed the stack. The coincidence of increased resistance
to crystallization with the presence of hydrogen in amorphous silicon sug-
gested that intentional doping could further retard the crystallization of
CVD amorphous silicon. One constraint of this search was that the doping

cannot adversely affect the optical properties of the non-intentionally doped
amorphous silicon.

11.3.3 Doped Amorphous Silicon

Qur group is presently studying the effects of doping with C, N, B, or Ge
on the crystallization behavior and optical properties of CVD amorphous sili-
con.10,35 Carbon has received the most attention, because the solar abscrp-
tance of the alloyed material exceeds even that of the non-intentionally
doped material. In addition, in alloys of silicon with carbon or nitrogen,
the crystallization is retarded to a point where stacks operating at tem-
peratures in excess of 700 C can be expected to survive for decades.

In Figure 6 are plotted the absorption coefficients of films doped with
carbon at various levels of concentration. Note that the gain in solar
absorptance is most pronounced for films doped with 18 at.% C. In films doped
with a higher concentration, the profile of the absorption coefficient drops
below that of the non-intentionally doped material above photon energies of
1.6 eV.

The intensity of the Si{111} x-ray diffraction peak is plotted as a
function of the length of the anneal relative to that of a standard CVD
polycrystalline film in Figure 7. The non-intentionally doped film annealed
at 650 C starts to crystallize after less than two hours, in agreement with
the results of Janai and his colleagues.3% In contrast, a film doped with

18 at.% C withstands an anneal at 950 C for up to ten hours before substantial
crystallization starts.

In order to describe the crystallization process in guantitative terms,
we define the "crystallization time" as the time when the inflection point
occurs in profiles such as those given in Figure 7. Such a point was observed
for all the dopants studied in sufficient detail. Plotted as a function of
reciprocal absolute temperature, the logarithms of the crystallization times
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Figure 8. Crystallization time vs. anneal temperature for CVD amorphous
silicon for 18 at.% carbon.10,35

fall on a straight line. This suggests expressing the rate of crystallization
in terms of an Arrhenius equation. The slope and the intercept with 1/T =0
of the profiles plotted in Figure 8 determine in this equation the activation
energy and the pre-exponential factor, respectively.

The straight line on the left in Figure 8 represents the most conservative
assessment of the data collected on the crystallization of amerphous silicon
doped with 18 at.% carbon. The straight 1ine on the right is based on the
data reported by Janai and his colleagues for the crystallization of non-
intentionally doped amorphous silicon.3*

From our research we have learned the following:
1. Carbon and nitrogen both retard crystallization, while boron does not.

2. For a given temperature of anneal the retardation is most effective
for a high concentration of the dopant.

3. For a given carbon concentration, crystallization proceeds faster at
higher temperatures of anneal, as expected.

From the data in Figure 8, we conclude that the structural lifetime of
a photothermal converter surface that uses carbon-stabilized silicon as the
absorber would be on the order of several decades, if the surface is continuously
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operated at 700 C. Operation at 650 C would extend the crystallization time
to several hundred years. If this extrapolation on the basis of the Arrhenius
equation is correct, the retardation of the crystallization by carbon doping
contributes significantly to the structural lifetime of an amorphous silicon
solar absorber.
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Figure 9. Double-pass absorptance through a 1 um thick sample of polycrystalline
silicon (pc-Si)3%, non-intentionally doped amorphous silicon (a-Si)3*
and stabilized amorphous silicon (a-Si, 18 at.? C) plotted on a dis-
torted r-plot. Superimposed are the reflectances of silver, CVD
molybdenum?!, and black molybdenum?*. Shaded and crosshatched areas
qualitatively correspond to the gain in absorptance over a silver
reflector. Note that kinks in the curves are caused by irregularities
of the distorted »-plot that represent absorption bands in the
solar spectrum.1®

11.4 CVD Selective Surfaces Using Amorphous Silicon and Molybdenum

Absorber-reflector tandems based on stabilized amorphous silicon ab-
sorbers and highly reflecting molybdenum thin film reflectors are the second
configuration of CVD selective surfaces prepared at the University of Arizona.
Our group is Jjust beginning the work of stack fabrication using the new
carbon-doped amorphous silicon on highly reflecting thin £i1m molybdenum

reflectors. Because of differences 1n optical properties of CVD amorphous
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silicon as compared to CVD polycrystalline silicon,on the one hand, and

molybdenum as compared to silver,on the other, the solar stacks with the

highest a with ¢ less than 0.10 will have an absorber layer about an order

of magnitude thinner than the silicon-on-silver stacks developed earlier.

The reason for this difference is that, unlike silver, molybdenum is not a
broadband reflector. Over the solar spectrum, its reflectance averages

about 60%. The rest of the incident radiation is absorbed by the metal.

