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Enhanced infra-red emission from sub-millimeter microelectromechanical
systems micro hotplates via inkjet deposited carbon nanoparticles

and fullerenes

A. De Luca,' M. T. Cole,"? A. Fasoli," S. Z. Ali,? F. Udrea,">® and W. I. Milne'

"Department of Engineering, Electrical Engineering Division, University of Cambridge,

9 JJ Thomson Avenue, CB3 OFA Cambridge, United Kingdom

*Cambridge CMOS Sensors, St Andrew’s House, Cambridge CB2 3BZ, United Kingdom
(Received 11 March 2013; accepted 20 May 2013; published online 5 June 2013)

In this paper, we demonstrate a micro-inkjet printing technique as a reproducible post-process for
the deposition of carbon nanoparticles and fullerene adlayers onto fully CMOS compatible
micro-electro-mechanical silicon-on-insulator infrared (IR) light sources to enhance their infrared
emission. We show experimentally a significant increase in the infrared emission efficiency of the
coated emitters. We numerically validate these findings with models suggesting a dominant
performance increase for wavelengths <5.5 um. Here, the bimodal size distribution in the diameter
of the carbon nanoparticles, relative to the fullerenes, is an effective mediator towards topologically
enhanced emittance of our miniaturised emitters. A 90% improvement in IR emission power density
has been shown which we have rationalised with an increase in the mean thickness of the deposited
carbon nanoparticle adlayer. © 2013 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4809546]

. INTRODUCTION

The demand for low-cost, high selectivity, low power
consumption, and long life-time gas sensors has significantly
increased over the past decade owing to the ubiquity of port-
able electronics devices. To date, electrochemical, catalytic,
and metal-oxide gas sensors dominate the market. However,
electrochemical sensors suffer from low life—times,1 whilst
poisoning,” and high power consumption® are key draw-
backs of catalytic and metal-oxide technologies. In addition,
temperature drift, poor long term stability, and very poor
reproducibility of the metal-oxide are still issues to be
addressed in spite of their reduced cost and enhanced sensi-
tivity. Non-dispersive infra-red (NDIR) spectroscopic gas
sensors are expensive,” largely due to system complexity,
but offer high accuracy, high reliability, and enhanced selec-
tivity.! Recently, much effort has been dedicated towards the
development of low-cost, ultra-miniaturised NDIR
systems.6_10 Exploiting standard CMOS processes is an
attractive route toward the fabrication of such infrared emit-
ters and detectors. However, the emissive and absorptive
properties of these devices often need to be modified to fulfill
particular application requirements—such as gas species se-
lectivity. Several solutions have been proposed including
“black” coatings,’' 12 and quarter-wavelength structures,'>'*
in addition to plasmonic'>?° and photonic crystal
structures.”' > In this paper, we report on a reproducible
post-process based on micro-inkjet deposition of graphitic
carbon nanomaterial adlayers to augment the IR emissivity
of fully CMOS compatible micro-electro-mechanical IR
light sources, which we have theoretically and experimen-
tally investigated. A 90% increase in the emitted IR radia-
tion, primarily for wavelengths <5.5 um, has been shown
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which we have attributed to an enhanced optical coupling
between the air and the heater passivation layer. Our work
here suggests that this post-processing route is viable to
enhance the signal-to-noise ratios for portable NDIR gas
sensing systems, and thus, raises the possibility of unprece-
dented low gas concentration detection.

Il. EXPERIMENT

The micro-IR optical emitter is shown in Figure 1(a)
(Cambridge CMOS Sensors: CCS4_08_B). The structure
was fabricated in a commercial foundry and was based on
current-driven  Joule heating micro-electro-mechanical
silicon-on-insulator (SOI) technology (Fig. 1(b)), as reported
in further detail elsewhere.”*?” Briefly, a metal micro-heater
is embedded within a 5 um thick SiO, membrane ensuring
low DC power consumption (<200 mW at 600 °C,
Fig. 2(a)). The micro-hotplates can reach temperatures in
excess to 700°C, have a sub-5 V-controlled thermal ramp
>4 x 10*°C/s (Fig. 2(b)), and offers enhanced stability and
reliability relative to micro-bulbs and other IR sources.”®
Membranes were fabricated via post CMOS deep reactive
ion etching (DRIE), allowing the realization of near-vertical
etch walls thereby reducing the required chip area consenting
aggressive miniaturisation. The membrane mechanically
supports, and thermally isolates, the micro-heater allowing
fully integrated CMOS drivers to be located on-chip. The
temperature profile (Fig. 2(c)) is almost constant across
the heater (634 £ 3.8°C) and decreases to ambient at the
membrane-bulk substrate interface. The IR detector herein is
a proprietary thermopile employing multiple serial thermo-
couples fabricated from silicon-on-insulator. The thermocou-
ple hot junctions are embedded within a few micrometers of
the SiO,, whilst the cold junctions reside on the bulk Si sub-
strate. The membrane ensures thermal isolation of the hot
junctions thereby increasing the detector sensitivity. The

