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A previous contribution formulates a first-principle dipole antenna theory for predicting the polarization-sensitive
directional spectral absorptance of gold-black in the near infrared. The current contribution chronicles a success-
ful effort to validate that theory. After a brief review of gold-black history, we describe in some detail the design
and construction of a vapor-deposition cell for laying down gold-black coatings on a mirrorlike gold substrate.
The microstructure of 4- and 8-µm-thick coatings is revealed using scanning electron microscopy. An automated
bench-level reflectometer has been used to measure the in-plane bidirectional reflectivity of the gold-black coat-
ings in the visible (532 nm) and near-infrared (800 nm) for p and s polarization. Measurements are reported over
incident zenith angles ranging between 10 and 50 deg. Results obtained using the apparatus are consistent with the
dipole antenna theory in this range of incident zenith angles. ©2021Optical Society of America

https://doi.org/10.1364/AO.430686

1. INTRODUCTION

In recent years, gold-black has emerged as the detector coating
of choice for Earth radiation budget (ERB) monitoring appli-
cations. Already used in the European EarthCARE instrument
[1], gold-black was considered for use in NASA’s follow-up to
CERES [2], the Radiation Budget Instrument (RBI) [3], before
the latter was deselected. It is now under consideration for use in
DEMETER [4], a next-generation NASA ERB initiative. The
suitability of gold-black-coated thermistors and thermopiles
for this application is based on the fact that they can be rela-
tively insensitive to wavelength between the ultraviolet and the
mid-range infrared and that, after suitable calibration, their per-
formance can be predicted using well-understood first-principle
models. Knowledge of the optical behavior of the absorbing
coating is key to correctly interpreting heat flux measurements
obtained by such detectors [1,2,5–8].

In a previous contribution we describe a first-principle dipole
antenna theory for the polarization-sensitive directional spectral
absorptance of gold-black in the near-infrared [9]. The cur-
rent contribution represents an attempt to validate that theory
through creation and optical characterization of gold-black
coatings. One of the obstacles to gold-black research is limited
access to gold-black samples. Because of its ephemeral and
delicate nature, gold-black must be created on a surface from
which it is then effectively inseparable. The absence of a com-
mercially available apparatus for vapor depositing gold-black led
to the design and fabrication of the in-house version described
here. Because the microstructure of gold-black, and therefore

its optical properties, is known to vary significantly depend-
ing on manufacturing conditions, step-by-step directions for
using the apparatus, hard won through a tedious trial-and-error
process, are also reported here. Finally, we describe an in-house
bench-level bidirectional reflectometer used to measure the
in-plane bidirectional reflectance distribution function (BRDF)
of the gold-black coatings. BRDF measurements validating the
earlier theory [9] are reported for 4- and 8-µm-thick gold-black
coatings in the visible (532 nm) and near-infrared (800 nm) for
p and s polarization and over incident zenith angles ranging
between 10 and 50 deg.

2. BRIEF REVIEW OF GOLD-BLACK HISTORY

The earliest mention of metal-black in the literature was appar-
ently in 1930, when Pfund [5] reported the accidental discovery
of a totally unexpected characteristic of bismuth. Normally, a
smooth bright surface results when bismuth is evaporated from
a hot tungsten filament in high vacuum and allowed to condense
on a cold substrate. However, Pfund found that if the chamber
pressure is raised to 0.25 torr in an inert atmosphere, the deposit
takes the form of an intensely black and fluffy layer, which he
named “bismuth-black.” He observed that bismuth-black
is quite opaque in the visible and infrared and, in fact, that it
behaves very nearly like an ideal blackbody. Furthermore, he
predicted that other metals should yield metal-blacks. In 1933
Pfund [6] extended his research to gold, copper, zinc, silver,
lead, cadmium, nickel, antimony, tellurium, and selenium,
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and demonstrated that they also produce metal-blacks. In the
intervening years, metal-blacks have generated a great deal of
interest in the scientific community, with gold-black gaining
more attention due to its chemical stability.

Between 1948 and 1956, Harris et al . [10–14] reported a
series of intensive investigations of the production and prop-
erties of gold-black. They explored the effect of pressure and
purity of the inert atmosphere, the gold evaporation rate, and
the distance between the melt and deposition surface and corre-
lated these parameters with the resulting optical behavior [10].
They also studied the effect of trace oxygen in the otherwise inert
atmosphere and observed the nanostructure in gold-black for-
mation under different experimental conditions [10,11]. They
point out that coatings created in a pure nitrogen environment
have high absorptance in the infrared, while the presence of trace
oxygen results in lower absorptance beyond a wavelength of
about 1µm while retaining high absorptance in the visible [10].
The vast dataset created by Harris et al . has been used by later
investigators to establish and validate absorptance models [15].

In 1977–1978, O’Neill et al . [16,17] attempted to establish
the relationship between the optical behavior of gold-black and
the particulate nature of the material. They produced gold-black
samples under several laboratory conditions and concluded
that manufacturing conditions play a vital role for determin-
ing the particulate structure of the deposit and thus its optical
properties. In general, the absorptance was observed to increase
with decreasing particle size. Contributions subsequent to that
of O’Neill et al . deal mainly with defining the process for the
production of gold-black [18–23]. The cited authors observe
that the microstructure and optical properties of gold-black
depend highly on manufacturing parameters such as chamber
pressure, substrate temperature, evaporation rate, and so forth.
In 1992, Lang et al . [18] reported a comparative study of the
absorptance of different metal-blacks resulting from different
deposition processes.

