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Abstract.Black molybdenum films, deposited by pyrolytical hydrogen 
reduction of Mo02Cb in temperature range 550-710° C have been tested 
in vacuum {0.1 Torr) at 500° C and in air at 350° C for a long time. 
Films as deposited were studied by measuring their reflectance in the 
solar spectrum range (0.3-2.4 µm) and in the infrared range (IR) {2.5-
15 µm). Before testing films were precoated with a protective and at the 
same time antireflective SbNt coating. Optical measurements are made 
for Sb Nt-coated films, too. During the test, films were periodically taken 
out from the furnace for optical measurements. Surface defects of the films 
before and during the test were also under control by optical microscope 
observation. 

Pe3JOMe. B pa6oTe npHBe.n;eHbl pe3yn'hTaTbl HCilblTamdi Monu6.n;e
HODblX IlOICpblTHii, OTnoll<em.ix MeTO)l;OM TepMH'1ec1coro HcnapeHHJI H3 
ra3onoil: lj>a3bl Ha no.n;nol1<1Cax H3 Hepll<aneiimeil: cTanH H HH1ConoJ1. licn
blTaHHe npone.n;eHo uarpenaHHeM o6pa3U.OD npu TeMIIepaType 500° C B 
na1CyyMe 0.1 mmllg H ua no3.n;yxe npH 350° C. IlepHo.n;HqeclCH 61>1nH 
npone.n;eHbl H3MepeHHJI OTpall<eHHii o6pa3U.OB B ,OilTH'leCICOil: o6nacTH 
0.3-15 µm, Ha OCHODe ICOTOpblX ICOMilIOTOpHblM cnoco6oM Mbl Bl>l'IHC
nHnH conHeqHyIO a6cop6U.HIO H TepMHqec1<y10 aMHCCHIO MOnH6,ZleHODblX 
no1<p1>1Tuil:. B 3a1<n10qeHHe - cene1<THBHble nonepxuocTH H3 qepHoro 
Monu6.n;eua BJ.l,Zlepll<HDaIOT HCilblTaHHe npH 500° c B na1<yyMe B npo
)l;Onll<eHHH 2000 qacon Ha no3.n;yxe npH 350° C. 

1. Introduction 

Intensive study of chloride black molybdenum films have been done with respect to 
their CVD-deposit.ion, structure and chemical composition as well as t.heir optical 
properties [1-5]. It has been found that black molybdenum is a cermet material-

@1993 St. Kliment Ohridski University Pret;s All rights reserved 41 
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oxide matrix, in which pure molybdenum particles are embedded. These films 
show high selectivity of their reflectance in a large optical range 0.3-15 µm, they 
well absorb in the visible range (0.3-2.4µm) and well reflect in the IR range (2.5-
15 µm). 

Selective surfaces as solar absorbers increase the efficiency ofphotothermal solar 
energy conversion systems. They absorb the solar light, convert it into heat and 
having high IR reflectance they actually do not emit the generated heat back to the 
environment. They are usually deposited on a metal substrate with a good thermal 
conductivity in order to transfer the heat to a working fluid. For high temperature 
applications only a few of the up to now developed coatings may be useful with 
respect to their durability, when exposed to real working conditions. So, life-time 
testing at conditions similar to working ones is always a very important part of 
the solar energy materials study. The coatings must be able to sustain at high 
temparature for a very long time during the real large scale applications. 

2. Equipments and Results 

Black molybdenum deposition was carried out on substrates of incoloy-800 and 
stainless steel (SS-316) substrates. They were mechamically polished by AL20a 
paste and additionally oxidized in air at 550°C. Chromium in the substrate has a 
high diffusion coefficient and during heating in air penetrates up into the surface, 
meets the oxygen in the air and forms chromium oxide. This oxide is a very 
good barrier for diffusion processes between the substrate and molybdenum films, 
deposited on it. Films, deposited on oxidized substrate of Incoloy-800 and SS-316 
and coated with a thin antireflecting coating of SiaN4 were arranged in a glass 
container on special succeptors and after evacuating, the container was heated 
up to 500° C. Besides, sets of samples were prepared for air test and they were 
heated up to 350-400°C. Before testing the reflectance of the films to be tested 
was measured in a large range 0.3-15µm. In the range 0.3-2.4µm integrated sphere 
spectrophotometer was used for measuring the hemispherical reflectance. On the 
basis of the reflectance curves we calculate the solar absorptance using the following 
express10n: 

00 

f {1 - R(>., T, B)} <t>(>.)d>. 
0 as = ____ 00 ______ _ 

f <t>(>.)d>. 
0 

where R is the hemispherical reflectance, <t>(>.) - the standard solar spectrum of 
Thomas and Richmond [6]. 