© 2013 AIP Publishing LLC
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FIG. 1. MEMS SOI micro hotplate. (a) A UV-filtered optical micrograph of
a typical bare micro hotplate (CCS4_08_B: Cambridge CMOS Sensors)
radiating at 700 °C, featuring a 500 um diameter heater embedded in a
700 um diameter membrane. (b) Cross-section schematic depicting the
MEMS SOI micro hotplate construction.

thermopile output voltage is directly proportional to the
number of thermocouples, the Seebeck coefficient, and the
temperature difference between the substrate and membrane.

Carbon nanoparticle (CNPs, Sigma-Aldrich Ltd.:
633100) and Cgo fullerene (Sigma-Aldrich Ltd.: 379646)
adlayers were deposited, as-received, directly onto the sub-
mm infra-red optical source by non-contact, ambient tempera-
ture micro-inkjet printing system (Autodrop Micro Dispensing
System, Microdrop Tech.) fitted with a computer controlled
piezo stage. Drop stability and the absence of satellite drops,
which affected the measured reproducibility, were verified
using a strobe MD-P-757 monitoring unit (Fig. 3(a)). Non-
contact deposition ensured minimal damage to the membrane
and highly accurate material deposition (Fig. 3(b)). The
Raman spectra, shown in Fig. 3(c), were obtained using a
Renishaw Raman spectrometer with an incident power of
<3mW, under 633nm and 514nm excitation. The Cg
presents a typical strong pentagonal pinch mode at 1469 cm ™'
and a Hy(8) mode at 1580 cm ™ 1,? while the CNPs show a D
pick at 1360cm ™" and the G pick at 1600 cm™". Drops had a
nominal volume of approximately 10% pl. Samples were coated
with ~10°-10° drops. Suspensions of CNPs (0.05 mg/ml) and
Cego (0.03 mg/ml) in isopropanol (IPA) were prepared. IPA was
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FIG. 2. Electro-thermal characterization. (a) Power dissipation as a function
of heater temperature. Inset: Simplified circuit layout showing the micro hot-
plate driver. (b) Transient thermal behaviour (25-400 °C) showing a thermal
rising time (10%-90%) of 10 ms and a thermal decay of 30 ms. (c) Simulated
membrane temperature profile with a temperature ramp of 6 °C/um in the
membrane area.

selected due to its low vapour pressure and temporally
inhibited evaporation rate, which allowed reduction in tip
dwell time between consecutive drop-streams which sub-
stantially improved material uniformity. To avoid settling
within the as prepared suspensions, every 3h suspensions
were high-power sonicated (Diagenode Bioruptor UCD-
200) for 5 min. It is important to highlight that the materi-
als have been deposited not only on the passivation directly
adjacent to the heater but also on the surrounding mem-
brane to ensure spatially uniform emission enhancement.
Note that the IR enhancing layer does not exceed the
membrane edge, and does not provide a direct thermal
bridge between the heater and the bulk Si substrate, as this
would detrimentally increase power dissipation. Coated
emitters were wedge bonded to Au plated TOS packages
(Fig. 3(d)) using 25.4 um Au wire and a thermally conduc-
tive adhesive.
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FIG. 3. Adlayer characterization: (a) Photograph of the inkjet printer nozzle
during deposition (scale bar: 100 um). (b) Optical micrograph of a typical
device after CNPs deposition (scale bar: 100 um). (¢) Raman spectra (3 mW,
532nm) CNP and Cg, post deposition. (d) Optical micrograph of a bonded
augmented IR source on a TOS package (scale bar: 1.5 mm).

The nanocarbon morphology (Figs. 4(a) and 4(b)) was
determined using a Zeiss Gemini-Sigma and Philips XL 30
SFEG scanning electron microscopes. Distributions in nano-
particle diameter (Fig. 4(c)) were evaluated using the image
analysis software, IMAGEJ. Absorbance and transmittance
spectra (352—-1088 nm) were obtained using quartz supports
with an Ati-Unicam UV-Vis UV2 Spectrometer, and a
Research Series FTIR (2.5-25.4 um) using spectroscopic
grade CsI (Fig. 5(a)).

The effect of the optical layer was evaluated by compar-
ing coated emitters with bare devices (Fig. 6(a)) in a basic
NDIR system. The NDIR setup consists of a metallic cylin-
drical cavity forming a 2.5cm optical path (inset of Fig.
6(a)). All measurements were carried out at STP. An auto-
mated LABVIEW (v. 8.5) controlled Keithley 2400
Sourcemeter was used to drive the emitter, and after
~500ms, a Keithley 2410 Sourcemeter was used to measure
the detected voltage across the thermopile. Emission spec-
trum of bare IR sources was measured as function of emitter
temperature (Fig. 6(b)), at STP, with a Perkin Elmer Frontier
FTIR. Experimental results were corroborated independently
via simulation (Fig. 6(c)).