Following the path of earlier investigators, Becker et al .
[19,20] concentrated on gold-black manufacturing conditions
and performed a thorough study of the suitability of gold-black
for thermal detector coatings in the far infrared. While investi-
gating the effects of chamber pressure on gold-black formation,
they provide a useful detailed description of their experimental
apparatus. They conclude that the absorptance of gold-black,
while influenced by the deposition rate and thus the microstruc-
ture, depends strongly on the vacuum pressure. In our previous
work [9] we argue that the inert body gas plays the essential
role of moderating the speed of gold molecules, thus favoring
sublimation over condensation on the substrate.

Lehman et al . [21] studied gold-black deposition on a free-
standing pyroelectric detector substrate. They developed an
empirical correlation between the nitrogen pressure inside the
vacuum chamber during evaporation and the distance between
the melt and the substrate. They propose a rule of thumb for
determining the combination of chamber pressure and melt-to-
substrate distance. From their observations they conclude that
the higher the pressure inside the vacuum chamber, the lower
the deposition rate. They also studied the spatial uniformity
of the gold-black coating and observed its dependence on the
deposition process.

Nelms and Dowson [22] contributed to the design of a gold-
black production process that ensures repeatability of optical
performance of the coating in the mid-infrared. They attempted
to optimize the parameters affecting gold-black production
such as gold-melt mass, chamber pressure during evaporation,
evaporation rate, and substrate temperature. Through their
experimental efforts, they were able to define an optimized
gold-black production process leading to improved absorptance
in the mid-infrared.

Like Nelms and Dowson, Ilias et al . [23] pursued the opti-
mization of an apparatus for producing a gold-black coating
with high absorptance over wavelengths ranging from the
ultraviolet to the far infrared. While attempting to establish a
correlation between the coating thickness and the absorptance
of the deposit, they concluded that a critical thickness produces
maximum absorptance.

Gold-black eventually emerged as a popular coating for
space applications [24–28]. Wang et al . [24] report a deposition
process for gold-black suitable for microbolometer applications.
They compared the performance of the microbolometer with
and without a gold-black absorption layer. Results revealed that
a microbolometer coated with a gold-black absorption layer
exhibits improved performance without incurring a significant
increase in thermal mass and thus a slower response time. They
also studied the effect of the chamber pressure on gold-black
formation and concluded that it influences the density and
porosity of the gold-black layer.

Panjwani et al . [26–28] also investigated the applicability of
gold-black for enhancing the absorptance of uncooled infrared
detectors such as microbolometers. They used a stencil mask
to create patterned gold-black layers to address the difficulty
of integrating the extremely fragile gold-black coating with
the microbolometer array. SEM images demonstrate that the
patterned gold-black layer is denser than that obtained in the
unmasked gold-black deposition process [27]. However, while
this process preserves the absorptance of gold-black in the long
wavelength infrared (LWIR), it does not improve performance
in the middle wavelength infrared (MWIR). They suggest a new
design using patterned gold-black, obtained by using a lift-off
technique. A vapor-deposited SiO2 protective layer does not
significantly diminish the high absorptance in either the MWIR
or the LWIR [28].

Ng et al . [29] investigated the applicability of gold-black in
photonic-related applications such as solar fuel production,
photodetectors, and photovoltaic devices. They developed a
model to explain the surface property of gold-black in which
they consider gold-black deposits consisting of nanotubes hav-
ing high aspect ratios. According to their model, these tapered
nanotubes are responsible for a graded refractive index that
suppresses Fresnel reflection over a broad wavelength range.
They also suggest that Fabry–Perot resonances of gap-plasmon
modes between the nanotubes are responsible for the suppres-
sion of reflections. They develop a finite-element model for their
nanostructure in an effort to validate their theory.

3. MANUFACTURE OF GOLD-BLACK COATINGS

The manufacture of metal-blacks has changed little since the
early 1930s when Pfund first produced bismuth-black by
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Table 1. Gold-Black Manufacturing Conditions Reported in the Literature

Source

Substrate
Temperature

(◦C)
Chamber

Pressure (torr) Inert Body Gas
Evaporation
Rate (mg/s)

Melt-to-
Substrate

Distance (cm)
Wavelength

(µm)
Substrate
Material

Becker et al.
[19,20]

−10 0.750–11.25 Nitrogen 0.7, 1 5 Cellulose nitrate
films

Ilias et al. [23] 0.75–7.5 Nitrogen 9
Nelms et al. [22] −55 7.5 Nitrogen 10 Visible to mid

Infra-red< 40
Chromium and
gold coated glass

Harris et al.
[10–14]

0.97508 Nitrogen Between 0.5 &
3.3

7 100 Cellulose nitride
film

O’Neill et al.
[16,17]

1–20 Helium 0.35–2.4

Lang et al. [18] 0.75 Argon/Nitrogen 6 2–20 Glass, silicon,
silicon oxide,

silicon nitride,
aluminum,

ceramics and
epoxy

Panjwani et al.
[26–28]

−13 1st: below 10−5

2nd:
back-filledto
0.30–3.00

Nitrogen 10 2–125 Polished silicon
substrate

Lehman et al.
[21]