On the basis of the infrared reflectance we calculate the thermal emittance using 
the following formula: 

00 

f {1 - R(>., T, B = 7°)} ebb(>., T)d>. 
0 

eT = -----00----------

f ebb(>., T)d>. 
0 

• < 

' ' 
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Table 1. Solar absorptance (a.) ar 
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Set I 
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Set II 
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Mo (depos. at 610°C) 
oxidized lncoloy-800 

Set III 
Si3N4-coated black 
Mo {depos. at 690°C 
oxidized SS-316 

Set IV 
Si3N4-coated black 
Mo (depos. at 610°C) 
oxidized SS-316 
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15µm, ebb(\ T) is the black bo 
(500°, 300°, 100°). We would lik 
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corresponding to the eventual te 
these absorbers would find an a 
and 4 some of the results from t 
coefficient as and the thermal e 
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NS- 39 I set 
NS-50 

NS- 43 V/I/L 
NS- 82 II set 

SS316-148 V/SS/H 
SS316-170 III set 
SS316-216 

SS316-133 V/SS/L 
SS316-168 IV set 
SS316-202 
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Table 1. Solar absorptance (a,) and thermal emittance (er) values for four sets of as 
deposited and SiaN4-covered black molybdenum thin films 

samples average values average values of a,,er for 
at 0 hours test post-deposition films 

Set I 
SiaN4-coated black a= 0.90 a= 0.71 
Mo (depos. at 690°C) e(500°C) = 0.26 e = 0.21 
oxidized lncoloy-800 

Set II 
Sia N 4 -coated black a= 0.99 a= 0.81 
Mo (depos. at 610°C) e = 0.35 e = 0.31 
oxidized lncoloy-800 

Set III 
Sia N 4-coated black a= 0.89 a= 0.71 
Mo (depos. at 690°C e = 0.25 e = 0.21 
oxidized SS-316 

Set IV 
SiaN4-coated black a= 0 .88 a= 0.79 
Mo (depos. at 610°C) e = 0.34 e = 0.32 
oxidized SS-316 

where R(A, T , () = 7°) is the near normal specular reflectance in the range 2.4-
15µm, ebb( A, T) is the black body radiation spectrum at different temperatures 
(500°, 300°, 100°). We would like to emphasize that as and eT values depend very 
strongly on the black body spectrum used. We calculate as and eT for temperatures 
corresponding to the eventual temperatures of the solar energy equipment, where 
these absorbers would find an application in. We have shown in Tables 1, 2, 3, 
and 4 some of the results from the optical measurements of the solar absorptance 
coefficient as and the thermal emittance coefficient eT. 

Table 2. Solar absorptance (a.) values for four sets of black molybdenum samples, after 
testing in vacuum for 157 and 344 hours. For comparison a. values before testing (0 hours) 
are shown 

samples type a8 , time duration, hours 
0 157 344 

N8-34 V/I/H 0.928 0 0.927 
N8-39 I set 0.857 0.855 0.858 
N8-50 0.875 0.892 0.877 

N8- 43 V/I/L 0.915 0.923 0.915 
N8- 82 II set 0.887 0.893 0.905 

SS316--148 V /SS/H 0.881 0.885 
SS316--170 III set 0.914 0.911 0.913 
SS316--216 0.882 0.896 0.885 

SS316--133 V/SS/L 0.890 0.918 0.930 
SS316--168 IV set 0.904 0.902 0.903 
SS316--202 0.939 0.946 0.940 

.. , soo 0 c 
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Four sets of samples were prepared for the test. Two kinds of films are used -
the so-called low-temperature films (deposited at 610° C) and the high-temperature 
films (deposited at 690° C), each of them deposited on Incoloy-800 and on stainless 
steel substrates. Table 1 shows also results for the average value of as and eT 
for As-deposited films and for coated with Si3 N4 layer before beginning the test. 
We may note from Table 1 that Si3 N 4 layer increases the absorptance of the films 
from 0.71 to 0.90, while the corresponding values of eT are respectively 0.21 and 
0.26. For films, deposited at low temperatures of the substrates SiaN4 does not 
influence the solar absorptance coefficient so much (9% only). So for the test we 
have four sets of samples with almost equal absorptance and with eT differing by 
10% between the low and the high temperature sets. 