In Figure 9, the reflectance of highly reflective and black molybdenum (Sect. II.5)

and silver are plotted against wavelength on a distorted wavelength plot for
an Air Mass 2 solar spectrum.

Also shown in Figure 9 are the absorbance profiles derived from
A(r) = 1 - exp[-2-a(r)-d] ‘ (8)

for polycrystalline, non-intentionally doped amorphous, and stabilized amorphous
silicon (18 at.% C) for a 1 um thick film. To interpret the areas above the
curves in terms of solar absorptance, the reflection loss at the absorber/air
interface must be taken into account.

Due to silver's high reflectance in the infrared, photons that pass through
the absorber at wavelengths longer than its absorption edge are not absorbed.
In contrast to silver's broadband reflectance, some metals and compounds com-
bine moderate reflectance over the solar emission band with high infrared re-
flectance. Molybdenum, due to its d electrons, is one of these materials.*2!l

The slashed and cross-hatched areas in Figure 9 qualitatively correspond
to the gain in absorptance over silver of highly reflective and black molyb-
denum, respectively. The need for a thin absorber layer is another manifestation
of molybdenum's different optical properties. The optical constants of silicon
are a better match to molybdenum than to silver.2® The silicon can partially
antireflect the metal on which it sits. This antireflection effect of silicon-
on-silver stacks does not seriously degrade emittance (note the sawtooth pat-
tern for 2 - 10 ym in Figure 3). For stacks which use the same thickness of
silicon (over 1 um) used in silicon-on-silver stacks, the fringe minima are
sufficiently deep, however, to increase thermal emittance to intolerable levels.

Cutting the thickness of the absorber by an order of magnitude pulls the
fringes out of the thermal infrared into the solar band. Immediately, the
stack emittance decreases to a value closer to that of bare molybdenum and,
if the fringes are positioned correctly, the stack absorptance increases. In
essence, making the silicon layer thinner causes it to gain a second function.
In addition to its role as the absorber layer in an absorber-reflector tandem,
it antireflects the molybdenum over the solar spectrum. The silicon layer it-
self still requires antireflection with silicon nitride and the thickness of
these two layers must be jointly optimized to maximize solar absorptance.

The a value of non-optimized stacks has exceeded 0.75 and, based on infrared
reflectance measurements, the 500 C thermal emittance of the stacks is calcu-

lated to be < 0.08. Future work will be concerned with optimizing the thick-
nesses to maximize a and minimize e.

*Based on published reflectance data, 38 it appears that tungsten may provide
greater absorptance than molybdenum. The boundary between moderate and high
reflectance is more distinct and tungsten reflects less in the visible. We plan
to deposit and study tungsten soon.
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It has also been shown feasible to deposit silicon directly onto molyb-
denum with no destructive effects. Such stacks with an anti-reflection
coating of silicon nitride have withstood 500 hours testing in air at 500 C
without apparent interdiffusion of the layers or degradation of the molyb-
denum reflector. In addition, stacks consisting of 1000 A of carbon-stabilized
amorphous silicon on molybdenum without the protection of an anti-reflection
layer have withstood 75C hours at 500 C in air with little or no reduction
of the infrared reflectance.26239

11.5 Black Molybdenum: Single Layer Converter?

Bare molybdenum, as evidenced by the distorted wavelength plot in
Figure 9, could function in high vacuums as an absorber with an a of 0.37
and an e(500 C), based on room temperature reflectance,of 0.03. While its
solar absorptance is too low for any conceivable use, if the optical proper-
ties of bare molybdenum could be altered to enhance absorptance while main-
taining a small e value, it could prove very useful for solar applications.

CVD black molybdenum, developed in the past year at the Optical Sciences
Center, fulfills this promise.?»22 The preparation of black molybdenum is
a two step process, involving a deposition followed by an anneal, and thus
resembles the preparation of highly refiecting molybdenum films via the car-
bonyl process. The difference between the two processes lies in the compo-
sition of the gas stream during the deposition. Black molybdenum thin films
are deposited from molybdenum hexacarbonyl in the presence of an oxygen bleed
at 300 C. (The solar absorptance and emittance of the deposited material is
a function of oxygen flow rate.) The material is almost entirely fine-grained

Mo0,, as evidenced by TEM, x-ray diffraction, and quantitative microprobe
anaiysis.