1st: 3.75× 10−6

2nd: Coat at
0.975 & 1.95

3 1–20 Nickel-coated
LiTaO3, LiNbO3

plate
Qian et al . [25] 1.50012 3.3 5 9

evaporating pure bismuth from an electrically heated tungsten
coil in vacuo and allowing it to sublimate on a cold surface [5].
In general, the process involves evaporation of a noble metal in
a vacuum ranging from 0.01 to 0.1 torr and then allowing its
vapor to sublimate on a cold surface. A suitable vacuum cham-
ber having a low leakage rate is required. Under high vacuum,
evaporated metal molecules travel with high kinetic energy in a
straight line until they encounter a surface where they condense
into a smooth shiny surface. However, as explained in Ref. [9],
if the vacuum chamber is back-filled with inert gas, the speed
of the metal molecules is moderated by collisions with the inert
gas molecules. When the chamber back pressure and the melt-
substrate distance are sufficient, the molecular flow transitions
from momentum-dominated to diffusion-dominated, thus
favoring sublimation and the formation of crystal-like dendrites
on the surface. On a macroscopic level, the resulting coating
appears to be a fuzzy black layer, resembling black hoarfrost.

Several gold-black investigators [5–8,10–29] have observed
that the overall conditions during the evaporation process; such
as gold quantity, chamber pressure, evaporation rate, substrate
temperature, melt-substrate distance, and type of inert gas,
influence the microstructure of the deposited coating. Different
microstructures result in different coating optical behavior as
evidenced by its absorptance, reflectivity, and transmissivity.
Generally, gold-black shows good absorptance in the visible and
near-infrared; however, depending on the manufacturing con-
ditions, wide variations in absorptance are observed. Therefore,
determining the appropriate manufacturing conditions that
maximize absorptance over a desired wavelength range is of
prime importance.

A. Design of the Gold-Black Manufacturing Process

A thorough and wide-ranging study of the pertinent literature
was essential before undertaking the design of a gold-black
manufacturing cell. While information concerning the choice
of an inert body gas, chamber pressure, melt-to-substrate dis-
tance (and geometry), substrate temperature, and evaporation
rate is widely available, it is spread across many sources, is occa-
sionally contradictory, and is generally reticent on the actual
step-by-step manufacturing procedure. Choosing the point of
departure for the design and the critical operating parameters
proved to be a challenging task. The extant literature provides
a dauntingly wide range of manufacturing conditions, each
producing an equally wide variety of coating microstructures
and optical behavior. However, careful study of the literature
permits identification of the key parameters and procedures that
play a significant role in determining the microstructure and
optical behavior:

1. Choice of inert body gas
2. Procedure for purging the chamber of oxygen
3. Evaporation pressure
4. Evaporation rate profile
5. Substrate material
6. Substrate temperature
7. Melt-to-substrate distance
8. Orientation of the substrate vis-à-vis the melt

Conditions gleaned from the literature, summarized in
Table 1, provide guidelines for the design and operation of an
apparatus for the manufacture of gold-black. The many empty
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cells in Table 1 are testimony to the sparsity of detail about
gold-black manufacturing available in the open literature.

B. Description of the Gold-Black Manufacturing Cell

In the absence of a suitable off-the-shelf gold-black manufactur-
ing cell, we purchased and modified a commercially available
apparatus (MTI Model GDL-1700X-SPC-2) intended for
vacuum depositing noble metals such as gold and silver onto
suitable substrates to create mirrorlike coatings. The original
apparatus consisted of a thick-walled 6-in-ID quartz vacuum
chamber evacuated by a two-stage rotary-vane vacuum pump.
Unable to achieve the required vacuum using the original pump,
we eventually replaced it with a compact two-stage turbo-
molecular vacuum pump (Pfeiffer HICUBE 300 ECO). The
vacuum chamber is mounted on a chassis that houses, among
other functions, a nitrogen flow control valve and a program-
mable filament current controller. The shutter and substrate
rotation drive required for the vapor-deposition process were
removed, and the original vacuum-chamber lid was replaced.

In the original design, pure gold pellets were melted and
evaporated in a small alumina crucible wrapped with a tungsten
filament and mounted within a miniature ceramic oven. The
evaporation rate produced by this arrangement proved to be
inadequate for gold-black production. Therefore, following the
indications given in Refs. [10–14,16–18,22], we replaced the
oven and crucible with a free-standing V-shaped tungsten fila-
ment wrapped with a 0.5-mm-diameter pure gold wire whose
length determined the thickness of the eventual gold-black
coating. We also abandoned the programmed filament current
controller in favor of manual control. A photograph of the
modified manufacturing cell appears in Fig. 1(a).

Several references cite the need for careful control of the sub-
strate temperature [19,20,22,26–28]. Therefore, because the
original apparatus lacked a means for controlling the substrate
temperature, we modified the vacuum chamber lid to permit
the passage of coolant tubes to and from the specially designed
cold finger shown in Fig. 1(b). The temperature of the coolant
(automotive antifreeze) is controlled by an external circulating
chiller (Across International C15-3-2 L) capable of supplying
coolant at temperatures as low as−15◦C at a flow rate of up to
17 L/min.