Table 2 represents the results of this test for the four sets of samples: V /I/H -
vacuum test, Incoloy substrate, high temperature deposition at 690°C; V /I/L - the 
same substrate, but the deposition temperature is low - 610°C, and respectively: 
V /SS/H - vacuum test, stainless steel substrate, high temperature of deposition 
- 690°C; V /SS/L the same, but for low temperature deposition. As it is seen 
from Table 2 the reflectance for films before testing (0-hours measurements) in 
the 0.3-2.4 µm solar spectrum range has for a8 values about 0.9. After 157 hours 
testing as values remain the same. Further, 344-hours test in vacuum also does not 
change the optical properties of films. The next Table 3 shows the corresponding 
results for thermal emittance eT (500°C) and it is seen that only one sample shows 
increasing in eT value (sample 316-133). This sample did not sustain the vacuum 
test and after 157 hours heating at 500°C in 0.1 Torr vacuum was destroyed. 

Table 3. Thermal emittance eT (calculated for 500° C black body spectrum) values for 
the tested four sets of samples after heating in vacuum for 157 and 344 hours at 500°C. 
For comparison eT values before testing (0-hours test) are shown 

sa.Illples type eT, time duration, hours 
0 157 344 

N8-34 V/I/H 0.336 0.336 
N8-39 I set 0.172 0.176 0.176 
N8- 50 0.211 0.208 

N8- 43 V /I/L 0.336 0.339 
N8- 82 II set 0.307 0.337 0.389 

88316-148 V/88/H 0.239 0.250 
88316-170 III set 0.268 0.266 0.263 
88316-216 0.243 0.250 

88316-133 V/88/L 0.344 0.416 0.547 
88316-202 IV set 0.372 0. 0.374 

al 500°C 

Parallel to the vacuum test, air testing was carried out. Similar samples have 
been used for this test and four sets of samples were prepared. First set - A/I/H 
- air test, Incoloy-800 substrate, high deposition temperature (690°C); second set 
- A/I/L - the same, but film deposition temperature is lower (610°C). The third 
and the fourth sets are the corresponding sets for stainless steel substrates. Results 
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88316-173 0.857 

88316-26 A/88/L 0.902 
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N8-48 0. 

88316- 149 A/88/K 0. 
88316- 152 III set 0. 
88316- 173 0. 

88316-26 A/88/L 0. 
88316- 139 IV set 0. 
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Table 4. Solar absorptance (a.) for four sets of black molybdenum samples, after testing 
in air at 250°C for 297 hours and further for 208 hours at 300° C. 0-hours test a, values 
are also shown 

a. full 
sample type time duration, hours time 

0 15 57 297 21 70 506 

N8-32 A/I/H 0.917 0.919 0.919 0.920 0.918 0.919 0.920 
N8-35 I set 0.869 0.869 0.868 0.868 0.865 0.870 0.870 
N8-37 0.920 0.916 0.817 0.918 0.916 0.917 0.918 

· N8-38 A/I/L 0.950 0.951 0.980 0.952 0.951 0.953 0.951 
N8-48 II set 0.922 0.922 0.923 0.923 0.922 0.923 0.922 
N8-47 0.876 0.873 0.876 0.877 0.879 0.882 

88316-149 A/88/H 0.916 0.914 0.916 0.915 0.913 0.918 0.916 
88316-152 III set 0.895 0.896 0.896 0.898 0.896 0.899 0.898 
88316-173 0.857 0.864 0.860 0.862 0.862 0.861 0.859 

88316-26 A/88/L 0.902 0.800 0.908 0.907 0.906 0.909 0.007 
88316-139 IV set 0.886 0.886 0.888 0.889 0.894 0.894 0.891 

"' 25o•c .. 1 3oo•c 

are shown in Table 4. 0-hours test (before testing) absorptance value is about 0.9. 
After 15 hours at 250°C samples have been checked up and a8 shows the same 
values. An increasing of the time duration up to 297 hours leads to no failure in 
the films. Increasing in the temperature up to 300°C and for common time - up 
to 506 hours, does not lead to failures, either. Table 5 represents the corresponding 
results for the thermal emittance. 

