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Preparation and characterization of a thermal insulating carbon xerogel - epoxy composite adhesive for electronics applications
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[bookmark: _Hlk49524040]Abstract— In some specific microelectronic applications, there is a demand for adhesive materials (glues / encapsulants) having very good thermal insulation properties. We have studied the properties obtained on epoxy-based samples loaded by several levels of xerogel filling. The thermal conductivity of these materials depends on the exact chemical composition and their manufacturing process. As a result, the thermal conductivity given in the manufacturer's specifications or in the literature generally exhibits some dispersion. Therefore, we have developed a straightforward experimental rig, based on a vacuum chamber and miniature Pt100 sensors measurements, to precisely know the thermal conductivity of the various insulating materials used in the development and the assembly of select microsensors and microsystems. The results showed a decrease in the thermal conductivity of our xerogel-epoxy composites up to 35.8% compared to the value of the unfilled epoxy, corresponding to a thermal conductivity value of 0.108 W m-1 K-1. In addition, cross-sectional images were observed by optical microscopy to characterize the specific microstructure of each sample in order to relate these observations to improvements in thermal conductivity. 
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INTRODUCTION
Dealing with thermal management issues is frequent in all fields of engineering from large scale to microscale devices. Mitigation strategies are usually divided into two categories: (i) to conduct the heat through high thermal conductivity materials to heat sinks or parts that do not suffer from the heat and (ii) to protect the heat sensitive parts of the device from the heat flux with a thermal insulation made of a very low thermal conductivity material.
The first strategy using high thermal conductivity materials (metallic except if an electrical insulation has to be provided as well) is the most common approach in large-scale applications like aerospace thermal management [1] and heat exchangers in vehicles [2], both requiring low-density materials. This strategy is also well known in small-scale applications like electronics [3], where processors, LEDs, MOSFETs, and power electronics components often generate heat that must be dissipated and/or redirected, for instance using heat sinks [4-7]. Many high thermal conductivity materials are used for thermal management in microelectronics, from metals to carbon and graphite and their composites with ceramics [8, 9].
Conversely, while low thermal conductivity materials are obviously often used in large-scale applications such as in the building industry to reduce the effects of external thermal fluctuations on internal temperatures [10], using low thermal conductivity materials is more challenging in small-scale applications. In order to act as thermal barrier for electronics, metal-oxide like yttrium stabilized zirconia (YSZ) can be used as coating [11]; however, as it requires a high temperature treatment, alternative metal-oxides are recently studied such as WO3 coatings [12]. In the field of data storage, efficient thermal memory storage devices using phase‐change materials require low thermal conductivity materials to increase the data density by reducing the thermal losses to the surroundings and, doing so, acting on smaller areas [13]. Moreover, the required power to activate the phase-change of the material is also reduced [14]. One of the most common small-scale applications of low thermal conductivity materials is thermoelectric energy conversion. Energy harvesting designs using thermoelectric material-based devices take advantage of existing temperature gradients in the system by converting the latter into a potential (Seebeck effect). The thermoelectric material achieves higher performances with large thermopower, high electrical conductivity and necessarily low thermal conductivity to maintain the thermal gradient [15]. However, the two latter properties are not easy to find simultaneously in a material, and are usually obtained either in naturally complex and disordered structures having a large molecular weight, or by a nanostructuring process [16]. In microsystems (MS), i. e. miniature electronics, or in integrated circuits (IC), some parts of the electronic device are thermally sensitive [17], and low thermal conductivity materials can protect these sensitive parts from damage or loss of their initial functionality because of an increased temperature occurring during the entire life cycle of the device or during a specific life span. In the large family of metal-oxide (MOX) gas sensors [18], where a sensing layer is heated to an elevated temperature, the low thermal conductivity material can also act in reducing the system’s overall power consumption [19].  
