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Temperature Study of Sub-Micrometric ICs by Scanning Thermal Microscopy Séverine Gomés, Pierre-Olivier Chapuis, F. Nepveu, N. Trannoy, S. Volz, B. Charlot, G. Tessier, S. Dilhaire, B. Cretin, and P. Vairac



Abstract—Surface temperature measurements were performed with a scanning thermal microscope mounted with a thermoresistive wire probe of micrometric size. A CMOS device was designed with arrays of resistive lines 0.35 m in width. The array periods are 0.8 m and 10 m to study the spatial resolution of the SThM. Integrated Circuits (ICs) with passivation layers of micrometric and nanometric thicknesses were tested. To enhance signal-to-noise ratio, the resistive lines were heated with an ac current. The passivation layer of nanometric thickness allows us to distinguish the lines when the array period is 10 m. The results raise the difficulties of the SThM measurement due to the design and the topography of ICs on one hand and the size of the thermal probe on the other hand. Index Terms—Integrated circuits (ICs) temperature measurement, scanning thermal microscope (SThM) technique, spatial resolution, SPM thermoresistive wire probe.



Fig. 1. Physical mechanisms of heat transfer acting in the wire probe-sample thermal interaction.



I. INTRODUCTION



at the apex of AFM probes) [1] have been proposed. We use the thermoresistive wire probe developed by Dinwiddie et al. in 1994 [2]. Thermal heat transfers [3]–[6] and materials thermophysical properties [7] were analysed with a submicrometric spatial resolution when the probe is heated by Joule effect. However its ability to measure quantitative temperatures on ICs at submicrometric scale are not yet proven. Fiege et al. [8] have demonstrated that this tool can allow for the localization of failures in integrated devices at saturation or in breakdown condition but on larger scales. The SThM has also been used to investigate the mechanisms of electric degradation inside a metaloxide-silicon (MOS) structure submitted to an increasing electric stress [9]. More recently, quantitative temperature variations on PN thermoelectric couples [10] were measured. The spatial resolution of scanning probes is determined by the characteristic length of the predominant physical mechanism governing the probe-sample interaction (and then implicitly by the probe size). In the case of the thermoresistive probe, Fig. 1 illustrates the heat transfers operating between the probe and a sample: solid-solid conduction, conduction via the water meniscus and through the surrounding gas and near field radiation. Solid-solid contact and water meniscus with averaged radii 20–50 nm and 100–200 nm, respectively [3]–[6] have been shown to favor the tip-sample heat transfer [2], [4]–[6]. The detection of submicrometric area can then be expected in spite of the micrometric size of the considered tip. What is the real ability of the SThM in terms of spatial resolution and sensitivity, to detect a local heat dissipation on ICs devices? This work tackles the problem of the SThM response on active integrated structures by modeling and measuring several ICs configurations. A dedicated CMOS device was designed with arrays of resistive lines with periods of 0.8 m and 10 m.



S



EMICONDUCTOR devices are continuously reduced in size for integration. They must withstand ever higher electric fields which induce severe degradation or total failure. Measurements of power sources with sub- m scales have then become fundamental for microelectronics. While far field optical methods such as laser reflectance thermometry and micro-Raman thermometry are limited by diffraction, the scanning thermal microscope (SThM) is a relatively new technique allowing for such investigations [1]. The principle of the method is based on the control of the thermal near field interaction between a small thermal probe and a surface. The technique uses atomic force microscopy (AFM) to keep the probe-sample interatomic force constant and to accurately scan the surface when imaging is performed. Its key element is the thermal probe. For 15 years, various thermal probe prototypes (thermocouple or thermoresistive elements integrated
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Fig. 2. Experimental setup.



The resistive lines are 0.35 m in width. ICs covered by passivation layers with thicknesses of 3 and 6 m and of a few nanometers were tested. In the last case, the topography of the arrays under the layer was shown. After the presentation of the experimental technique in the following part, the description of the samples and their used conditions are given and the modeling used to predict the thermal behavior of the component with thick passivation layers is presented. The results of the measurements with the SThM are next addressed and analyzed in Section IV. Results obtained for a sample with the thinner passivation layer are also discussed. Finally, some concluding remarks and recommendations are given in Section V.



Fig. 3. Electronic microscopy images of the studied structures surface. Resistors lines are spaced of 10 m in Fig. 3(a) and of 0.8 m in Fig. 3(b).



II. EXPERIMENTAL SETUP The experimental setup used in this study results from the combination of a SThM working in the dc mode and a sample submitted to an ac electric current (see Fig. 2). The SThM is a scanning probe microscope marketed by Veeco Corporation. As introduced before, the thermal probe is a thermoresistive element consisting in a platinum wire 5 m in diameter and 200 m in length. The wire is bent to form a loop [2]. The thermal sensor is used as a thermometer. It constitutes one of the legs of a Wheastone bridge. As the temperature of the probe varies, the corresponding change in the probe electric resistance leads to a modification of the voltage balance of the ) of the circuit. The bridge and then of the output voltage ( control and the amplification of the output voltage during the scan allow for generating the thermal image. The contrast of this image corresponds to the variations of the probe electric resistance and the temperature averaged on the length of the platinum wire. Those variations are due to modifications of the temperature of the sample surface. This contrast only provides qualitative information about the temperature field. The calibration of the technique is required for quantitative measurements. There actually exists no general calibration protocol because the measure depends on the tip-sample contact as well as on the geometry and thermal properties of the sample. The calibration of the technique constitutes one of the objectives of our further works. The thermal control unit being independent of the AFM system, topographical and thermal images can be obtained simultaneously.



Fig. 4. Sample schematic cross section. The passivation layer thickness e is equal to 3, 6 m for samples quoted “samples 1” and to some nm for “samples 2.”



