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Modelling of degradation in black copper
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The degradation mechanism in black copper photothermal collector coatings was investigated
through the use of kinetic analysis, microstructural determinations and optical modelling. The
initial structure of black copper was identified using reflection electron diffraction, scanning
electron microscopy and Auger electron spectroscopy sputter profiles. These results were used
to deveiop an optical model of the as-deposited coatings. In this model, the coatings was best
described as a two-layer film. The layer next to the substrate consists of dense copper oxide
with metallic copper inclusions, while the rough outer layer is modelled as copper oxide
dispersed in air. A substantial decrease in the solar absorptance (from 0.96 to 0.80) of coat-
ings exposed to temperatures above 150° C in air was found to occur within 30 min and was
explained by a decrease in the surface roughness of the coatings. After longer exposures, an
increase in the thickness of the oxide layer near the substrate occurs at the expense of the
surface layer. Incorporating this change in the model, the optical properties after thermal

ageing were predicted.

1. Introduction

Before the moderate and long-term optical degra-
dation behaviour of a selective solar coating can be
predicted, the degradation mechanisms occurring in
the coating have to be delineated. This can be done
through a degradation rate analysis which provides
activation energies for the reactions occurring within
the coating. However, such kinetic determinations can
be unreliable if extrapolation to less severe degrada-
tion conditions is desired.

Because of the complexity of electrodeposited
coatings, as well as the small structural dimensions
involved, detailed information about the structure and
composition of these films cannot be easily obtained.
Therefore a coating “model” is developed which com-
bines both the available structural information and
various unknown parameters that are adjusted to pro-
vide a “good” fit to measured optical properties [1]. In
the area of solar selective coatings, this approach has
yielded only approximations to the most likely mech-
anisms that are providing solar selectivity [2]. A some-
what better approach involves matching changes in
the optical properties measured during thermal age-
ing with changes predicted by the model in order
to provide a verification for both the model and
the degradation mechanism. This strategy was suc-
cessfully applied to describe the structure and ther-
mal degradation behaviour of electrodeposited black
chrome [3]. Only after a determination of the mechan-
ism of degradation is it possible to extrapolate con-
fidently short-term accelerated exposure data to the

long times necessary for the determination of the
lifetime of photothermal solar collector coatings.

The intention of the present study is to use the latter
approach to characterize, through both a microstruc-
tural analysis and on optical modelling approach, the
thermal degradation phenomena occurring in black
copper photothermal collector coatings. This study
also investigated other environmental exposures, such
as those encountered during humidity and outdoor
testing, in order to provide information on the stabil-
ity of this coating under realistic environments.

2. Experimental procedure

2.1. Preparation of the coatings

The oxide coatings were prepared using previously
determined optimized conditions that are known to
favour the formation of thermally stable copper oxide
films [4, 5]. Copper sheets, 5.5c¢cm x 5.5cm, were
prepared by chemical polishing in a solution consist-
ing of 25vol % nitric, 20 vol % acetic and 55 vol %
phosphoric acid at 70 to 80°C for 20 to 40sec. Such
treatment yielded very shiny, chemically clean, copper
substrates.

To produce copper oxide coatings, these copper
sheets were then chemically oxidized in a solution
consisting of 60gl~' NaOH and 20gl~' K,S,0; at
60°C for 7.5min. The solution was changed after
every five plates to avoid degradation of the elec-
trolyte [5]. The resulting plates exhibited solar absorp-
tance values above 0.97. The corresponding thermal
emittance was found to vary substantially among the

* Present address: Bell Communications Research, Red Bank, New Jersey 07701, USA.

0022-2461/88 $03.00 + .12 © 1988 Chapman and Hall Ltd.

1923



coatings, in agreement with previously reported behav-
iour of black copper coatings {6, 7], but was always
below 0.5.

2.2. Heat treatments

Heat treatments were performed in muffle furnaces
operating in the range of 150 to 250° C with a tem-
perature accuracy and uniformity of better than + 5°C.
Several samples were exposed to temperatures of 250,
205 and 150° C. One sample was used for microstruc-
tural analysis, while the others were removed at dif-
ferent time intervals for optical property measure-
ments. The heat-treatment schedule was designed such
that optical property data were obtained on an equal
log (time) basis. The samples heat-treated for the
longest duration were removed from the furnaces after
2258 h. Periodically, the spectral reflectance properties
were also measured.

