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Based on pulsed DC sputter deposition of hydrogenated carbon, an absorber optical coating with maximized
broadband infrared absorptance is reported. Enhanced broadband (2.5–20 µm) infrared absorptance (>90%)
with reduced infrared reflection is achieved by combining a low-absorptance antireflective (hydrogenated carbon)
overcoat with a broadband-absorptance carbon underlayer (nonhydrogenated). The infrared optical absorp-
tance of sputter deposited carbon with incorporated hydrogen is reduced. As such, hydrogen flow optimization to
minimize reflection loss, maximize broadband absorptance, and achieve stress balance is described. Application
to complementary metal-oxide-semiconductor (CMOS) produced microelectromechanical systems (MEMS)
thermopile device wafers is described. A 220% increase in thermopile output voltage is demonstrated, in agreement
with modeled prediction. ©2023Optica PublishingGroup
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1. INTRODUCTION

Thermopiles are a type of thermal detector that have benefits
of low cost, broadband spectral response, and simplicity of
use. In industrial settings, microelectromechanical systems
(MEMS) based thermopile technologies are utilized within
noncontact thermometry, thermal flow sensors, and nondis-
persive infrared (NDIR) gas sensors aimed at CO2 and CH4

and thermal imagers [1]. As shown in the following figure,
the thermopile chip consists of a silicon substrate, membrane
structure, thermopile, and broadband absorber layer.

On exposure to IR radiation, a temperature difference,1T, is
observed between hot and cold junctions. The resulting thermo-
electric differential is transformed into an electrical output;
this direct conversion is known as the Seebeck effect [2]. The
absorptance of the incident infrared radiation by the thermopile
device results in enhanced output voltage. Silicon is extensively
used in MEMS-based thermopile devices due to its low cost and
compatibility with complementary metal-oxide-semiconductor
(CMOS) wafer processing [3].

Applying a high-absorptance porous metal coating to the
detector active area is a standard method to achieve broadband

absorptance, with numerous articles published describing such
“metal black” coatings, often referred to as gold-black, silver-
black, and platinum-black [4–6]. However, the porous metal
coatings are typically high cost, easily damaged, and are not
compatible with CMOS processing. Furthermore, the process
of “metal-black” coating is more complex than other techniques
and can cause the thermopile device to be fragile for next-stage
photolithography and etch process steps [4].

A silicon nitride (Si3N4) or silica (SiO2) layer or
SiO2/Si3N4/SiO2 sandwich film structure is also often used
as the thermopile IR absorber, termed a “membrane” layer, as
shown in Fig. 1. However, the membrane layer provides low IR
absorptance and narrow absorptance range [4,7–9].

This paper provides a new CMOS-compatible durable
broadband absorber (BBA) multilayer optical coating based on
a hydrogenated carbon two-layer structure, overcoming short-
falls of the metal-black and Si3N4/SiO2 multilayer absorber
approaches. Deposition utilizes pulsed DC sputtering of car-
bon with controlled hydrogenation during sputtered carbon
deposition. Combining a broadband absorptance carbon
layer (nonhydrogenated) with a low absorptance antireflective
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(hydrogenated carbon) overcoat provides broadband (2.5–
20 µm) IR absorptance (>90%) with minimal IR reflection.
The deposition process involves room-temperature pulsed DC
deposition of carbon with controlled introduction of hydrogen
during the carbon deposition [10]. This approach provides
control of the spatial absorptance distribution through the
carbon coating, thereby achieving an optimized combination of
reduced reflectance and maximized absorptance [11].

2. THEORY

The incident IR radiation absorbed by the BBA multilayer cre-
ates a thermal gradient between the hot and cold junctions of the
thermopile, shown as1T in Fig. 1. This produces a thermoelec-
tric voltage and is directly related to the Seebeck effect, absorber
efficiency, and number of thermocouples used.

The voltage output shown in Fig. 1 can be calculated using
the number of thermopiles in a serially connected configuration
and the Seebeck effect coefficients for the material used [4].
Calculation of output voltage is provided as follows:

Output voltage = N1T |αA − αB| = N1TαAB, (1)

where N is number of serially connected thermocouples and the
Seebeck coefficients for materials A and B are denoted byαA and
αB , respectively, and αAB = |αA − αB | is the relative Seebeck
coefficient. The thermal gradient and temperature difference
between the hot and cold junctions is expressed as follows [4]:

1T =
ηPo

G th
, (2)

where the IR absorptance of the material is denoted by η, the
total thermal conductivity of detector denoted by G th and
incident power denoted by P0. Substituting Eq. (2) into Eq. (1):

Output voltage = N
ηPo

G th
|αA − αB| = N

ηPo

G th
αAB. (3)

Therefore, the voltage output is proportional to the absorp-
tance (η). η is wavelength-dependent and as such has to be
optimized over the required spectral range [4].