Table 5. Thermal emittance eT (calculated for 300° black body spectrum) values for sets 

of samples after testing in air for 297 hours at 250° C, further for 208 hours at 300° C. 

For comparison eT values before testing (0-hours test) are shown 

eT 
samples type time duration, hours full time 

0 297 21 70 506 

N8- 32 A/I/H 0.247 0.261 0.267 0.268 0.266 
N8-35 I set 0.187 0.211 0.000 0.206 0.213 
N8- 37 0.247 0.271 0.000 0.270 0.265 

N8-38 A/I/L 0.334 0.238 0.332 0.332 0.331 
N8-47 II set 0 .228 0.241 0.236 0.244 0.230 
N8- 48 0.243 0.236 0.238 0.237 

88316- 149 A/88/K 0.221 0.217 0.225 0.225 
88316-152 III set 0.187 0.202 0.207 0.203 
88316- 173 0.180 0.188 0.281 0.282 0.198 

88316-26 A/88/L 0.258 0.253 0.260 0.260 
88316- 139 IV set 0.276 0.281 0.281 0.282 0.282 

'-v-' 
"' 25o•c &t 3oo•c 
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We can conclude, that test at 300°C in air for 506 hours does not lead to failures, 
a6 and eT values stay unchanged. Following the same way of controlling the optical 
properties of the selective cooatings we reached 2000 hours at 500°C in vacuum 
and 1500 hours in air at 350-400°C. The final results for full test period are shown 
in Figs 2 and 3. 

Fig. 1. 8ufrace of black Mo films before and after testing, observed by optical microscope 
(5x magnification): (a) - surface of black Mo film, deposited on oxidized stainless steel 
substrate and antireflected with 8iJN4 layer; (b) - the same sample after 1600 hours test 
in 0.1 Torr vacuum at 500°C; (c) - after testing in air at 350°C for 260 hours; (d) - the 
surface of a sample, which did not sustain the air test after 68 hours and was destroyed 

During the test we observed the surface defects of the films by an optical mi
croscope 5x magnification. Fig. l(a) shows the surface of a black Mo film deposited 
on stainless steel substrate and passivated with Si3 N4 layer (d = 1100 A), Fig.l(b) 
presents this sample after 1600 hours test in 0.1 Torr vacuum at 500°C, Fig. l( c) -
a similar sample after testing in air at 350°C for 260 hours. Fig. 1( d) presents one 
failure - sample which did not sustain the test and was destroyed after 69 hours 
test in air at 350°C. 

During the test samples were periodically taken from the furnace for reflectance 
measurements in the 0.4-15µm range. Thus they sustain thermal cycling - cooling 
down and heating up to 500°C or lower in air. This cycling is a severe testing which 
would destroy most of the known selective surfaces [5-19], such as black chromium 
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[4-7], black Ni [8-10), black Al [11] and so on. 
Besides this, solar absorbers would always operate in low vacuum in order to 

suppress convective losses, so sustaining for short periods at 400°C in air would be 
good enough when some failures in vacuum appear and need to be prepared during 
the operation of the solar system. 
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Abstract. The pa 
films deposited in N. 
system. The conce 
mol.3 when the de 
correlation between 
is drawn and the s 

Pe3I-OMe. B pa6 
CBojkTB CJIOeB HH 
H2. CJioH ocalf<,Zla 
KOHUeHTpaUHJIX CH 
Jieit H pacXO,ZlOB a 
l/h. MccJie,ZloBaJio 
KHHeTHKY npouecc 
cf>HUHeHT npeJIOMJI 
MOC Tb ( J) H IlJIOTH 
H aJieKTpocf>H3H'leC 

1. Introduction 

SiaN4 thin films deposited by c 
materials in the semiconductor i 
on . Authors [1- 4] investigate th 
of the deposition process and its 
characteristics of the film as a fu 
concentration, the gas flow rates 

The purpose of the paper is 
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