Humidity testing at 150° C was also performed to
investigate the combined effect of temperature and
humidity on the degradation behaviour of the coat-
ings. Optical properties were measured before and
after removal from this environment at regular inter-
vals. In addition, samples were removed and analysed
for microstructural information. Finally, outdoor
exposure experiments were conducted by placing a
black copper coating into a flat-plate collector which
was designed to simulate stagnation conditions. The
coatings were removed after approximately 5000h,
analysed, and the results compared to other environ-
mental test results.

2.3. Microstructural analysis
A Hitachi S-310A scanning electron microscope (SEM)
was used to investigate the approximate surface mor-
phology and to obtain thicknesses of the coatings. The
surface morphology of the samples was determined
both before and after heat treatment or other test-
ing conditions. SEM micrographs were also obtained
from samples used in the reflection electron diffraction
(RED) studies to aid in the RED characterizations.
An RCA EMU-3G transmission electron micro-
scope (TEM) was equipped with an electron diffrac-
tion stage placed in the position of the intermediate
lens. The unit was operated at 100 and 50kV in the
transmission reflection electron diffraction mode to
obtain reflection—diffraction patterns of the oxide
coatings. The samples were bent slightly before being
observed to improve control over the beam position.
The experimental details and merits of this analysis
technique have been given elsewhere [8].

3. Theoretical studies

3.1. Modelling of the optical properties
Reflectance calculations were accomplished using an
iterative computer program which determined the com-
plex Fresnel coefficients of the multilayer film. The
film was subdivided into a large number of layers,
each of which contained uniform but different volume
fractions of particles dispersed in a matrix. These
slices were then stacked on top of the substrate and
the overall optical response calculated according to
Rouard’s method [9]. Although a very large number of
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slices could be used, it was found that there was no
advantage in using over 50 slices in each layer. The
Maxwell-Garnett effective medium theory [10] was
used to determine the composite complex index of
refraction of individual slices. Optical property data
for each slice were provided by a subroutine which
generated complex refractive index values based on
the material and the assumed structure of each layer.
The reflectance as a function of wavelength generated
by the model was then compared to the experimental
data obtained from both as-plated and degraded
samples to evaluate the validity of the model.

The coatings investigated in this study consisted of
structurally complex stacks. The optical properties
calculated from the structural model were matched to
the spectral reflectance curves by simple iteration of
several structural features in the coating, such as the
particle sizes, particle shapes, material gradients, etc.
The sum-squared difference between the measured
and the calculated spectral reflectance was evaluated
at wavelengths across the solar spectrum and summed
to obtain a measure of the fit. Systematic minimiza-
tion of this quantity through the application of a
Statistical Package for the Social Sciences (SPSS) [11]
optimization scheme based on a multi-variable regres-
sion was found to be unsuccessful in accurately repro-
ducing positions of minima and maxima in the spec-
tral reflectance curves. Therefore this procedure was
not pursued and instead qualitative visual agreement
between the calculated and measured reflectance cur-
ves was utilized to determine a ““best” fit.

4. Results

4.1. Optical degradation

Copper oxide coatings degrade substantially during
exposures to even mild conditions of temperature or
temperature and humidity. This is seen from the solar
absorptance and thermal emittance ageing results
shown in Figs 1a and b, respectively. During heat treat-
ment, the thermal emittance, after an initial drop,
decreased slightly with time at the lower temperatures,
but increased with time at higher temperatures. On the
other hand, the solar absorptance decreased uniformly
with time. A significant decrease in the solar absorp-
tance was observed within the first 30 min of exposure
for temperatures of 205°C and above. Based on the
data in Fig. la, an Arrhenius plot of the time necess-
ary to reach a given solar absorptance value is shown
in Fig. 2. Also shown for comparison is the ageing
behaviour determined for several other oxides [4].
An activation energy of approximately 30 kcal mol '
(126 kJmol™") is obtained for the solar absorptance
degradation of the black copper coatings over the
range studied.