[bookmark: _Hlk37665062]As a response to continuous electronic device miniaturization, integration and increase in generated power density, low thermal conductivity interface materials for electronics packaging become a key solution to address thermal management issues [4]. Additionally, to low thermal conductivity, these materials are generally used as good electrical insulators (volume resistivity higher than 1014 m) [20]. The material would be preferably a single component adhesive, applied by dispensing or screen printing [20, 21], that withstands both the curing process and an exposure to constant temperatures as high as 300°C during the entire life cycle of the devices [18]. 
The most common adhesives used in semiconductors applications can be classified, based on the chemistry, in 3 main groups: epoxy-, polyimide- and silicone-based materials.  The epoxy- and silicone- based material have a good resistance to elevated temperatures up to 260°C. The polyimide-based adhesive has a slightly better thermal resistance but requires a higher curing temperature (250°C and above [9]) than for epoxy- and silicone-based material. In this paper, the pristine adhesive material is chosen to be epoxy-based adhesive as its thermal conductivity typically ranges between 0.15 and 0.25 W m-1 K-1 [20, 22].
In order to modify (e. g. lower) the thermal conductivity of the adhesive material (e. g. epoxy resin), to improve its performances, a filling material having a different (e. g. lower) thermal conductivity can be used to obtain a homogeneous composite material having an effective thermal conductivity. The effective thermal conductivity is necessarily comprised between those of the matrix and the filler but the impact of the filler content strongly depends on its nature (conductive or insulating), its shape (spheres, ellipsoids…), and its size as well as spatial distribution. Given the complexity of this problem, there are countless analytical models. An extensive review of the most common models can be found in [23] which presents classical models such the “effective medium theory” [24] assuming a random distribution of matrix and filler, or the Lewis and Nielsen Semi-Theoretical Model [25] that considers the shape and the orientation of the filler particles. Recently reported models and modified versions of existing models [26] as well as numerical simulation-based models [27, 28] are constantly published to address specific features of the composite material. The complete discussion of these models is beyond the scope of this work
This paper deals with the process and the characterization of samples made of epoxy-based material that are mixed with a very low thermal conductivity filler, i. e. amorphous carbon xerogel, in order to reduce its thermal conductivity and improve the thermal insulation in the particular case of a MOX gas sensor. The use of a reduced thermal conductivity material will allow (i) a better thermo-mechanical protection of the sensor holder as the ceramic die heater can reach up to 300°C during operation and (ii) a reduction in the power consumption of the device. This paper is structured as follows.  Section II is dedicated to the sample’s preparation and section III describes the experimental setup and corresponding preliminary measurements. In section IV, we present the thermal conductivity results obtained on our samples, and the morphology of these samples is analyzed in section V. Finally, a conclusion is given in section VI.
Materials and Methods
Material
Among the epoxy-based adhesives we initially selected IQ-BOND 2176 (Roartis). IQ-BOND 2176 is a solvent-free, one-component, pre-mixed, very high flow, thermoset epoxy-based adhesive, developed for very small gap (under) fill applications. The adhesive is unfilled, and has a very low viscosity. This adhesive withstands temperatures above 250°C for continuous operation.  The most important physical properties of the pre-selected adhesive are shown in Table I.