Various substrate materials were investigated including cello-
phane tape, glass microscope slides and slide covers, aluminum
foil, gold foil, copper, and gold-plated silicon wafers. In the end,
while gold-black forms on and adheres to all of these materials,
we used gold-plated silicon wafers in the current effort because

(a)

Vacuum

Tungsten
filament

Substrate
holder

Nitrogen
1-2 hPa

Coolant inlet
Nitrogen

inlet

(b)

Fig. 1. Gold-black manufacturing cell.

of their smooth mirror-like surface finishes. Finally, follow-
ing the preponderance of other investigators, the chamber is
backfilled to the desired pressure with ultrapure nitrogen after a
12-hr high-vacuum purge of the chamber.

C. Gold-Black Manufacturing Procedure

In this section we describe the gold-black manufacturing process
in sufficient detail to allow reproduction of the results presented
here. The process may be divided into two parts: substrate
preparation and sample preparation.

1. Substrate Preparation

Gold-black can be deposited on virtually any surface offering
an adequate heat conduction path to the cold finger. Our sam-
ples were created by evaporative deposition of gold-black on
625-µm-thick, single-side-polished, n-doped, silicon wafers
(University Wafer, ID #1025). Pure silicon is an excellent con-
ductor of heat but is partially transparent in the near-IR. Because
the BRDF measurement process requires that the gold-black
coating be deposited on a mirrorlike surface at all wavelengths,
a plasma vapor depositor (Kurt J Lesker PVD Model 250) was
used to lay down a uniform thin layer of gold on the silicon
wafer. Before applying a 100-nm-thick pure gold finish layer,
the wafer was first coated with a 50-nm-thick chromium layer to
enhance the adherence of the gold layer. The gold-plated silicon
wafer was then carefully excised into small segments using a dia-
mond stylus. The individual segments were then cleaned using
a nitrogen jet to remove dust and any chip particles that may
have been created during the excising process. Once thoroughly
cleaned, the substrate segments were carefully stored in a sealed
container.

2. SamplePreparation

Gold-black samples are produced in the vacuum chamber
depicted in Fig. 1. The chamber must be carefully cleaned using
denatured alcohol before each coating operation. Substrate
segments are then taped along the edges to the downward-facing
surface of the cold finger, and a 5-cm length of 0.5-mm diam-
eter gold wire is wound around one of the “V”s of the tungsten
filament. The vacuum chamber is then sealed and evacuated to
a pressure of 2.25× 10−5 torr. This hard vacuum is maintained
for 12 hr to ensure the complete outgassing of oxygen, water
vapor, and any other gaseous constituents. During the evacu-
ation process circulation of coolant (automotive antifreeze)
through the cold finger is delayed for a few hours to avoid the
condensation in the chamber. The cold finger as well as the
attached substrate segments eventually attain a temperature of
−12◦C.

After 12 hr of continuous pumping, ultrapure nitrogen
is slowly bled into the vacuum chamber until a pressure of
1.65× 10−2 torr is reached. The gate valve between the vacuum
pump and the vacuum chamber is then closed, and the nitrogen
flow into the chamber is carefully metered until a final pressure
of 0.645 torr is attained.

Once the desired pressure has been achieved, the current
flow through the tungsten filament is gradually increased at
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Fig. 2. (a) Gold wire wrapped on the electrically heated tungsten fil-
ament has melted for form a bead (arrow), (b) the onset of evaporation
and gold-black formation, (c) the apparatus at the end of a gold-black
manufacturing run, and (d) gold-black deposit formed on the bottom
surface of the cold finger and a crescent-shaped sample (a second sam-
ple originally taped on the right-hand side has been removed).

an average rate of 0.118 A/min until the gold melts and forms
a bead at the bottom of the “V” as illustrated in Fig. 2(a). The
maximum heating rate is set by the controller provided with
the commercial coater to protect the tungsten filament from
fusing. The maximum current capacity of the tungsten filament
is about 30 A. At this heating rate a little over 2 hr is required
to attain the melting point of gold, which occurs at a filament
current of about 24 A. Once the molten bead has formed, the
filament current is increased to 26 A. At this point, gold evapo-
ration and the formation of gold-black begins as illustrated in
Fig. 2(b). Approximately 5 min is required to completely con-
sume the gold bead. Figure 2(c) shows the apparatus at the end
of a production run, and Fig. 2(d) shows the bottom surface of
the cold finger with one on the samples still in place on the left-
hand side. Once the production run has been completed, the
tungsten filament is allowed to cool gradually by slowly reducing
the current. The chiller circulating pump is turned off to allow
the cold finger and gold-black to warm to room temperature.
Once room temperature is attained, a vacuum bleed valve is
slowly opened, allowing atmospheric air to enter the chamber,
after which the chamber is opened and the gold-black samples
carefully removed and stored. Table 2 is an extension of Table 1,
summarizing the manufacturing conditions used in the current

effort. The fabrication method of gold-black materials is simple
and cost-effective when compared with other techniques using
laser deposition and/or electron beam lithography.

4. CHARACTERIZATION OF GOLD-BLACK
SAMPLE MICROSTRUCTURE

Figure 3 shows plan and elevation views of SEM images of
the 4- and 8-µm-thick gold-black deposits. The plan views
are reminiscent of aerial views of deciduous forests observed
from different altitudes. Noteworthy is the evolution in texture
size scale with sample thickness evident from comparison of
Figs. 3(a) and 3(d). The initial stage of growth favors the emer-
gence of tightly packed gold-black “shrubs,” as seen in Fig. 3(a),
corresponding to a layer thickness of about 4 µm. As growth
continues, these initial shrubs compete for nourishment by the
“rain” of gold atoms, with those having a size advantage over
their neighbors growing more rapidly and eventually choking
out further growth by their smaller neighbors, just as occurs
in a real forest. By the time the gold-black layer has reached a
thickness of about 8 µm (under the current growing condi-
tions), the individual “trees” have merged to form a relatively
homogeneous canopy. These images support the interpretation
in Ref. [9] of gold-black morphology as a mossy array of fine
gold filaments, which act as dipole antennas in the absorption
process.