The maximum solar absorptance achieved by mid-1979 is about 0.77 2% Unfor-
tunately, emissivity is also very high. Post-deposition annealing in hydrogen
decreases the infrared emittance, however, at the expense of also decreasing
the visible absorptance of black molybdenum. During this hvdrogen anneal,
these films lose oxygen, presumably as H,0, and partially revert to a bcc
crystal struciure. A thirty minute anneal under a flowing hydrogen containing
atmosphere at 1000 C completely reduces black molybdenum. Both the infrared
and visible reflectance of these fully annealed black molybdenum films approach
that of the highly reflecting films deposited by molybdenum hexacarbonyl with-
out an oxygen bleed. However, high reflectance over the solar spectrum is
not desireable, as was pointed out in the previous section. For this reason,
our interest in black molybdenum 1ies in the optical properties that can be
obtained by a partial anneal. We have found that during anneal, the infrared
reflectance increases more rapidly than the accompanying increase in the visible
reflectance. (Contrast Curves 2 and 3 in Figures 10 and 11.) After an anneal
of seven minute: at 770 C, we obtain a single layer which exhibits respectable
selectivity: a = 0.74, ¢(500 C) = 0.08 (See Table III and Figures 10, 11).

Recent electron microprobe analysis indicates that partially annealed
black molybdenum contains approximately 20 at.% oxygen. The absorption mech-
anism of black molybdenum is still unknown. We have found that the optical
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constants of our CVD silicon nitride match black molybdenum well enough to
enable an overcoat of the nitride to antireflect the black film over a wide
band in the visibie spectrum. The silicon nitride film also passivates the
black molybdenum against oxidation. This antireflected black molybdenum

represents the third configuration of CVD selective surfaces which our group
has developed.

With antireflection, black molybdenum films from a seven minute anneal
have attained a solar absorptance of 0.91 and a thermal emittance, as based
on the 500 C blackbedy profile, of 0.11. The a and ¢ values of black molyb-
denum and highly reflective molybdenum discussed in Section I1.2 are summarized
in Table III and in Figures 10 and 11.

TABLE III. a and e of Molybdenum from the Carbonyl Process 2%

a (% of Curve Number
Sample Air Mass 2) e(500 C) in Figures 10,11
Annealed highly
reflective molybdenum 0.37 0.03 ‘ 1
As-deposited
black molybdenum 0.77 0.44 2
Annealed black
molybdenum (770 C, 7 min.) 0.74 0.08 3
Anti-reflected annealed
black molybdenum
(770 C, 7 min.) 0.97 0.11 4
Ar wi-reflected black
molybdenum (1000 C, 5 min.) 0.82 0.08 not shown

The thickness of the nitride layer was cr.sen so that its first ir-er-
ference fringe coincides with the soler peak. The first interference fringe
is broad, as Curves 3 and 4 of Figures 10 and 11 show, and successfully anti-
reflects black molybddnum over the entire Air Mass 2 spectrum. The dependence
of a and ¢ on nitride thickness is being investigated. We are also optimizing
the values of a and ¢ of black molybdenum by making systematic changes in the
oxygen flow rate during deposition, the anneal temperature, and the length
of the anneal. For example, lower emittances are possible, but at the expense
of Tower absorptances, as shown in the last line of Table III. Our optimiza-
tion progran should lead to an understanding of the absorption mechanism of
black molybdenum. These early data for black molybdenum establish it as a
single layer, highly selective converter.
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Antireflected black molybdenum, in addition to its superior optical per-
formance, promises to be stable at high temperatures. During the anneal
step, it is exposed to temperatures of 800 C and therefore should not deteriorate
rapidly at operating temperatures of 500 C. Preliminary tests have shown
this to be the case. The a and ¢ of two antireflected biack molybdenum
samples have not changed after 1000 hours at 500 C in a vacuum of 1 mm of
mercury.3® This indicates that the partially annealed state of black molyb-
denum is stable over extended periods of time at 500 C without suffering
diffusion-related tailure. Future tests will be performed in oxygen-
bearing atmospheres.

11.6 Comparison of CVD Stacks

In the preceding sections three CVD stack

configurations were described.

In summary, we present the basic characteristics of the three:

TABLE IV.

Parameter
Investigated
a{20 C)
a(500 C)
(500 C)

Substrate barrier
Tayer

Reflector layer
(thickness)

Barrier layer

Absorber layer
(thickness)

Antireflection
layer (thickness)

Total layers
deposited

Absorption
mechanism
Stack stability
Maturity

Deposition

Advantages

Si_on_A 152,640

.72
0.76
0.07

Native oxide
Evaporated Ag
(>0.] um)

CT203

CVD polycrystal-
line Si (51 um)
CVD Si3Ng

(0.07 um)

5 layers

Absorber-reflector
tandem with inter-
ference effects

>1000 hours at 500 C
in vacuum

Developed

Not all-CVD tech-
nology

Adapted to stainless
steel substrates

Amorphous Si-
on_MOzs9;10 326 329,39
>0.75

Data not available
<0.08

Under investigation
CVD molybdenum

(>0.2 um)