TABLE I
Physical properties of epoxy based adhesive
	Parameter
	IQ-BOND 2176

	Service temperature range, °C
	-50…+250

	Tg (glass transition T), °C
	190, 205, 250*

	Maximum T, °C
	300

	Viscosity at 25° C, cps
	350

	Tensile strength, psi/MPa
	2845/19.6

	Hardness, Shore D
	89

	Volume Resistivity, m
	> 1015

	Density, kg/m3
	1100

	
	


*: Tg depends of curing schedule

 The aim of our work is to mix an extremely low thermal conductivity material (filler) in the pristine epoxy-based adhesive (matrix) and to study the decrease of the thermal conductivity of the composite compound. For this filler, we use an amorphous carbon xerogel which can have a thermal conductivity as low as 0.035 W m-1 K-1 [29]. The obtained composite material will be referred to as the thermal insulating material in the remainder of the text. The carbon xerogel (further called xerogel) is an experimental product synthesized at the NCE lab, part of the Chemical Engineering Department of University of Liège, Belgium [30].
To obtain amorphous carbon xerogel, 1.73 mol of resorcinol is dissolved in 20 mol of deionized water; 2.3110-3 mol of Na2CO3 is added as catalyst. After complete dissolution, 3.45 mol of formaldehyde is added as a 37 wt.% formaldehyde solution. The sol is aged in a sealed test tube for 72 h at 85°C, after which it becomes a solid, brownish gel. The chemistry of this process is illustrated in Fig. 1 [31-32]. After unsealing the test tube, the gel is dried at 60°C under a decreasing pressure ramp, starting at 800 mbar and reaching 20 mbar after 6 h. The temperature is finally raised to 150°C for 24 h. The carbon xerogel structure is arranged in sheets similarly to graphene but the sheets are short and randomly oriented. 
The synthesized xerogel is ground using a mortar and pestle method. An average particle size of 8 µm is measured by optical microscopy, with 95% of particles lying in the range of 5 to 10 µm. Its skeletal density is measured by Helium Pycnometry. Then, the corresponding bulk density is calculated via:
							(1)
where  is the measured skeletal density,  is the void fraction (method of measurement given in [33]), and  is the bulk density. Based on the experimental results on material density of 𝜌s = 1.56 g/cm3 and  = 0.52, we determine 𝜌b = 0.75 g/cm3 and considering Rey-Raap et al. [29], a thermal conductivity of 0.065 W m-1 K-1 for the xerogel is expected.
Methods
[bookmark: _Hlk59027626]Mixing procedure
To measure the weight of the components, we use a KERN PCB 1000-2 precision scale, with an accuracy of 0.01 g. The first sample (C1) is prepared by mixing 5.08 g of IQ-BOND 2176 with xerogel in 0.2 g increments before the mixture could no longer be considered, by visual observation, homogeneous and agglomerates of filler appear. The maximum amount of xerogel in the composite sample C1 reaches 1.2 g, i.  e. a filling fraction of 19.1% by weight (cf. Table II). 
We also test if adding a solvent to the mixture could increase the filling ratio. Based on the manufacturing recommendation of IQ-BOND 2176 adhesive, the solvent under the trade name IQ-CLEANER 9500 (Roartis) is selected. The product is formulated and generally used to remove uncured epoxy-based materials. It has a flashpoint of 98°C, and therefore can be easily removed from the mixture by drying at temperature range of about 100°C - 110°C. 
We gradually add the solvent to the mixture in 1% by weight increments, which has the effect of reducing the viscosity of the mixture. This allows us to add an additional amount of xerogel until complete saturation. After that, we evaporate the solvent at 110°C. However, the mixture becomes too viscous and not suitable for dispensing through a syringe below a 0.5 mm diameter aperture. Thus, to mold sample C2, we print the mixture obtained in the mold using a squeegee. After that, we add 2% by weight of adhesive to the mixture to make it suitable for dispensing again.  Based on that composition, we mold sample C3. 
Since there is no chemical reaction between the adhesive and the solvent which could produce (potentially gaseous) by-products, the filling fractions of the composite samples are calculated and summarized in Table II.
Sample preparation
The prepared mixture is used to mold samples of lateral dimensions specified for thermal conductivity characterization. The prepared mixture is poured into a custom-made mold made of PTFE and having a diameter of 14 mm and a height of 3 mm. 
[image: ]

Fig. 1. Syntheses of amorphous carbon xerogel.