5. MEASUREMENT OF GOLD-BLACK BRDF

A. Definition of the Bidirectional Reflectance
Distribution Function

The experimental results are presented in terms of the BRDF:

BRDF≡
d Iλ,r (λ, ϑi , ϕi , ϑr , ϕr )

Iλ,i (λ, ϑi , ϕi ) cos ϑi d�i
, (1)

also commonly referred to as the bidirectional spectral reflectiv-
ity, ρλ(λ, ϑi , ϕi , ϑr , ϕr ) [30]. In Eq. (1), Iλ,i (λ, ϑi , ϕi ) is the
intensity in wavelength interval dλ about wavelengthλ incident
to the sample from direction (ϑi , ϕi ), where ϑi is the incident
zenith angle measured with respect to the normal to the sample
and ϕi is the azimuth angle; d�i = d Ai/r 2 is the solid angle
surrounding direction (ϑi , ϕi ), where d Ai is the area of the
illuminated spot on the coupon; r is the distance from the light
source to the illuminated spot; and d Iλ,r (λ, ϑi , ϕi , ϑr , ϕr ) is
the intensity of the reflected beam in direction (ϑr , ϕr ). The
geometry and nomenclature corresponding to Eq. (1) appear in
Fig. 4.

The BRDF has the dimensions of inverse solid angle and the
units of inverse steradians (sr−1). The experimental apparatus
and procedure for measuring the quantity defined by Eq. (1) are

Table 2. Gold-Black Manufacturing Conditions in the Current Contribution

Gold Source

Substrate
Temperature

(◦C)
Initial Vacuum
Pressure (torr)

Chamber
Pressure (torr) Body Gas

Evaporation
Rate (mg/s)

Melt-to-
Substrate

Distance (cm)
Substrate
Material

Current Rate
(A/min)

0.5 mm dia.,
5-cm gold wire

−12 2.25× 10−5 0.645 N2 0.010526 5 Gold-coated
silicon wafer

0.118
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(a)   4 µm thick at 10,000 (b)   4 µm thick at 50,000 (c)   4 µm thick at 10,000

(d)   8 µm thick at 10,000 (e)   8 µm thick at 50,000 (f)   8 µm thick at 10,000 

Fig. 3. (a), (b), (d), (e) Plan and (c), (f ) elevation SEM images (a), (b), (c) of an approximately 4-µm-thick sample of gold-black and (d), (e), (f ) of
an approximately 4-µm-thick sample of gold-black. The arrows indicate the top and bottom edges of the gold-black layers.

Fig. 4. Geometry and nomenclature corresponding to Eq. (1).

described in Sections 5.2 and 5.3. The significance of the BRDF
is that, once obtained for a given surface at a given wavelength
and state of polarization, it can be used to compute all other
surface optical properties at that wavelength and for that polari-
zation. For example, for a given polarization, the directional
spectral absorptance is

αλ (λ, ϑi )= 1− ρλ (λ, ϑi ) , (2a)

where

ρλ (λ, ϑi )=

∫ 2π

0

∫ π/2

0
ρλ (λ, ϑi , ϑr , ϕr ) cosϑr sinϑr dϑr dϕr

(2b)
is the directional-hemispherical reflectivity. In Eq. (2b),
ρλ(λ, ϑi , ϑr , ϕr ) is the BRDF, BRDF(λ, ϑi , ϑv, ϕv), where
(ϑv, ϕv) is the viewing direction.

The absence of the incident azimuth angle ϕi in the argu-
ment lists in Eqs. (2) reflects the fact that gold-black, like many
surfaces of usual engineering interest, is isotropic. Because our
apparatus only measures the variation of BRDF with reflected
zenith angle ϑr for a given value of ϑi , our results should
properly be referred to as in-plane BRDF measurements.

B. Apparatus for Measuring in-Plane BRDF

The automated bench-level gonioreflectometer used to measure
the in-plane BRDF of our gold-black samples, shown schemati-
cally in Fig. 5, is described in more detail elsewhere [31–33].
Briefly, two precision rotation stages are assembled coaxially and
are controlled by high-precision stepper motors commanded
by LabView software. The first rotational stage motor rotates
the sample holder, while the second stage motor rotates the arm
carrying a photodetector. Stationary laser sources illuminate
the sample through an optical train. Rotating the sample varies
the angle of incidence of the laser beam. Once the sample is
illuminated by the laser source, the first stage is commanded
via LabView to rotate the sample to a specified incidence angle.
Then the second stage is commanded to rotate the photo-
detector to a set of specified discrete viewing angles in the plane
of incidence. The photodetector then orbits the sample in
the plane of incidence and senses the reflected intensity in that
plane. LabView simultaneously logs the angular position of both
the sample and the detector and the output of the photodetector.
Additional details are available in the cited references.

The intensity and polarization of the incident laser beam are
controlled by a half-wave plate and a polarizing beam splitter.
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Fig. 5. Schematic diagram of the automated gonioreflectometer
used to measure the BRDF of our gold-black samples [31–33].