3. MODELING

Essential Macleod optical coating design software [12] was used
to model and optimize the thickness of the carbon coating and

Fig. 1. Thermopile chip consisting of silicon substrate, membrane
structure, thermopile, broadband absorber layer, and broadband
antireflective match layer 2.

Table 1. Table of Membrane Structure, Materials, and
Layer Thicknesses

Layer Material Physical Thickness (nm)

Si3N4 600
SiO2 450
Si3N4 170
SiO2 570
Si3N4 110

Table 2. Table of Membrane Structure + BBA Coating
Materials and Thicknesses

Material Physical Thickness (nm)

Hydrogenated carbon (AR layer) 636
Nonhydrogenated carbon (absorber layer) 2000
Si3N4 600
SiO2 450
Si3N4 170
SiO2 570
Si3N4 110

resulting absorptance on top of the membrane structure. The
membrane is a Si3N4/SiO2 alternating layer structure [8], as
presented in Table 1. Modeled absorptance for Si3N4/SiO2

membrane gives an average value of 42.73% over a 2.5–20 µm
spectral range, as shown in Fig. 2.

Single layers of carbon deposited with varying hydrogen flow
were examined in a previous publication for optical stress and
mechanical performance [10]. Essential Macleod software was
used to fit measured data using the envelope fitting method
for optical constant extraction, n, and k. The returned optical
constants from Essential Macleod at the half- and quarter-wave
turning points were fit to a Cauchy model [13] to obtain smooth
(values in between the wavelengths are derived using linear
interpolation) n/k data over the desired range. The smoothed
optical constant data were used to model a multilayer carbon
thin film with desired absorptance at varying thicknesses.

Using the single layer results, an optical coating design
model was generated to optimize the carbon topcoat thickness
(consisting of absorber and antireflection [AR] layer shown in
Fig. 3) and predicting the absorbance response AR layer used to
increase the throughput by reducing the reflection to maximize
overall performance boost. The optimized thickness output
from the model is presented in Table 2 and schematic shown
in Fig. 3. The carbon bilayer in the below table is termed the
broadband absorber (BBA) multilayer optical coating.

When comparing the modeled results for the membrane
without and with BBA overcoat, a significant enhancement
in broadband absorptance is demonstrated. The boost shown
in Fig. 2, which shows modeled performance, demonstrating
the best result and a factor of 2.2× performance enhance-
ment (average spectral absorptance of coated and uncoated
Si3N4/SiO2 membrane, 93.81% and 42.73%, respectively).
Table 2 provides the layer structure of membrane layers with
optimized carbon multilayer overcoat.
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Fig. 2. Modeled absorptance for Si3N4/ SiO2 membrane and BBA overcoat layer.

4. EXPERIMENTAL RESULTS

A. Deposition

Deposition was carried out using a pulsed DC sputtering proc-
ess. The deposition system uses a horizontal-axis rotating drum
in which deposition of each layer can be achieved with multiple
passes across a rectangular planar DC magnetron source; sub-
strates are mounted on removable drum plates. A schematic of
the drum-based sputter deposition system configuration with
two 6 in. wafers per plate, with two populated plates, is shown in
Fig. 4. The system shown in Fig. 4 can accommodate 40× 6 in.
silicon wafers per deposition run.

A final system-based pressure of 5× 10−7 mbar is achieved
by a combination of turbo (Pfeiffer Vacuum D-35614 asslar
turbomolecular pump, 2200 L/s) and cryocooler water vapor
pumping (Telemark Cryogenics/3600 Model). Controlled
hydrogen introduction is via a high-purity hydrogen gen-
erator (Linde/NMH, 500 model) using water electrolysis
[14]. To ensure the desired coating aesthetic quality, pulsed
DC sputtering is used to minimize arcing. Table 3 shows the
typical deposition parameters used. There was no direct sub-
strate heating, and all depositions were carried out at room
temperature.

Deposited carbon film thickness uniformity achieved across
two wafers per plate, as shown in Fig. 4, is±5%.

Fig. 3. Schematic of the layer structure of BBA overcoat.

Fig. 4. Photo of drum-based pulsed DC sputter system.