TABLE II
Sample Composition
	Sample #
	Xerogel, % weight

	C1
	19.1

	C2
	24.4

	C3
	22.7



After filling the mold with the corresponding mixture, the samples are cured according to the following curing program recommended by the manufacturer: 2 h at 90°C then 3 h at 150°C and finally 6 h at 230°C to reach the highest thermal resistance at a constant operating temperature of 300°C. 
After the curing, the samples are easily released from the PTFE mold. The back and front sides of the samples are sequentially polished with #4000 mesh sand paper. Finally, the prepared samples are submitted for thermal conductivity characterization.
[bookmark: _Hlk59093232]Experimental setup for thermal conductivity measurements
Many experimental methods exist for measuring the thermal
conductivity of insulating materials [34]. These are generally divided in two classes: (i) steady-state methods such as a hot guarded plate [35] or a heat flow meter [36] techniques and (ii) transient methods like hot wire [37] or laser flash [38] techniques. The choice of one technique or another depends, amongst other experimental parameters, on the type of material, the available size and the shape of the samples, and the measurement time. The main distinction between both classes of methods is that steady-state methods are usually more accurate and straightforward but more time consuming while transient methods are faster but the thermal conductivity is obtained from the thermal diffusivity measurement and therefore involves more error sources.
As the measurement time is not an issue in this study, we turn to a steady-state method to have an accurate and direct determination of the thermal conductivity. Moreover, our technique does not necessitate a large amount of material as the sample has a surface of ~1 cm² and is only 2-3 mm thick.  
Description of the setup
Our thermal conductivity measurement setup is based on a steady-state method where the system is reduced to a one-dimensional problem where a well-known heat flow is directed only through the sample with a well-defined heat transfer area and thickness. This unidirectional heat flux is obtained by performing the thermal conductivity measurement inside a high vacuum experimental chamber. As we intend to measure insulating samples, the geometry of the sample is a disk with its diameter larger than its thickness. The thermal conductivity k of the sample is obtained from the measurement of the temperature difference T across the sample by:
 										(2)
where Q is the heat flow, d the thickness of the sample and A the heat transfer area. 
[bookmark: _Hlk59180399]As illustrated in Fig. 2(a), a 11 Ω - 2 W ceramic resistor heater is placed inside a Ø 14 mm cylindrical brass block (for temperature uniformity thanks to its thermal conductivity around 120 W m-1 K-1 at room temperature depending the exact alloy composition [39]). The heater is fed with a given electrical power by a sourcemeter (2400, Keithley), having an accuracy of 0.02%, acting as current source and measuring the voltage across the resistor (accuracy of 0.012% + 300 μV). The measured insulating sample is shaped as a cylinder with an identical diameter sandwiched between the heated brass block and a second brass block acting as heat sink. In order to reduce the thermal interface resistance between the sample and the brass blocks, we positioned the insulating sample to the brass sample holder with a very thin silver paste layer (Electrodag 1415, Agar Scientific).  Two Ø 1.5 mm × 8 mm Pt100 RTD sensors (XF-988-FAR, Labfacility) are placed within the brass block on both sides of the sample. According to their class (Class A), the temperature sensors have an accuracy of 0.15°C + 0.2% of the measured absolute value in °C, |Tmeas|, in a range spanning from 100°C to 450°C. 
The assembly is placed inside a vacuum chamber in order to suppress the conduction and convection losses through air from the lateral and top surfaces of the heated brass block and from the lateral surface of the sample. The radiation losses are minimized by a surrounding radiation shield consisting in two semi-closed cylinders made of shiny brass foils. Both temperature readings from the platinum resistors are monitored through a dual input channel temperature controller (331, Lakeshore). All Pt100 RTD sensors and heater wires are integrated into a house vacuum feedthrough made of epoxy on a pierced aluminum blank flange. 
The vacuum inside the experimental chamber is obtained with a turbopump group consisting in a primary pump (Trivac E2, Leybold) and a turbomolecular pump (Turbovac 50, Leybold). The pressure inside the vacuum chamber is measured with a full-range gauge (Ionivac ITR 90, Leybold) which has a reported measurement uncertainty [40] of 15% of the measured value in the range 10-8 – 10-2 mbar and a reproducibility of 5% of the measured value in the same range. The pressure sensor is connected to a vacuum indicator (Center One, Leybold). Pressures as low as 4 10-9 mbar are reached after degassing for several tens of hours.
The sourcemeter and the temperature controller are connected to a computer through a GPIB interface. The measurements of the injected power and both temperature readings are recorded through a user Labview program. The experimental setup, consisting of the measured sample placed in its brass holder, the heater, the Pt100 RTD sensors, and the double radiation shield, is shown in Fig. 2(b-d) and an overview of the experimental chamber is shown in Fig. 2(e).