Degradation in the spectral reflectance behaviour of
black copper, shown in Fig. 3, results in an increase in
the reflectance at long wavelengths, whereas reflec-
tance values below 800 nm do not change significantly.
Changes in the solar absorptance against heat treat-
ment at 150° C with and without humidity are shown
in Fig. 4. Humidity is seen to cause an increase in the
degradation of black copper, thus reducing the time
needed for a 10% reduction in the solar absorptance
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Figure 1 (a) Solar absorptance behaviour of black
copper during heat treatment at (a) 150, (+) 205,
(0) 250° C. (b) Thermal emittance of black copper
during heat treatment at (a) 150, (+) 205, (D)
250°C.
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by approximately a factor of 6. Outdoor exposure for
156 days resulted in only a slight decrease in the solar
absorptance (from 0.98 to 0.94) and thermal emittance
(from 0.31 to 0.30). During these stagnation tests,
average daytime plate temperatures ranging from 60
to 100°C were recorded.

4.2. Microstructural analysis

Previous X-ray analysis of copper oxide coatings has
shown that the coating consists of both cupric (CuO)
as well as cuprous (Cu,O) oxide [4]. When the coating
is observed during growth using SEM and RED, a
progression from a relatively smooth epitaxial cuprous
oxide film to a flaky, cupric oxide film is observed

(Fig. 5). This transition is evident from previous RED
results [8] which showed the copper substrate spot
pattern to change into an oriented ring pattern to a
spotty CuO pattern, characteristic of fully grown
black copper films. Ton milling of this film, on the
other hand, showed that there was indeed a dense
underlying cuprous oxide film which supported a very
porous and fragile surface structure [8].

During heat treatment, the surface morphology and
surface RED patterns of black copper coatings were
not seen to change [12] (Fig. 6). Only an increase in the
thickness of the dense oxide layer close to the sub-
strate was observed (Figs 7a to ¢) while the total
coating thickness remained at approximately 1.0 um.
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Figure 2 Arrhenius plot of log (time) of exposure necessary to attain a specified solar absorptance () against inverse temperature for

(v) black copper, (O) black zinc, (O) black chrome.

These observations indicate that the coating degrada-
tion appears to occur through the formation of a
thicker, dense oxide layer near the substrate at the
expense of the porous outer oxide layer.

Auger electron spectroscopy (AES) sputter profiles
of this coating show a smooth increase in the copper
signal to one that is characteristic of the copper sub-
strate after approximately 30 min of sputtering. There
are no indications of any abrupt oxygen signal inten-
sity changes which might result from stoichiometric
changes in the oxide composition during sputtering
(Fig. 8). Furthermore, there is no detectable difference
between AES profiles taken from as-plated and heat-
treated black copper samples. This observation also
indicates that the total thickness of the coating did not
change significantly during degradation.

4.3. Optical data for copper and copper oxide
Data for the complex index of refraction (i = n — ik)
of copper are tabulated by Ordall et al. [13] and in
the AIP handbook [14] and are displayed in Table I.
Optical properties for both cupric and cuprous oxide
have previously been determined for wavelengths below
700 nm, where the optical properties of these two oxides
are quite similar. Above 700 nm, optical data were
calculated from a publication by Prevot et al. [15]. As
can be seen, these oxides show a characteristic absorp-
tion edge at approximately 650 nm (or 2.1eV). Because
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TABLE 1 Optical properties of copper and copper oxide (either
cuprous or cupric oxide)