None

CVD,doped amorphous
Si (:0.] um)

CVD Si3Ng
(:0.07 pm)

3-4 layers

Absorber-reflector
tanden with inter-
ference effects

>500 hours in air
(test continuing)

Under development
A11-CVD

Low emittance
probable

A Summary of CVD Selective Surfaces

Antireflected
Black Mo2»<4.26,39

0.21
Data not available
0.11

Under investigation
CYD blaclk molyb-
denum {>0.3 um)
None

None

CVD Si3Ng
(:0.07 pm)

2-3 layers

Under investigation

>1000 hours at 500C
in vacuum (tests
continuing)

Under development
A11-CVD

High absorptance
achieved
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I11. Future Directions

In addition to the development of new materials and their integration into
high-temperature stable photothermal stacks, our Optical Sciences Center group
plans to produce a class of CVD thin films whose index of refraction grades
continuously within a single layer from that of amorphous silicon (in the visible,
n * 4.0) to that of silicon dioxide ( n = 1.5). By chancing the identity and
quantity of dopant gas added to the silane-carrier gas mixture as the film
grows, the composition of the deposit can be altered in a continuous manner,
resulting in a preprogrammed profile of the refractive index. We have already
shown, for instance, that by graduallv changing the fractional composition of
the gas stream, the deposition can go through the sequence: silicon nitride
(n = 2.0) » silicon oxynitride (n varies from 2.0 to 1.5) -+ silicon dioxide
(n * 1.5). Such graded-index preiiles antireflect over a large angular field
of view, giving the resulting stack superior performance in concentrating col-
lectors of large optical acceptance angles."“!

There are two other uncompleted tasks that we wish to call to the attention
of the coating community. The first is the deposition of a complete stack on
the substrates now used in solar collectors. At the present time, only silicon-
on-silver stacks have been deposited on metal substrates, which are important
for high temperature uses. e are now in the process of adapting the molybdenum
deposition to metal substrates. CVD molybdenum is known to form strong bonds
to nickel, and it may to other metals.> A study of molybdenum deposition
on nickel coated steel and other alloys with and without diffusion barriers is
underway. But, as the strengths of our group lie in CVD and optics technologies,
we welcome the collaboration of the plating community in investigating the
deposition of CVD selective surfaces cn appreopriate substrates.

We would also Tike to interest members of the solar coating community in
large-scale CVD coating possibilities. It is not premature to consider the
deposition apparatus which might be built, albeit that the optimum stack con-
figuration has yet to be determined. CVD selective stacks are composed of
two distinct classes of materials, implying that at least two deposition steps
will be required. The components of the stacks will be a CVD metal reflector
(e.5. of molybdenum) and an absorber and/or antireflection layer containing
silicon from silane, in the form of stabilized amorphous silicon and/or silicon
nitride.

Qur present CVD process can be expanded to production dimensions by either
the batch or continuous CVD processes. In the former process, the CVD layers
are deposited on the substrate pipe by sequentially introducing the appropriate
reactant gases into the deposition chamber. A disadvantage to this technique
is that the warm-up and cool-down times of the reaction will probably be much
longer than the few minutes required to deposit the entire CVD stack.

Continuous CVD js adapted to long pipes and plates. Since the depositions
are done at atmospheric pressure, the whole CVD oven can be an open tube, in
principle. In this process, the multilayer stack is built up as the pipe moves
through a series of reaction zones, each separated by inert gas curtains. The
advantages of this flow-through operation are that substrate-handling and
heating energy requirements are minimized.

If CVD technology is to be employed in the large-scale production of selective
surfaces, economic  feasibility must be shown. Production costs comprise
a combination of Jlabor, capital, maintenance, energy, and materials costs. A
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careful extrapolation from the experience of the microelectronics and protec-
tive coatings industries with CVD will be helpful in determining the overall
cost of large-scale CVD applications. Atmospheric CVD fabrication will mini-
mize capital costs. Materials costs for the coatings are also likely to be

a modest fraction of the total cost. The highest price in 1977 for molybdenum
and silver reflector materials was approximately $20/kg and $160/kg, respec-
tively. "2 The major cost of both the silicon absorber layer and the antire-
flection layers is the cost of silane. The price of silicon based on the 1979
cost of silane (15 kg cylinder from Matheson) is $460/kg of silicon. One

kg is sufficient to cover a 1,000 square meter area with 0.1 um of reflector
material or with 0.4 um of absorber, assuming there are no losses.

We see in the successful transfer of CVD technology to the fabrication
of spectrally selective surfaces a promising addition to solar conversion
technology. The two features under development - greater solar absorptance and
simplified fabrication through the use of CVD amorphous silicon and CVD molyb-
denum - will enhance this potential in the next few years.
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