A 200-µm slit is mounted as a field stop on the entrance aper-
ture of the photodetector. The area of the slit and the length of
the arm carrying the detector determine the solid angle of the
reflected beam for the measurements. A rotating disc optical
chopper is synced with a lock-in amplifier to modulate the
intensity of the beam and to diminish the effects of ambient
light fluctuations. The chopping frequency is sufficiently high
to compensate for drift in the signal-conditioning electronics.
Additional auxiliary components such as iris diaphragms, beam-
steering mirrors, neutral-density filters, and a periscope are used
to guide a collimated and linearly polarized circular laser beam
to the sample.

C. Procedure for Measuring in-Plane BRDF

The BRDF of our gold-black samples was measured in the
visible (532 nm) and near infrared (800 nm). A power-stabilized
532-nm (green) diode laser was the visible light source, and
a tunable Ti-sapphire laser with a wavelength range of 750 to
850 nm was the source of near-infrared light. After securing the
gold-black sample in place, it was illuminated with the laser,
and proper alignment was achieved. Extreme caution was main-
tained while handling the gold-black sample due to its fragile
nature. The power of the beam was controlled by a half-wave
plate and a neutral-density filter, and it was maintained at a level
sufficiently low to avoid damaging the sample. This range was
established experimentally by exposing a sample to the laser

beam for several hours followed by inspection with a visible-
light microscopic. The beam power was measured by a power
meter after installation of each component of the optical train to
verify that it remained constant during buildup and alignment.
As a calibration, the beam was allowed to directly illuminate the
photodetector to verify that it produced the same reading as the
power meter. The polarization state of the laser was controlled
by appropriate orientation of the polarizing beam splitter cube
for each wavelength range.

Although the incident zenith angle can be varied from 0 to
110 deg, in the current study measurements were obtained
every 10 degrees from 10 to 50 deg. Once the sample has been
positioned and illuminated at its center, the first stage is com-
manded via LabView to rotate the sample to a specified incident
zenith angle. The second stage is then commanded to orbit the
sample in order to detect the reflected beam over a specified
range of viewing zenith angles in the plane of incidence. At
each combination of incident zenith angle and viewing zenith
angle, LabView logs the sample and the detector positions and
the power incident to the photodetector. The beam reflected
from the sample is expected to be more powerful at viewing
zenith angles near the specular peaks. Therefore, data are first
collected to locate the specular peak, and then for viewing zenith
angles within a limited range surrounding the specular peak.
As explained in Section 5, specular peaks are observed only
when coating samples are optically thin for a given wavelength,
polarization state, or incident zenith angle.

The design of the reflectometer is such that the BRDF is
related to the measurements according to [30]

BRDF=
Pd/Ps

� cosθ
, (3)

where Pd is the power of the reflected beam detected by the
photodetector, Ps is the power incident to the sample, and� is
the solid angle established by the area of the slit mounted on the
entrance aperture of the photodetector and the sample-detector
distance. The same procedure was followed in order to obtain
the BRDF measurement of both the coated and uncoated
gold-plated substrate.

6. BIDIRECTIONAL REFLECTANCE

Figure 6 shows the instrument noise-equivalent BRDF cor-
responding to the case of zero laser power (i.e., when the laser
is turned off ). This measurement was repeated before and
after each data-collection run to assure system stability. The
result shown in Fig. 6 is typical. Starting with a 0-deg value of
0.01 sr−1, the noise-equivalent BRDF is seen to vary with view-
ing zenith angle at a rate of 0.0002 sr−1deg−1, with roughly an
order-of-magnitude scatter about the local mean. This imposes
a lower limit of about 0.05 sr−1 on the relevance of BRDF
measurements obtained using this apparatus in the 0-to-50-deg
viewing zenith angle range.

Figure 7 shows the in-plane BRDF of the uncoated pure gold
substrate layer in the visible (532 nm, p and s polarization)
and near-IR (800 nm, p and s polarization) at incident zenith
angles of 10, 20, 30, 40, and 50 deg. The substrate BRDF results
are similar in that they all exhibit a narrow specular peak that
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Fig. 6. Noise-equivalent BRDF measurement typical of those
obtained before and after each data run, i.e., for each combination of
gold-black sample thickness, wavelength, and polarization state.

abruptly broadens into a glossy skirt about 4 orders of magni-
tude below the peak and 2 orders of magnitude above a diffuse
floor. The peak values of BRDF for the gold-mirror substrate are
observed to increase slightly with incident zenith angle for both
wavelengths. The BRDF of pure gold in the visible is lower than
in the near-IR.

Figure 8 summarizes the measured BRDF for the 4-µm-
thick layer of gold-black deposited on a gold substrate in the
visible and near-IR for both p and s polarization at incident

zenith angles of 10, 20, 30, 40, and 50 deg. The sharp peaks at
viewing angles corresponding to the five incident zenith angles
represent power that has passed through the gold-black layer,
been reflected by the gold substrate, and then passed through
the gold-black layer a second time. Because the gold-black layer
is relatively thin, the shapes of the peaks in Fig. 8, including the
glossy skirts, correspond to attenuated versions of the peaks in
Fig. 7 for the uncoated substrate. The peak values themselves
exceed by about 4 orders of magnitude the highest BRDF values
in their corresponding glossy skirts. This suggests that, com-
pared to absorption, scattering of power out of the beam as it
traverses the gold-black layer twice contributes little to beam
attenuation. We conclude that the difference in corresponding
peak values in Figs. 7 and 8 is due mostly to absorption in the
gold-black layer.