Wavelength Copper Copper oxide
(nm) n k n k
300 1.05 1.80 3.30 1.35
350 1.07 2.10 3.30 1.35
400 1.08 2.30 3.20 1.35
450 1.05 2.60 3.10 1.35
500 1.00 2.70 297 1.11
550 0.60 2.75 2.87 0.94
600 0.30 3.25 2.82 0.85
650 0.20 3.95 2.78 0.75
700 0.21 425 2.75 0.00
750 0.25 4.75 2.72 0.00
800 0.25 5.10 2.70 0.00
900 0.29 5.90 2.69 0.00
1000 0.33 6.50 2.67 0.00
1100 0.38 7.40 2.65 0.00
1200 0.43 8.10 2.63 0.00
1300 0.50 8.75 2.61 0.00
1400 0.58 9.60 2.61 0.00
1500 0.67 10.3 2.60 0.00
1600 0.75 11.0 2.60 0.00
1700 0.85 11.8 2.60 0.00
1800 0.97 12.6 2.60 0.00
1900 1.05 13.3 2.60 0.00
2000 1.17 14.0 2.60 0.00
2100 1.27 14.7 2.60 0.00
2200 1.37 154 2.60 0.00
2300 1.50 16.3 2.60 0.00
2400 1.62 16.9 2.60 0.00
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Figure 3 Measured spectral reflectance curves of black copper
during exposure at different temperatures. (a) 150° C: (O) as-plated,
(a) 18 h exposure. (b) 205° C: (O) as-plated, () 128 h exposure, (+)
2258 h exposure. (¢) 250°C: (00) as-plated, (2) 16 h exposure.

of the similarity in optical properties, no distinction
needs to be made between the type of oxide that is
present for modelling purposes. Therefore the oxide in
the optical model will be represented using the symbol
Cu,O.

4.4. Structural model

The model used to reproduce the measured spectral
reflectance behaviour shown in Fig. 3 consisted of a
three-layer arrangement. A dense oxide layer, contain-
ing metallic copper inclusions, is closest to the sub-
strate. The metallic copper in this layer represents
inclusions of copper from the substrate due to micro-
roughness at this interface. The copper volume-fraction
gradient in this layer changes linearly from 100% at
the substrate—oxide interface to 0% at the top of this
first layer. The second layer consists of an optional
pure cuprous oxide layer, which in turn supports a
third layer which has a “flake-like” surface micro-
structure as seen in SEM micrographs (Fig. 9). This
outer porous surface layer can be modelled as a layer
of copper oxide dispersed in air, where the oxide
volume fraction varies linearly from 100% Cu,O at
the bottom of the layer to 0% at the oxide—air inter-
face. The needle-like shape of the oxide particles in
this layer can be reproduced by including a large
aspect ratio of height ¢ to diameter a (¢/a = 5) in
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Figure 4 Change in the solar absorptance against heat treatment
time at 150° C: (O) with water-saturated environment, (O) in muffle
furnace.

the Maxwell—Garnett calculations. In calculating the
effective dielectric constant of this layer, the long axis
of the oxide particles was orientated perpendicular to
the substrate and thus parallel to the incident beam
direction.

When measured microstructural details are intro-

duced into this structural model for black copper, the
following optimum film parameters are found to repro-
duce the as-plated reflectance properties (see Fig. 10):

1. Cu-Cu,O thickness 0.5 um
¢/a ratio of copper particles 1.0

Gradient of copper in oxide Linear
2. Cu,O thickness (optional) 0.0 um
3. Cu,O-air thickness 0.3 um

¢/a ratio of Cu,O particles 5.0
Gradient of Cu, O in air Linear

The reflectance characteristics as a function of the
outer Cu,O-air layer thickness are also shown in
Fig. 10. Note that decreasing the thickness of this
layer increases the reflectance both above and below
the absorption band (650 nm). A thickness of ~0.3 um
appears to provide a good replication of the reflec-
tance characteristics of the experimental curve.

Reproducing the reflectance behaviour after ther-
mal ageing involves a simultaneous decrease in the
outer Cu,O—air layer thickness and an increase in the
Cu-Cu, O layer thickness, such that the total coating
thickness remains unchanged. Calculated reflectance
curves are shown in Fig. 11 for Cu—Cu, O layer thick-
nesses from 0.3 to 1.2 um with the Cu,O-air layer
thickness fixed at 0.1 um. As can be seen, decreasing
the Cu,O-—air layer thickness from 0.3 to 0.1 um
increases the reflectance above 650 nm, while changing
the thickness of the Cu-Cu,O layer from 0.8 to
1.2 um has little additional effect on the calculated
reflectance curves. The increase in reflectance cal-
culated at wavelengths below the absorption edge is,
in this case, considered to be an artefact of the model,
attributable to the abrupt changes in the refractive
index between layers of the oxide close to the absorp-
tion band. Therefore, decreasing the Cu,O—air layer
thickness from 0.3 to 0.1 um and increasing the Cu—
Cu, O layer thickness from 0.5 to 0.7 um provides a
reasonable match to the experimentally measured
reflectance properties after thermal ageing.

