J.-L Garden 
email: jean-luc.garden@neel.cnrs.fr
  
A Tavakoli 
  
T Nguyen-Duc 
  
A Frydman 
  
M Laarraj 
  
J Richard 
  
O Bourgeois 
email: olivier.bourgeois@neel.cnrs.fr
  
Very sensitive nanocalorimetry of small mass systems and glassy materials

. In this paper, we show the results of two nanocalorimetric experiments. The first one is related to the measurement of specific heat on ultra-thin small systems (thin films) at low temperature. It is shown that such measurement can be sensitive to less than one monolayer of materials. The second one illustrates the efficiency of calorimetric studies sensitive at the nanoJoule on complex system (polymeric glass) at room temperature. We then discuss the potentiality of these experimental methods in the field of security: the measurement of either a very small mass or very small quantity of energy for the detection of tiny thermal events.

Introduction

The calorimetric techniques are the experimental methods that allows the measurement of heat exchanges during a phase transition or any change in matter (temperature, pressure, volume etc...). It is a versatile method used for materials characterization that spans a wide range of domains going from low temperature physics to room temperature biology [1]. Part of the calorimetric techniques are dedicated to the measurement of the specific heat, one of the most important thermal properties of materials along with the thermal conductivity. The specific heat of a system reveals its intrinsic property by quantifying the amount of heat necessary to increase the temperature of the system by one Kelvin. Hence, nanocalorimetry is the part of calorimetry allowing the measurement of very small systems (nanometer scale) or very small quantities of heat (nanoJoule range). As an illustration, we will present in this article two sensitive nanocalorimetric measurements of the specific heat of very different systems: the first concerns the measurement of the specific heat of very thin superconducting layers (few mono-atomic layers). The second is about the measurement of very fine specific heat variation during the relaxation of a glassy polymeric system. These two examples of nanocalorimetric measurement will enlighten its general interest in the thermal detection of small systems or small thermal events.

Nanocalorimetric measurement of nanometric thick layers

The purpose of this first part is to illustrate how sensitive specific heat measurements can help detecting a very small mass change. By using ac calorimetry, we can indeed detect the heat capacity of materials in Joule per Kelvin, linearly dependent on the mass of the sample. In this experiment, based on a silicon membrane sensor [2], we demonstrate that the measurement of monoatomic layer of materials is possible. Necessarily, measuring the specific heat of very thin film is a major experimental challenge. Indeed, it involves the measurement of very small mass samples requiring a very high sensitivity, here at low temperature. This will be made possible thanks to recent experimental developments of highly sensitive specific heat measurement equipment [3][4][5].

Experimental set-up

A new apparatus has been made to measure the heat capacity of quench condensed thin films. Quench condensed films are obtained by thermally evaporating materials in-situ directly on the thermal sensor [5][6][7][8] at low temperature. This is allowing the deposition of a fraction of monolayer of materials in order to test the actual sensitivity of the calorimetric cell; This has been done here for superconducting materials but has been also performed for magnetic one [9]. The system has been tested by evaporating pure Pb (99.99%) on the membrane that is regulated at 8 K. The fabrication of the calorimetric sensor has been described elsewhere, we will only highlight its very peculiarities [2,3,5]. The sensitive part is composed of a thin silicon membrane (5µm thick) on which a NbN thermometer [10] and a Cu heater have been lithographied to allow thermal measurements (see Fig. 1.1). The total heat capacity measurement that we will show below represents the heat capacity of the membrane itself along with the thermometer and heater on which the heat capacity of the sample is added. We keep the absolute values measured for the sake of simplicity.

Results and discussions

In this experiment, we have done sequential evaporations and measure the heat capacity for every of them (see Fig. 1.2). The size of the sample is 3 mm As expected, the heat capacity increases as the thickness (and the number of ML) of the thin films increases. It is important to stress here that only that experiment allows the measurement of ultra-thin layer thanks to the cold evaporation of materials. Any evaporation at room temperature would severely damage the quality of the sample rendering any data interpretation very difficult.