[image: ]
Fig. 2. (a) Schematic of the experimental setup, photographs of the (b) ceramic resistor heater embedded in the top part of the sample holder, (c) the thermal insulating sample sandwiched between the two parts of the brass sample holder and Pt100 RTD sensors, (d) two-fold brass radiation shield and (e) overview of the experimental chamber.

The vacuum inside the experimental chamber is obtained with a turbopump group consisting in a primary pump (Trivac E2, Leybold) and a turbomolecular pump (Turbovac 50, Leybold). The pressure inside the vacuum chamber is measured with a full-range gauge (Ionivac ITR 90, Leybold) which has a reported measurement uncertainty [40] of 15% of the measured value in the range 10-8 – 10-2 mbar and a reproducibility of 5% of the measured value in the same range. The pressure sensor is connected to a vacuum indicator (Center One, Leybold). Pressures as low as 4 10-9 mbar are reached after degassing for several tens of hours.
The sourcemeter and the temperature controller are connected to a computer through a GPIB interface. The measurements of the injected power and both temperature readings are recorded through a user Labview program. The experimental setup, consisting of the measured sample placed in its brass holder, the heater, the Pt100 RTD sensors, and the double radiation shield, is shown in Fig. 2(b-d) and an overview of the experimental chamber is shown in Fig. 2(e).
Measurement in absence of insulating sample
Due to the volume of the Pt100 RTD sensors, there is an unavoidable brass layer between these sensors and the interface on both sides of the measured sample. Because of the finite thermal conductivity of brass, a temperature difference exists even when both parts of the holder are fixed, and contacted with silver paste. However, this temperature difference is small as verified for two values of the generated heating powers, i.e. 122 mW and 244 mW, as shown in Fig. 3. 
When the power generated by the heater reaches a thermal equilibrium with all the dissipation processes through the remaining air in the experimental chamber, and by establishing a thermal gradient within the brass cylindric holder, the temperature difference stabilizes between the Pt100 RTD sensors. In any case, the radiation losses, which are proportional to the difference between the fourth power of the heated brass block temperature and that of the experimental chamber walls, do not need to be considered. First, because these temperatures are close to low values of the generated heating power, second, because the radiation heat transfer is strongly reduced by the presence of the radiation shields having an estimated emissivity brass polished = 0.05 [41]. Indeed, each brass foil adds a thermal resistance on the radiation heat transfer [42]. 
However, the conduction and the convection in air through the top and the lateral surfaces of the heated brass block are not negligible. Indeed, a part of the generated heat is transferred outside of the brass holder and does no longer contribute to the establishment of the measured temperature difference. In vacuum, this part of the dissipated heat in the environment is strongly reduced because of the decrease of the number of gas molecule in the experimental chamber and the corresponding increase of the mean free path. At room temperature and ambient pressure (1013 mbar), according to the kinetic theory of gases [43], the density of molecules is 2.7 1019 molecule/cm³ and the mean free path of the gas molecules is 68 nm. However, at ultra-high vacuum (e. g. 10-8 mbar) the density is only 108 molecules/cm³ and the mean free path of the gas molecules is 10 km. With these values, both conduction and convection losses in the surrounding air are negligible in comparison to the heat transfer by conduction through the brass and the sample. 
[bookmark: _Hlk59026522]In our experimental setup, when the brass block containing the heater and the second brass block, acting as thermal reservoir, are directly contacted with silver paste without any insulating sample between them, the temperature difference between the two Pt100 RTD sensors for a generated power of 2 W is 2.08°C, 2.54°C 2.73°C and 2.78°C respectively for 1000, 4, 2 10-6 and 3 10-7 mbar. Between 2 10-6 and 3 10-7 mbar, the temperature difference is 0.05°C which is below the measurement uncertainty of the Pt100 RTD sensors, calculated from the sensor’s class at 20°C, i.e. 0.19°C. Other measurements (not shown in this paper) carried out with an insulating sample between the two brass blocks show that no significant variation with pressure of the measured temperature difference is observable when reaching very low pressures (<10-8 mbar). Then both conduction and convection through the external surface are negligible in comparison to the conduction through the sample and the brass blocks.
[bookmark: _Hlk63063353]Measurements on a known insulating material: PTFE
[bookmark: _Hlk63063311]A first test of the measurement setup with an insulating sample is carried out on a polytetrafluoroethylene (PTFE) sample (Ø 13.84 ± 0.02 mm × 3 ± 0.01 mm thick). The thermal conductivity provided in the datasheet lies between 0.2 and 0.25 W m-1 K-1. Figure 4 presents the temperature difference as a function of time for a generated power of 244 mW when a 7 10-9 mbar vacuum is applied in the experimental chamber. When stabilized, the temperature difference reaches 24.05°C. Using (2) and correcting for the serial temperature difference across the brass layers, i. e. 0.58°C for Q = 244 mW, we calculate the thermal conductivity of the PTFE layer, i. e. kPTFE = 0.207 W m-1 K-1 ± 0.02 W m-1 K-1 considering the error on the measured dimensions and the accuracies of the sensors and source/meter devices. .
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Fig. 3. Temperature difference measured at p = 2 10-8 mbar between both Pt100 RTD sensors without sample for heating powers of 122 and 244 mW.
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Fig. 4. Temperature difference measured at p = 7 10-9 mbar across a Ø 13.84 ± 0.02 mm × 3 ± 0.01 mm thick PTFE sample for a heating power of 244 mW.
 [image: ]