In order to assess the temporal stability of the coating
layers at high temperature, few mg of CNPs and Cgy were
deposited and annealed at 600 °C in air at STP and in Ar at
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FIG. 4. Adlayer topological characterization: Scanning electron micrographs
(false coloured) of an inkjet deposited (a) Cgo film (scale bar: 500 nm) and
(b) CNP film (scale bar: 500 nm). (¢) CNPs (green) and Cgq (red) diameter
distributions.

1.25 mbar. The mass of the nanomaterials was periodically
monitored using a microbalance (Fisherbrand, PS-200)
located in a Terra Universal glove box to ensure accuracy.

lll. RESULTS AND DISCUSSION

IR emitters are electro-thermo-optical transducers. They
are electrically stimulated to deliver an optical output via
heat. Electrical power is converted into thermal power, with
the latter then being converted into optical power. This dou-
ble transduction is performed via Joule-heating in a metallic
or semiconductor resistor (in our case Tungsten), where the
thermal output is partially dissipated through the membrane
by conduction, and partially through the ambient via
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FIG. 5. IR emission augmentation: (a) Measured absorbance and transmit-
tance of CNPs and Cg, nanoparticles. (b) Comparison between experimental
(solid line) and simulated (dotted line) absorbance for CNPs and Cg in the
range of 4-14 um.

convection. The remainder accounts for the functional and
measureable optical component via radiation. The radiation
is more prominent at higher temperatures and hence the need
for temperatures in excess of 600°C, to enhance the ratio
between the useful radiative power versus the wasted power
(convection and conduction). An IR detector performs the
transduction in the opposite direction. The surface of the de-
tector is thermally excited by the incident radiation with the
thermopile converting the temperature into a proportional
voltage. It is clearly shown in Fig. 6(a) that the coated emit-
ters perform better than the bare ones. For instance, at
600 °C the thermopile voltage is enhanced by 30% in the
case of a Cg adlayer, and 90% for a CNPs adlayer.

Bodies of finite, non-zero temperature emits IR at a
characteristic wavelength.*® The intensity of the radiation
emitted by a black body (BB) is given by the Plank equation

B 2hc?
PA (e% — 1) ,

where T is the temperature of the BB, h is the Plank’s con-
stant, k is the Boltzmann’s constant, c is the speed of light,
and A is the wavelength of the emitted radiation. BB are

103, T) (1)
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FIG. 6. Integrated and wavelength-dependent emission intensity. (a)
Integrated intensity response due to adlayer introduction inferred from a
thermopile voltage response as a function of emitter temperature. Inset:
Schematic depiction of the NDIR setup. (b) Measured emission intensity as
a function of wavelength at several emitter temperatures (from ambient to
700°C). (c) Comparison between measured and simulated spectra for an
emitter operating temperature of 700 °C. The modelled variation in emission
due to the CNPs and Cg adlayers is also presented.

characterized by ¢=1, where ¢ is the emissivity. However,
practically ¢ < 1. Such an emissivity is proper of grey bodies
(GB) and is function of wavelength, temperature, surface
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roughness, coating thickness, optical parameters, and topolog-
ical and geometrical parameters.’’ As a consequence, the
intensity of the radiation emitted by a GB, Igg, is the BB
intensity, Igg, modulated by the emissivity: Igg(4, T)
=¢(A, T,...) x Igp(4, T). According to Kirchhoff, at equi-
librium for a given wavelength and temperature, the emittance
of an object is equal to its absorbance: e =A=1—-R —T,
where R is the reflectance and T is the transmittance.

The spectrum of a typical bare micro hotplate, at differ-
ent working temperatures, is presented in Fig. 6(b). The
emission spectrum is strongly affected by the non-ideal emit-
tance of the multilayer stack, schematically depicted in Fig.
1(b). The majority of the emission occurs between 7 um and
14 ym with a dominant peak at 8.6 um, mainly due to the Si-
O stretching vibration of the SiO, membrane.** This is a par-
ticularly attractive spectral feature for NDIR systems that
target alcohol detection.”® The experimental measurements
are supported by simulation. An optical open source simula-
tion package, which employs a matrix approach to derive the
internal light absorption of the heater by calculating the light
energy flux inside an approximate multilayer stack,® was
used to estimate the wavelength-dependent absorbance of
the bare micro hotplates between 4 ym and 14 yum, at normal
incidence. This 1D modelling approach is justified since the
membrane thickness is much smaller than its diameter.
Optical constants (at STP) of the materials employed were
taken from Palik®> and Yin and Smith.® The intensity of the
emitted radiation was obtained assuming a constant tempera-
ture of 700°C in the heater area and a linearly decreasing
temperature profile, from 700 °C to 25 °C, in the membrane
area. Two different absorbance functions and geometrical
dimensions were also considered for the heater and for the
membrane area. If we take into account the broadening of
the absorption peak, as reported here,’” good agreement
between theoretical and experimental data has been obtained
(Fig. 6(c)). It is worth mentioning that the non-negligible
contribution to the emissions generated by the membrane
comes at zero power consumption.