Figure 9 summarizes the measured BRDF for the 8-µm-thick
layer of gold-black deposited on a pure gold substrate in the
visible and near-IR for both p and s polarization at incident
zenith angles of 10, 20, 30, 40, and 50 deg. The specular peaks
that dominate the BRDF in Fig. 8 are conspicuously absent in
Figs. 9(a)–9(c), i.e., absorption in the thicker layer is nearly com-
plete in this range of incident zenith angles. The very narrow
BRDF peak at 50 deg for p polarization [Fig. 9(c)] is unexpected
and is likely a measurement artefact. Because the spot size on the
sample increases with increasing incident angle, illumination
might have spilled over onto a flaw in the gold-black layer during
the measurement at 50 deg.

Fig. 7. BRDF of the uncoated pure gold substrate layer in the visible at λ= 532 nm for (a) p polarization and (b) s polarization at incident zenith
angles of 10, 20, 30, 40, and 50 deg. BRDF of the uncoated pure gold substrate layer in the near-IR at λ= 800 nm for (c) p polarization and (d) s
polarization at incident zenith angles of 10, 20, 30, 40, and 50 deg.
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Fig. 8. Measured BRDF corresponding to an approximately 4-µm-thick gold black layer deposited on a pure gold substrate in the visible at λ=
532 nm for (a) p polarization and (b) s polarization at incident zenith angles of 10, 20, 30, 40, and 50 deg. Measured BRDF corresponding to an
approximately 4-µm-thick gold black layer deposited on a pure gold substrate in the near-IR at λ= 800 nm for (c) p polarization and (d) s polariza-
tion at incident zenith angles of 10, 20, 30, 40, and 50 deg.

The hint of a peak corresponding to an incident zenith
angle of 10 deg in Fig. 9(a) occurs because the total beam path
length through the layer, L = 2t/cos(ϑi ), is shortest at this
zenith angle. The effect of increasing beam path length with
incident zenith angle also accounts for the slight but discernible
decrease in the diffuse component of BRDF with increasing
incident zenith angle. Figure 9(a) reveals that absorption is so
complete that the measured BRDF essentially lies at the noise
floor. Comparison of Figs. 9(a) and 9(b) reveals that gold-
black absorbs p-polarized visible light more efficiently than
s -polarized visible light by nearly an order of magnitude.

The absence of specular peaks in Fig. 9(b) and their presence
in Fig. 9(d) may be explained by the fact that the reflectivity
of the pure gold substrate is greater in the near-IR than in the
visible, as is evident in Fig. 7. Comparison of Figs. 9(c) and
9(d) makes it clear that, in the near-IR, gold-black is a more
efficient absorber of p-polarized light than s -polarized light as
predicted by the dipole antenna theory developed in Ref. [9].
In the cited reference, gold-black is modeled as a collection of
gold nanowires that behave as dipole antennas; on average, the
density of the vertical nanowires is shown to exceed that of the
horizontal nanowires in the cited reference.

7. DIRECTIONAL ABSORPTANCE

The ratio of the peak value of BRDF for a gold-black layer laid
down on a gold substrate to the corresponding peak value of
BRDF for the uncoated gold substrate, BRDFg b+s /BRDFs ,
is indicative of the transmittance of the gold-black layer. This
is especially true when the specular peaks exceed the glossy
and diffuse components from which they rise by several orders
of magnitude, as is the case in Fig. 8 and to a lesser extent in
Fig. 9(d). For a single passage of light through the coating,

α + σb + σ f + τ = 1, (4)

where the absorptance α is the fraction of incident power
absorbed within the gold-black, σb is the fraction of incident
power that is backscattered, σ f is the fraction of incident power
that is forward scattered, and τ is the fraction of the incident
power that is neither absorbed nor scattered, i.e., that is trans-
mitted. A more traditional version of Eq. (4), written from
the perspective of the upper surface of the coating, would
identify σb as the fraction ρ of the incident power reflected
from the surface and would combine σ f and τ into a single
transmittance term. The fact that the peaks in Figs. 8 and
9(d) rise several orders of magnitude above the glossy and
diffuse scattered components justifies suppressing σb and
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Fig. 9. Measured BRDF corresponding to an approximately 8-µm-thick gold black layer deposited on a pure gold substrate in the visible at λ=
532 nm for (a) p polarization and (b) s polarization at incident zenith angles of 10, 20, 30, 40, and 50 deg. Measured BRDF corresponding to an
approximately 8-µm-thick gold black layer deposited on a pure gold substrate in the near-IR at λ= 800 nm for (c) p polarization and (d) s polariza-
tion at incident zenith angles of 10, 20, 30, 40, and 50 deg.