Fig. 5: Temperature difference as a function of time measured on a Ø 13.83 ± 0.02 mm × 3.40 ± 0.01 mm thick epoxy sample. The measurements are carried out for heating powers of 61, 122, and 244 mW at p = 5 10-9 mbar.
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Fig. 6: Thermal conductivity measured on epoxy-xerogel composite samples having various xerogel content percentages. The measurements are carried out for heating powers of 61, 122, and 244 mW at p = 7 10-9 mbar. These results are compared to these obtained on a pure epoxy sample (refer to the data displayed in Fig. 5). 
Results
Thermal conductivity of pure epoxy
Measurements are carried out on a Ø 13.83 ± 0.02 mm × 3.40 ± 0.01 mm thick pure epoxy sample, at p = 5 10-9 mbar. Figure 5 shows results obtained for power ratings of 61, 122, and 244 mW. Using (2) and correcting for the serial temperature difference across the brass layers, we calculate the thermal conductivity for the pure epoxy sample of 0.168 W m-1 K-1 1. We determine that the average <> of the uncertainties obtained for each measurement of thermal conductivity considering the error on the measured dimensions and the accuracies of the sensors and source/meter devices is 0.031 W m-1 K-1. 
We can notice here that the individual measurement uncertainty decreases with increasing power ratings, i.e. 0.05, 0.027 and 0.015 W m-1 K-1 respectively for 61, 122 and 244 mW because of the decreasing contribution of the temperature measurement uncertainty in the error propagation of formula (2). In addition, we see that the with a standard deviation of 0.003 W m-1 K-1, i. e. (61mW,122mW,244mW) = 0.004 W m-1 K-1, is well below <>..
Thermal conductivity of xerogel-epoxy composites 
Thermal conductivity is calculated from measurements carried out on epoxy-xerogel composite samples C1, C2 and C3 having various xerogel content percentages (see Table II). The measurements are carried out at 7 10-9 mbar for three values of the generated heating power, i. e. 61, 122, and 244 mW and the obtained average values with their respective average measurement uncertainties are shown in Fig. 6 with the value obtained for the pure epoxy sample. 
The results show that for sample C1, which has a xerogel content of 19.4% weight, the thermal conductivity is reduced to 78.64% in comparison to that of pure epoxy. Adding more xerogel to make sample C2 gives a lower thermal conductivity (72.64.9% of the pure epoxy value). We measure a larger standard variation (61mW,122mW,244mW) = 0.003 W m-1 K-1 for sample C2 than for samples C1 and C3, i. e. 0.001 W m-1 K-1 but the discrepancy on the measurements with different power ratings is multiplied by a factor of 6. However, these values are one order of magnitude below the measurement uncertainty due to the temperature measurement and the accuracies of our devices, i. e. <> = 0.031, 0.028 and 0.025 W m-1 K-1 respectively for sample C1, C2 and C3. This The larger standard deviation for sample C2 can be linked to the heterogeneity of the sample as confirmed by cross-sectional images of the cut sample (see discussion in the next section). The addition of fluid epoxy to the same mixture of sample C2 in order to prepare sample C3 makes it more homogeneous. As a result, the standard deviation for sample C3 is the same as that for sample C1. Unexpectedly, even if the final xerogel content is lower for sample C3 in comparison to sample C2, (respectively 22.7% and 24.4%), the thermal conductivity of sample C3 reaches 64.2% of the pure epoxy value, i. e. 0.108 W m-1 K-1.± 0.025 W m-1 K-1. 
[bookmark: _GoBack]This low thermal conductivity value for a composite material made of epoxy mixed with a very low thermal conductivity filler such as carbon xerogel is similar to results obtained on composite materials made of epoxy filled with silica aerogel, i. e. 0.105 W m-1 K-1 [44]. These epoxy-based composites with lowered thermal conductivity can advantageously play the role of thermal barriers in MS architecture [17] and reduce the power consumption of micro-fabricated sensors as shown by [45] which presents the results of energy consumption and performance of devices deposited on different substrates. They show that the lower the thermal conductivity of the substrate (glass versus silicon), the lower the energy consumption. However, they point out that integrating multiple sensors on lab-on-a-chip devices might require more complex integration involving both low and high thermal conductivity materials. Therefore, expanding the range of thermal conductivity of materials like epoxy with either very thermally insulating fillers like carbon xerogel [??? Do we give a ref concerning xerogel from Uliege + Portugal or is it too much (I have already added 3 new refs which should be enough to satisfy the reviewer) ? rem : in the next sentence I give a ref for CNT because it is about thermal conductivity of these composite (like our paper should be for xerogel composite)] or very thermally conductive materials like carbon nanotubes [46] improves the possibilities for optimizing the strategies of heat management and power savings in microsystems requiring epoxy-based adhesives.