Further simulations were carried out to evaluate the
effect of the CNPs and C¢( enhancing layers on the emission
spectra. The Raman spectra (Fig. 3(c)) confirm the graphitic
nature of the CNPs and Cg. Thus, graphitic optical proper-
ties, taken from Maron,38 were used for both. SEM analysis
(Figs. 4(a) and 4(b)) showed that the Cg, dispersions were
characterized by a monomodal size distribution with a mean
diameter of 43 = 5 nm, whereas the CNPs had a bimodal dis-
tribution consisting of small Cgp-like particles (51 = 5nm)
with much larger agglomerates (426 = 204 nm) (Fig. 4(c)).
Thus, in the simulations, an average thickness of 40 nm was
considered for the Cgy IR enhancing layer, and an average
thickness of 200 nm for the CNP layer. In order to verify the
validity of the material models (optical properties and thick-
ness), the absorbance of Cg fullerenes and CNPs was experi-
mentally measured (Fig. 5(a)). The results show an increase
of the absorbance moving towards low wavelengths. The
peaks at 4.25 ym and 15.0 yum are attributed to CO, asym-
metric stretching and bending vibrations,*® respectively. In
Fig. 5(b), agreement between experimental and theoretical
data is reported between 4 and 14 um. The CNPs layer has a

J. Appl. Phys. 113, 214907 (2013)
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higher absorbance relative to the Cg layer due to its higher
mean thickness, as postulated by Beer-Lambert. In Fig. 6(b),
the theoretical effect of CNPs and Cgo adlayers on the IR
emissions is also presented. The presence of the IR enhanc-
ing layer strongly affect the emission power density for
A< 5.5 um. Hence, we believe that coated emitters signifi-
cantly improve the S/N ratio of NDIR systems targeting CO,
detection.

Fig. 7 shows the temporal stability of a CNPs and Cgg
adlayers stressed at 600 °C. When annealed in air at ambient
pressure, carbon reacts with oxygen and the adlayer almost
completely (>97%) etches rapidly (<1 min). When annealed
in an Ar atmosphere at low pressure (1.25 mbar), the CNP
adlayer showed an improved temporal stability which stabil-
ises to around a 30% mass loss (of the original deposited
adlayer mass) in a 10%—90% rise-time of 530 min continu-
ous operation. On the contrary, the mass loss saturation of
the Cgp nanoparticles did not tend to saturate and was
approximately 60% after 700 min DC operation. IR emitters
are often hermetically sealed in low pressure, inert atmos-
pheres with optical filtering windows, in order (i) to improve
the selectivity of the NDIR system and to filter out unwanted
radiated wavelengths; (ii) avoid interaction with oxygen, and
thus, evaporation and/or oxidization; and (iii) to dramatically
reduce thermal convection losses, thereby significantly
improving the electro-thermal conversion efficiency.
Another important consideration is that the same coatings
can be employed to enhance the absorption of IR detectors,
such as thermopiles, which work at ambient temperature and
do not suffer from such temporal stability problems. We
have also found that other graphitic nanocarbons, namely,
CNTs, have proven to be stable for up to 100 h continuous
operation at 500 °C in air.

IV. CONCLUSIONS

In this paper, the performances of carbon nanoparticle
and fullerene IR emitting adlayers deposited via micro-inkjet
printing have been investigated. Inkjet printing has shown to
be a reproducible post process technique that is well-suited
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for fragile MEMS devices. Raman spectroscopy, scanning
electron microscopy, UV-Vis and FTIR spectroscopy were
employed for the material characterization. FTIR spectros-
copy was also used for the optical characterization of the
bare infra-red light sources, in addition to the optical analysis
carried out with basic NDIR system, for both coated and
uncoated emitters. Experimental results were corroborated
by simulations which suggested a strong peak in the emis-
sions at 8.6 um, making them very attractive for alcohol
detection. CNPs increase the emission intensity by 90%,
which was significant compared to the Cg fullerenes, which
elicited a 30% improvement. Simulations predicted a domi-
nant enhancement for wavelengths <5.5 um. We believe that
the nano-scale topological adjustment in the emission per-
formance significantly improves the signal-to-noise ratio of
NDIR systems for CO, detection and is very encouraging
towards the realization for inexpensive, low power consum-
ing, and truly mobile NDIR systems.
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