The table gathers the different experimental values that can be extracted from the measurement at 5.55 K for the different evaporation of Pb. The successive materials depositions (between the 5th and the 8th) show clearly the quality of the measurement. Having a sensitivity of the order of ±0.01nJ/K, it is clear that a film thickness smaller than one ML can be detected. To illustrate more clearly that point, we have calculated in the table the corresponding number of monolayers measured as a function of the sequential depositions. It appears that this experimental set-up is able to detect a variation of mass of less than one ML; basically on the order of 0.5ML. This Fig. 1.2. Heat capacity measurement versus temperature for various successive evaporation of Pb on the silicon membrane. The heat capacity is continuously increasing as materials is added. Each evaporation from the 3rd to next correspond approximately to less than one ML number is definitely beyond the state of the art in terms of highly sensitive specific heat measurement at low temperature.

Similar developments have been done using silicon nitride membrane as the mechanical support for samples instead of silicon. We have also recently demonstrated very sensitive measurement using this new sensor since mass of less than 1 nanogram can be detected.

conclusions

We have developed an innovative equipment that allows the measurement of heat capacity of cold evaporated thin films that is sensitive to sub-monolayer change of materials thickness. It can be used for the study of Bi, Sn, In, Pb or Table 1.1. This table gathers the different experimental values that can be extracted from the measurement at 5.55 K. The first column gives the number of the evaporation, the second the overall heat capacity (including the contribution of the sensor), the third column the thickness of the film, the fourth the number of ML, the fifth the mass (in microgram) and the last column shows the sensitivity in J/K any other materials that can be quench-condensed at low temperature. This experiment show the possibility of performing the C p measurements successively by increasing the thickness of the films in-situ. Very or ultra-thin films can be measured using this experiment especially for the study of heat capacity signature of phase transition in very low dimensional systems. It is also a clear demonstration that ultra-small mass variation can be detected from a calorimetric tool that has been optimized; this is paving the way for new detection schemes based on highly sensitive thermal measurements.

Nanocalorimetric measurement of glassy polymer

The glass transition is the transformation of a liquid that has been supercooled (by high cooling rates for example) into a disordered solid called a glass. From a fundamental point of view, this transformation is still opened to questions particularly because glassy systems are outside thermodynamic equilibrium. In this case, some thermodynamic state variables of the glass depend on time. For example, the enthalpy or entropy of a glass decreases along time whether the system is maintained at constant pressure and temperature.

Calorimetry is a usual method to study the glass transition. In particular, during the glass transition (vitrification) the heat capacity of the system undergoes a jump. During successive heating, the jump is recovered along with an enthalpy peak which reflects the decrease in energy that has occurred during the previous cooling. This quantity is analogous to the energy furnished to the system in order to recover the initial state (liquid state). Classical calorimetry fails to give new insights on this phenomenon partly because its lack of resolution. Here we present the results of nanocalorimetric experiments on a classical polymeric glass-former, the poly(vinyl acetate) PVAc. The main result reside in the recording of very fine decreases of the heat capacity during aging at a constant temperature below the glass transition temperature, Tg.

The nanocalorimeter

The nanocalorimeter has been described in the reference [11]. It is composed of three different parts: -the first one is constituted by a microsensor made by means of microfabrication technologies (see Fig. 1.3). It is composed of two half-cells, one containing a thermometer and the other containing a heater. The sample is taken as a sandwich between these two half-cells ensuring good thermal contacts between sample, thermometer and heater. An oscillating thermal power is generated into the sample by the heater, and the resulting temperature oscillation is recorded with the thermometer at the same frequency. -the second one is an home-made low noise and highly stable electronic detection chain allowing oscillating power generation along with oscillating temperature detection at the same frequency with very high sensitivity. The nanocalorimetric method of detection is the so-called ac-calorimetry [12] which consisting in the recording of a temperature oscillation (amplitude and phase) with the thermometer after supplying an ac-power in the cell by means of a heater (see Fig. 1.3). The temperature oscillation is recorded versus time and numerical fast Fourier transform (FFT) provides the amplitude and phase. The measurement is carried out following different experimental protocols (cooling, heating, aging,...) having different thermal histories. In particular, the amplitude of the sample temperature oscillations gives rise to the modulus of a complex heat capacity by means of the equation:

C * p = P 0 ω |T ac | . (1.1)

Results

In Fig. 1.4, we present the modulus of the complex heat capacity and the phase of the temperature oscillation recorded with the nanocalorimeter during a heating ramp (dT /dt = +0.2 K/min) of the glassy polymeric sample (PVAc) undergoing a glass transition. The modulus of the complex heat capacity shows a typical jump during heating due to the unfreezing of the molecular movements when the glass is transforming into a liquid. The phase exhibits a anomaly with a peak superimposed to the jump. The high resolution of the measurement is illustrated by the quality of the baselines either in the glassy or in the liquid state for the modulus and the phase. In Fig. 1.5, the resolution in percent is directly shown on the modulus of the complex heat capacity when the measurement is carried out during hundred minutes at a constant temperature of 339 K. The resolution is the noise (peak to peak) divided by the absolute value of the modulus of the complex heat capacity for each experimental point ∆ |C * P | / |C * P |. The graph is directly given in percent showing that the nanocalorimeter is about one thousand times better than classical temperature oscillating calorimeters having a resolution of about 1%. The minimum heat capacity variation during a thermal event that can be detected with the calorimeter is above 500 nJ/K. In Fig. 1.6, we present the slow decrease of the modulus of the complex heat capacity along time when the PVAc sample is maintained at a constant temperature of 297 K during more than three hours. The graph is presented using a logarithmic scale showing that the decrease slows down progressively but does not stop. This decrease is a consequence of the aging process (decrease of the glass energy) when the temperature is maintained constant below the glass transition temperature. This is typical of a glassy system. The point that we want to stress here is the significant variation of C p during such a time interval. The relative variation is of the order of 1.2 % on the aging time. That is to say that this decrease cannot be measured with classical calorimeters having a resolution of few percents. It is important to mention that, over the same time window, no temperature drift of the sample has been recorder. As a conclusion, these two last examples highlight the capability of the nanocalorimeter of detecting very fine heat capacity variations during the evolution in time of slowly relaxing complex systems.

Discussion

In this paper, we have presented two different experiments in the fields of nanocalorimetry. The first one deals with measurement of very thin layers at low temperature while the second one deals with measurement of complex systems at room temperature. These typical examples show that it is possible to reach the nanojoule per kelvin range with high sensitive calorimetry. By definition, calorimetry measure any kind of energy variation with temperature of any materials or any phase transformation of materials (specific heat, enthalpy, entropy changes etc...). We thus can imagine that such highly sensitive method of detection can find applications in the fields of security by its capability of measuring down-scaled nanosystems. We can however list different topics where nanocalorimetry can help in the detection process:
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 1 Fig. 1.1. a. Picture of the bottom part of the evaporation chamber. The baskets used for the quench condensation of Pb materials can be seen. b. Picture of the sample holder part were the silicon membrane is located on the back of the regulation stage and the quartz crystal used for the measurement of mass sample. c. A photograph of a silicon membrane after an evaporation located between the heater and the thermometer of the membrane. The electrodes used for the electrical characterization of the evaporated samples are seen on the two sides of the membrane
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 13 Fig. 1.3. Half-cell of the nanocalorimeter with patterned thin film heater in coppernickel on a 25 micrometer thick polyimide membrane stuck on a copper piece
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 14 Fig. 1.4. The modulus of the complex heat capacity and the phase of the temperature oscillation are represented as a function of temperature during a heating ramp of +0.2 K/min between 283 K to 360 K. The frequency of the temperature oscillation is of 0.1954 Hz with an amplitude of the order of 450 mK. The sample has been previously cooled between these two temperatures at a rate of -1.2 K/min.
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 15 Fig. 1.5. Resolution in percent on the modulus of the complex heat capacity when the temperature oscillations are recorded during hundred minutes at a constant temperature of 339 K.
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 16 Fig. 1.6. Modulus of the complex heat capacity along time in logarithm scale during a aging experiment at the constant temperature of 297K
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