Morphology Analyses
In section II we described the samples’ composition, in section IV we discussed the samples’ thermal conductivity, and we found a correlation between the xerogel concentration and thermal conductivity. In this section, we describe the samples’ microstructure and morphology by means of optical microscopy only as no scanning electron microscopy analysis is possible due to epoxy outgassing when being processed in vacuum chamber. Each sample of 14 mm diameter and 3 mm thick is cut and equally cross-sectioned on 4 sides to a square parallelepiped of 9.5 mm2 with an identical thickness of 3 mm.  We sequentially polish the 4 sides of each sample using a sand paper starting from #600 up to #4000 mesh, and finish it with diamond suspension of 3 µm and finally with 1 µm. Each side of the sample is analyzed using a Leica Z6APO optical microscope in reflective mode, a magnification up to 225 x. 
For reference purposes, we analyze a sample molded from pure epoxy-based adhesives IQ-BOND 2176, which contains no filler nor any additives. All 4 sides of the sample are identical and the most representative cross-sectioned image is presented on Fig. 7a. 
The morphology of the unfilled sample is uniform and the sample has little or no inclusions or any sort of irregularities.  The sample is described as a homogenous material.  
Using the same technique, we also analyze samples C1, C2 and C3 filled with xerogel at different concentration levels: the results of analyses are presented on Fig. 7 a-d.
All those 3 composite samples are inhomogeneous, and each of them has its specific, individual and distinguishable morphology. The morphology is made up of different features such as inclusions of different natures: air bubbles and xerogel agglomerates. The air bubbles differ in shape (spherical or having an irregular shape) and in size. The xerogel agglomerates, when present, are also different from sample to sample. 
Sample C1, the least loaded with xerogel (the concentration of xerogel is 19.1% by weight), is the most homogeneous. The C1 sample reveals only regular spherical air bubbles with diameters ranging from 150 to 320 µm. As the xerogel particles are distributed within the epoxy-based matrix evenly, we did not detect a significant xerogel agglomeration. In the field of view of 4.5 × 2.5 mm2 there are only 9 air inclusions. In the sample C2, with the highest xerogel concentration of 24.4% by weight there are 20 inclusions, which is more than double as for C1. The air bubbles have also a regular spherical shape, but have a smaller diameter than in C1, the diameter is 100-200 µm. Remarkably, there are several large xerogel agglomerates of 30-40 µm. Such agglomerates represent up to 4-6 individual xerogel particles of 5-10 µm diameter. The sample C3 (22.7% weight) reveals no spherical air bubbles, but prolonged air voids of 400-600 µm long and 200-300 µm width, with or without combination of xerogel particles agglomerated on its borders. Sample C3 comprises also individual xerogel agglomerates in the range of 15-30 µm. Such agglomerates represent up to 2-3 individual xerogel particles.
To conclude, we observe that the epoxy-based sample is homogeneous, while the samples comprising xerogel exhibit detectable inhomogeneities. Each sample filled with xerogel has its specific, individual and distinct morphology. The morphology includes different features, such as air bubbles and xerogel agglomerates, and depends on the concentration of xerogel. A concentration of xerogel greater than 20% by weight results in partial agglomeration of xerogel. By comparing the morphology of sample C2 (24.4% by weight) with respect to sample C3 (22.7% by weight), we observe that the higher the concentration of xerogel, the greater the risk of xerogel agglomeration and the larger the dimensions of the xerogel agglomerates (from 15-30 μm for sample C3 to 30-40 μm for sample C2). This coincides with our observation that the mixture for the casting of sample C2 has a higher viscosity compared to the mixture for sample C3. 
The agglomeration of xerogel results in an uneven distribution of xerogel in the epoxy matrix. Some parts of the sample have a high concentration of xerogel while other parts have a lower concentration of xerogel. Cross-sectional images reveal the largest xerogel agglomerates observed on sample C2.