Table 3. Typical Deposition Conditions of Pulsed DC
Sputtered Hydrogenated Carbon

Ar
Flow
(sccm)

H2

Flow
(sccm)

Power
(kW)

Current
(A)

Voltage
(V)

Pulsed
DC

Frequency
(kHz)

Pulse
Length

(µs)

100 0 to
5 sccms

4 10 400 66 4

B. Optical Measurements

Deposition of the modeled multilayer design was carried out,
and spectral absorptance measurements, as shown in Fig. 5,
were carried out using a Perkin Elmer 983 spectrophotometer,
demonstrating broadband absorptance used to enhance output
voltage MEMS thermopile chip performance.

For all coated substrates, the relationship among spectral
transmittance, reflectance, and hydrogen flow was studied
using Nicolet iS50 Fourier transform and Perkin Elmer 983 G
infrared spectrophotometers, respectively. Spectral absorptance
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Fig. 5. Absorptance spectrum (2000 to 20,000 nm) for 0–5 sccm hydrogen flows.

Fig. 6. Average absorptance over 2.5–20 µm range with varying
hydrogen, 0–5 sccm, within the absorber layer, for the full multilayer
carbon absorber.

was calculated from the spectral transmittance and reflectance
results and is as shown in Fig. 5.

From the results of depositions, as shown in Fig. 5, the non-
hydrogenated (0 sccm) offers the max absorbance across the
2.5–20 µm range with average absorptance of 94.14%. As the
hydrogenation is increased from 0o–5 sccm, a trend of reducing
absorptance is observed. This trend is due to hydrogen incorpo-
ration into the sputter deposited carbon significantly decreasing
infrared optical absorptance due to a decrease in deep absorptive
states associated with dangling bonds [10,11,15].

Figure 6 demonstrates the average absorptance and hydrogen
relationship; as hydrogen is increased, the average absorptance
drops with a maximum at no hydrogen (0 sccm) of 94.14%
and a minimum at 5 sccm flow hydrogen during deposition at
33.38%. This highlights that a 0 sccm absorber layer is the best
performing as an absorber layer to enhance thermopile chip
performance.

Fig. 7. Comparison of modeled and measured BBA coating.
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Fig. 8. Full absorber multilayer coating design with varying hydrogen flows, 0–5 sccm, within the absorber layer and measured stress with error
bars [17].

Table 4. Campaign of Test Runs with Varying
Hydrogen Flow in the Absorber Layer and Associated
Stress Results

Hydrogen Flow
Absorber Layer
(sccm)

Thickness
Measured by
SEM (µm)

|AVG Stress|
(MPa)

|CNT Stress|
(MPa)

0 2.81 275 241
1 2.55 378 349
2 2.63 429 346
3 2.91 363 304
5 3.20 204 185

Comparing the experimentally deposited BBA coating
with the modeled spectral response, as shown in Fig. 7, good
agreement is demonstrated with an achieved average spectral
absorptance (2.5–20µm) of 94.1%.

Fig. 9. Electron micrograph showing a typical BBA cross section
with AR and absorber layers detailed.

C. Stress

Average stress was investigated as a function of hydrogen flow
from 0–5 sccm for the absorber layer (nonhydrogenated) within
the full multilayer carbon absorber coating design.

The change in curvature of an elastically deformed coated
substrate (150 mm in diameter and 300µm thick silicon wafer)
is used to calculate the average film stress. The Stoney formula
is used to determine stress [16]. Wafer geometry was mea-
sured before and after coating deposition using a capacitive
distance sensor gauge made by E+H metrology GmbH (model
MX- 203-6-33). Based on the Stoney formula, the machinery
automatically determines the coating stress [16].

Results are shown in Table 4 and Fig. 8, indicating pulsed
DC sputtered carbon BBA stress with varying hydrogen. The
stress is compressive and peaks 2 sccm at a max value of 429 MPa
average stress. With increasing hydrogen above 2 sccm, the stress
is reduced to 204 MPa at 5 sccm. At 0 sccm, the resulting stress
level is the second-lowest value recorded at 275 MPa compres-
sive stress. Figure 9 shows a typical BBA cross section with AR
and absorber layers as designed and presented in Fig. 3.

D. Absorptance/Stress Relationship and
Optimization

The absorptance value ranges from 94.1% to 33.4% with
increasing hydrogen flow. Nonhydrogenated (0 sccm) offers the
best result for enhancing the thermopile chip performance. The
compressive thin film stress value is more complicated in that a
maximum is reached at 2 sccm flow and dropping hydrogen at
highest and lowest flows tested, 0 and 5 sccm, respectively.