σ f in Eq. (4), so that at the specular peaks we have, to a good
approximation,

τ ∼= 1− α. (5)

Neglecting scattered radiation, the peak value of BRDF
corresponding to a gold-black-coated gold mirror is propor-
tional to (Iiτρs )τ , where Ii is the incident radiance and ρs is
the reflectivity of the gold substrate. The factor τ appears twice
in this expression because the incident radiation traverses the
gold-black layer two times. The peak value of BRDF corre-
sponding to the uncoated substrate is proportional to Iiρs .
The ratio BRDFg b+s /BRDFs is then τ 2 which, from Eq. (5),
is well approximated as (1− α)2. Therefore, to an acceptable
approximation, the absorptance of a gold-black layer of a given
thickness for a given wavelength, polarization state, and incident
zenith angle is

α ∼= 1−
√

BRDFg b+s /BRDFs . (6)

For a given incident zenith angleϑi , the path length traversed
by the beam through the gold-black layer is

L = 2t/ cos (ϑi ) , (7)

where t is the layer thickness.
Figure 10 shows the variation of absorptance as computed

using Eq. (6), with path length as computed using Eq. (7),
based on BRDF measurements for the 4-µm-thick gold-black
sample given in Fig. 8 (L < 13 µm) and for the 8-µm-thick
gold-black sample given in Fig. 9(d) (L > 16 µm). Note that
the minimum value on the vertical axis is 0.75. The open
symbols represent p-polarization results, and the closed sym-
bols represent s -polarization results. It is clear that gold-black
absorbs p-polarized light more efficiently than s -polarized light,
a result predicted by the theory of Ref. [9].

Figure 10 indicates that this form of gold-black is a more effi-
cient absorber in the near-IR than in the visible. The theory of
Ref. [9] is reticent on gold-black absorptance in the visible; how-
ever, it does predict that the single-filament spectral absorptance
of gold-black decreases with the value of the nondimensional
parameter

M =
σ1

ε1

1xn1

c 0
, (8)

where σ1 is the real part of the complex electrical conductivity of
gold, ε1 is the real part of its dielectric function,1x is the calcu-
lation mesh size in a finite-difference time-dependent (FDTD)
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Fig. 10. Variation of absorptance at 532 and 800 nm as computed
using Eq. (6), with path length, as computed using Eq. (7), based on
the BRDF measurements given in Figs. 8 and 9(d).

lossy dipole antenna model, n1 is the real part of its complex
refractive index, and c 0 is the speed of light in a vacuum. The
mesh size1x is proportional to the overall filament length and
so is a characteristic length of the model. In the cited theory, the
values ofσ1, ε1, and n1 are computed using Drude–Sommerfeld
free-electron theory, which is shown to be in good agreement
with experimental values for wavelengths longer than those
corresponding to the plasma frequency of pure gold. However,
below the plasma frequency the values of σ1 and n1 deviate
sharply from Drude–Sommerfeld theory as shown in Fig. 5 of
Ref. [9]. The wavelength corresponding to the plasma frequency
of pure gold lies between the two wavelengths investigated
here. Therefore, in its original form the theory presented in Ref.
[9] cannot be used to predict the absorptivity of gold-black at
532 nm.

The dipole antenna theory of Ref. [9] has been used to com-
pute the absorptance α1 of a single gold nanostrand of length
L = 800 nm at wavelengths of 800, 1400, and 2800 nm. The
results are plotted in Fig. 11 against the M parameter computed
using the Drude–Sommerfeld values of the optical and elec-
trical properties (open symbols). The M parameter has also
been evaluated at 532 nm using the experimental values for the
optical and electrical properties given by Olmon et al . [34].
A power-law fit to the open symbols has been extrapolated to
the value of the M parameter corresponding to 532 nm. If, as
suggested by the authors of Ref. [9], the cited theory can reliably
be extended to shorter wavelengths using experimental values
of the optical and electrical properties, then the theory predicts
that the absorptivity in the visible should be less than that in the
near-IR.

The specular peaks in Fig. 9(d) for the 8-µm-thick sample
allow calculation of gold-black absorptance over an extended
path length range. The line in Fig. 10 passing through the
solid circular symbols corresponding to s -polarized light at
800 nm is a fourth-order polynomial. From this curve we may
conclude that a gold-black layer about 15 µm thick is for all
practical purposes “infinitely thick” with an absorptance of
about 0.99 for s -polarized radiation at 800 nm. The trend for
the p-polarization results at this wavelength (open circular
symbols) suggests a convergence to the same asymptotic value.
That is, even though gold-black is a more efficient absorber of
p-polarized radiation than s -polarized radiation, this difference
diminishes as the asymptotic layer thickness is approached.

Fig. 11. Variation of single-strand absorptance with the M param-
eter as predicted by the near-IR theory of Ref. [9] (open symbols) and
as extended to the visible (closed symbol).

8. CONCLUSIONS AND RECOMMENDATIONS

New in-plane BRDF measurements for two thicknesses
(∼4 µm and ∼8 µm) of gold-black deposited on a gold sub-
strate are presented for p- and s -polarized light in the visible
(532 nm) and near-infrared (800 nm). The equipment and pro-
cedure used to create the gold-black samples and to obtain the
in-plane BRDF measurements are described. The BRDF mea-
surements are interpreted in terms of absorptance. Absorptance
results for p and s polarization in the near-IR are found to be
in good agreement with those anticipated by our earlier theory
[9]. Specifically, measurements verify that gold-black absorbs
p-polarized light more efficiently than s -polarized light in the
wavelength interval spanning the visible and near-IR. Evidence
is presented that the cited theory can be extended into the visible
if measured values of the optical and electrical constants are used
in place of those obtained using Drude–Sommerfeld theory.
Results suggest that gold-black coatings on thermal radiation
detectors intended for use in the visible and near-IR should be
applied to a thickness of at least 15µm.
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