The inclusion of a pure Cu, O layer between the two

Figure 5 (a) SEM micrograph of smooth epitaxial layer formed
after 30 sec of chemical oxidation during growth of black copper.
(b) Black copper layer after 180 sec of chemical oxidation. (c) Black
copper after 360 sec of chemical oxidation.




Figure 6 (a) As-coated black cop-
per RED pattern at 100kV elec-
tron beam potential. (b) As-coated
black copper RED pattern at
50kV. (c-f) RED patterns of
black copper after heat treatment
at 205°C for (c) 0.5, (d) 1, (e) 8,
(f) 16h.

Figure 7 SEM micrograph of black copper (a) as-plated showing fractured layer, (b) after 30 min at 205°C, (c) after 64h at 205°C.
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Figure 7 Continued

graded layers did not provide a better match with the
degraded reflectance properties, as shown in Fig. 12.
In addition, changes in the gradient of the metallic
copper in the Cu—Cu,O layer to a higher power law,
as well as changing the c/a ratio, did not enhance the
fit of the model to the measured reflectance properties.
Therefore, after heat treatment, the spectral reflec-
tance behaviour is best reproduced by the following
coating parameters:
1. Cu—Cu,O thickness 0.7 um
¢/a ratio of copper particles 1.0
Gradient of copper in oxide Linear

2. Cu,O thickness 0.0

3. Cu,O-air thickness 0.1 um
c/a ratio of Cu,O particles 5.0
Gradient of Cu,O in air Linear

Therefore, a decrease in the roughness of the outer
surface layer, from 0.3 to 0.1 um, increases the surface
reflection losses and gives rise to the degradation that
is observed even at low temperatures. If this change is
accompanied by a corresponding increase in the dense
oxide thickness, the measured spectral reflectance
changes can be successfully reproduced by the struc-
tural model.

5. Discussion and conclusions
The two principal objectives pursued by this study
were to characterize the structural changes in copper
oxide coatings as a result of thermal exposure and to
determine the ageing behaviour of the coatings as a
function of time and temperature of exposure.

The internal structure of black copper deposits has

o

Cu, O-air

et
—
<
ad o
(= -
< I
[y oo
ac =
= W
w3 )
|
(a) I
|
I
|
|
|
>
-t
‘A
c
o
-
€
—
S
o
3
<
N
(b)
Py
@
I
<
3
£
[
I
=3
>
<

Sputter time (min)

Figure 8 AES sputter profile of (a) as-plated black copper, (b) black
copper after exposure to 205°C for 128 h.

previously been described by Milgram [7] through the
use of qualitative analysis of the reflectance against
wavelength response. The unique surface geometries
of these coatings were thought to contribute signifi-
cantly to the high solar absorptance values inherent in
the as-deposited black copper deposits.

The present study has described the coating struc-
tures more quantitatively, with the Maxwell—Garnett
theory, and approximated the effect of the outer sur-
face roughness as well as the roughness at the oxide—

Figure 9 SEM micrograph and schematic diagram of
film structure used in the optical model.
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substrate interface. A two-layer film was found to
reproduce the as-plated reflectance against wavelength
behaviour. This film consisted of a graded layer of
oxide containing copper, which supported the rough
oxide surface layer. The heat-treated structure of
black copper was best matched with a thicker Cu—
Cu, O layer and a correspondingly thinner Cu, O—air
layer. Degradation is therefore thought to occur initi-
ally through a decrease in the thickness of the Cu, O~
air layer dimension (from 0.3 to 0.1 um), and later
through an increase in the Cu—-Cu,O layer thickness
(at higher temperatures and/or longer times). This
degradation is accelerated in humid environments.
In conclusion, this study has determined a degrada-
tion mechanism, supported by microstructural analy-
sis and optical modelling, for black copper. It was
found that, provided detailed microstructural data are
available, confidence can be placed in the optically
derived coating models for these oxide layers. Such
models of coating microstructures and their changes
during degradation were found to be essential in the
prediction of long-term degradation behaviour.
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