Comparing the stress and absorptance results, the nonhy-
drogenated 0 sccm absorber layer offers the best compromise
between low compressive stress and high absorptance in BBA
coating used to boost thermopile chip. This is illustrated in
Fig. 10, when considering both stress and absorptance, non-
hydrogenated (0 sccm) offers the highest absorptance and
second-lowest compressive stress value.
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Fig. 10. Absorptance as a function of compressive stress for the
absorber multilayer with varying hydrogen flow.

5. TESTING: THERMOPILE CHIPS

A thermopile chip without and with best-performing BBA mul-
tilayer optical coating underwent output voltage performance
testing at five sites on a 6 in. silicon wafer, as shown in Fig. 11,
positioned on the wafer center, east, north, south, and west, as
shown in Fig. 11.

Testing coated and uncoated thermopiles utilized a broad-
band blackbody IR source (2.5 to 20 µm), exposed to the
blackbody IR source (Yangzhou Tuanrui Electric Co., Ltd/High
temperature ceramic heating plate) and output voltage mea-
sured, as shown in Fig. 12. The output voltages are presented in
Table 5.

Fig. 11. Schematic of sites center, east, north, south, and west on
6 in. silicon wafer.

The output voltage for uncoated and coated thermopile chip
results in a 220% increase in response in agreement with mod-
eled prediction.

Fig. 12. Experiment setup of the thermopile chip voltage output measurement.
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Table 5. Results of Full Device Wafer Testing Performed under a Broadband IR Source on Coated and Uncoated
Die

Site on Wafer
Absorber Thermopile Voltage

Output -Va (mV)
No Absorber Thermopile Voltage

Output - Vn (mV) Percentage Boost at Sites
Average Percentage Boost

Across All Sites

Centre 391.55 196.88 198% 220%
East 329.55 168 196%
North 372.22 185.33 200%
South 260.88 104 250%
West 285.11 112 254%

Table 6. Correlation between Coated and Uncoated
Die

Calculation Membrane Membrane with BBA

Standard deviation 18.03 20.7
Average percentage
standard deviation

12% 6%

The correlation between coated and uncoated die shows the
carbon absorber coating systematically boosts uncoated die at
each of the five positions, and the variation measured between
sites is due to initial variability in noncoated die. Average voltage
variation and percentage standard deviation between absorber
coated and nonabsorber coated devices shows a spread of 6%
and 12%, respectively, indicating the BBA acts to reduce the
spread of output voltages and stabilize the thermopile devices
and output voltages, which is shown in Tables 5 and 6.

6. CONCLUSION

In this work, pulsed DC high-throughput drum-based sput-
tering is employed to deposit a hydrogenated carbon optical
coating, termed a BBA multilayer. The BBA multilayer was
deposited onto MEMS-based CMOS thermopile devices,
fabricated on 6 in. diameter silicon wafers. The BBA multilayer
structure is a two-layer patented [11] design comprising a low
absorptance antireflective (hydrogenated carbon) overcoat
with a broadband absorptance carbon underlayer (nonhydro-
genated). The BBA multilayer provides enhanced broadband
(2.5–20 µm) infrared absorptance (>90%) with minimal
infrared reflection.

Results from modeling of the BBA structure deposited
on the silicon membrane structure, described in Section 2,
predicted a 220% boost in output voltage. This boost was
verified by measuring uncoated (average spectral absorptance
[2.5− 20 µm] = 42.7%) and BBA-coated (average spectral
absorptance [2.5− 20 µm] = 94.14%) thermopile devices.

The influence of increasing hydrogen is a reduction in
infrared optical absorptance. The decreasing infrared optical
absorptance is due to a decrease in deep absorptive states asso-
ciated with dangling bonds, reducing their concentration from
typically 1019 to 1016 cm−3 [15]. Increasing hydrogen content
reduction in compressive stress is observed with a minimum
measured stress of 204 MPa at 5 sccm hydrogen flow.

As a result, increasing hydrogen content of the BBA coating
significantly decreases broadband absorptance, while signifi-
cantly reducing compressive stress for hydrogen flow greater
than 4 sccm flow. A peak stress is reached at 2 sccm flow in the

absorber layer with a value of 429 MPa. As such, a compro-
mise between thin film compressive stress and absorptance is
required.

In addition to overall boost of thermopile device output
voltage, the BBA coating reduces spread of the output voltages
across the 6 in. silicon device wafer’s surface.
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