[image: ]

Fig. 7: Cross-sectional image on (a) unfilled and xerogel filled samples (b) C1, (c) C2 and (d) C3.

Compared to the other samples, sample C2 appears less homogeneous. Since the parts with a lower concentration of xerogel have a higher thermal conductivity, heat is easily transferred through those parts (acting as thermal bridges) which are larger and numerous in sample C2. As a result, sample C2 has a slightly higher thermal conductivity despite its higher xerogel concentration.
Conclusion
We measure the thermal conductivity of xerogel-epoxy composite adhesive materials by using a bespoke experimental rig based on a vacuum chamber, allowing us to provide an unidirectional heat flux through the samples’ thickness. We detail the manufacturing process of the composite samples: microstructure observations are carried out to understand the relative discrepancy between the thermal conductivity values considering the presence of air bubbles and xerogel agglomerations. Therefore, we demonstrate that we can obtain a composite sample, having a 22.7% weight in xerogel content, suitable for dispensing and whose thermal conductivity is only 64.2% of the pure epoxy value, i. e. 0.108 W m-1 K-1. 
[bookmark: _Hlk59106806]In our future work, we intend to improve the preparation method in order increase the filling fraction of carbon xerogel in the composite material and to improve its homogeneity. We will use the obtained low thermal conductivity material for packaging MOX gas sensors. The material will act as a thermally insulating medium between a heated sensor die and a standard commercial package to prevent the package from thermally induced degradation or damage. 
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