When studying a resistive sample, a second probe is put on the electric contact of the considered specimen to inject a current in the sample to heat it by Joule effect. The sample at a frequency can be submitted to a sinusoidal current 2 : . In this configuration, the internal heating of resistive elements is proportional with 0.5 1 2 2 and occurs at 2 . The contrast of SThM images is obtained by measuring the at the 2 harmonic by using amplitude and the phase of V a lock-in amplifier (LIA). Let us notice that because the thermal behavior of the probe follows a low-pass filter law and because the time response in air
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TABLE I CHARACTERISTIC PARAMETERS OF THE FABRICATED SAMPLES



is found to be about 200–300 s [11], ac operations at low frequencies are usually required to enhance the SThM sensitivity ( 800 Hz). In the experiments, presented in Section IV of this paper, the frequencies of the thermal excitation of samples were chosen to be lower than the frequency cut-off of the tip so that the thermal response of probe follows the thermal response of the sample surface with no dephasing. III. ICS SAMPLES A. Samples Design The sub-micrometric ICs investigated consist in 0.35 m in width polysilicone strips resistors. As shown in Fig. 3, the studied structures are composed with nine resistors in parallel and spaced of 10 m or 0.8 m. Resistors are insulated from their polysilicone substrate by a SiO layer of about 300 nm in thickness (gate and field oxides in Fig. 4). In a first and original configuration (‘samples 1”), the resistors are covered by a 3.6 m in thickness SiO passive layer. To obtain a second configuration (“samples 2”), the passivation layer of the original configuration has been chemically etched so that a thin layer of some nanometers in thickness covers the resistors (spaced of 10 m only in this case). Table I synthesizes these data and gives the topography aspect for each of the investigated samples. In order to deal with the samples surface, a study of the topography of samples were performed by AFM. Figs. 5 and 6 give AFM images and topographical profiles representative of results obtained on the surface of samples of type “samples 1” and “samples 2,” respectively. Very small features of a few nanometers in height that are the signature of the resistors locations under the 3.6 m in thickness passivation layer were measured on “samples 1.” Given that so small topographical features are



Fig. 5. (a) and (b) AFM topography images and (c) profile of a structure composed with resistors lines spaced of 10 m and covered by 3.6 m of SiO . The profile is perpendicular to the resistor strips.



Fig. 6. (a) AFM topography image and (b) profile of a structure composed with resistors lines spaced of 10 m and covered by some nm of SiO . The profile is perpendicular to the resistor strips.



negligible facing the roughness of the micrometric probe, “samples 1” were used to model flat chips including buried heating sources. In Fig. 6, large and deep holes are placed in a prominent position at the strips locations. ‘samples 2’ were then used to simulate components with surface heating sources and topography.
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TABLE II CHARACTERISTIC PARAMETERS OF THE SAMPLES EXCITATION



Fig. 7. Modeled cross section of the multilayered samples.



B. Samples Heating Conditions In all the experiments given in this paper, the resistive samples were submitted to a sinusoidal current (see in Table II) to allow for SThM measurements in the ac regime. In the ac regime, LIA indeed provides a bandwidth reduction which yields higher signal-to-noise ratio than dc measurements. C. Thermal Model In order to predict the thermal response of the SThM for measurements on the samples of type “samples 1,” a model was created to simulate the ac thermal behavior of these samples. In this model, the geometry of the heating sources is assumed of such a kind that a simplification into a two-dimensional problem can be performed (case of an infinite wires array). As shown in Fig. 7, sample is described as a multiplayer constituted up to down of an oxide layer and a polysilicon substrate. In ac regime, the heat propagation in each layer, indexed ‘ ’ ( 1 for the oxide and 2 for the substrate), is described by the harmonic Fourier equation (1)



.exp phase where the following is the convention has been retained. In this equation, are the space coordinates; temperature ac component; and are respectively the time and the time angular frequency ; and are respectively of the heating source ( is the thermal diffusivity and conductivity of the layer and the power density of the source in the layer . in According with the configuration of our samples, the substrate. In the oxide layer, the heat sources distribution (nine heating lines spaced by a period of 0.8 m and 10 m) is modeled by describing each heating line section as a limited flat heat source with power density P. This heating sources distribuin Fig. 7) the thermal tion generates from its plane (in waves in the whole system. In our approach, the induced thermal waves satisfy the following conditions: — continuity of both temperature and heat flow at the interface between the oxide and polysilicon substrate (in in Fig. 7); 0 at the back of the — ac thermal bath sample); 0). This last assump— adiabatic sample surface (in tion is supported by the fact that the convective and radiative heat transfer coefficient of a hot horizontal slab is less K . This includes linearized radiation. than 10W.m The 1-D heat transfer coefficient of the material between the resistances and the surface is thermal conductivity di3,6.10 W.m vided by thickness: 1.28/(3,6.10 K . The heat flux will be reduced 3,6.10 times when crossing the boundary. The boundary limit can therefore be assumed as adiabatic to describe the temperature field in the oxide above the resistances. In each homogeneous layer of our sample description, the ac temperature field may be expanded as a double plane wave spectrum [12]



(2)
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TABLE III VALUES OF THE THERMAL CONDUCTIVITY AND DIFFUSIVITY INVOLVED IN THE SAMPLES DESCRIPTION



with (3) and where and are the Fourier space coordinates; and are respectively the forward and the backward components of the 2-D Fourier transform of the ac temperature field in the layer . Each spectrum is related with the others by the boundary conditions given above. The development of these boundary conditions in the Fourier space then permits to precise the ac temperature field in each part of the system. At the sample sur0, the 2-D Fourier transform of the ac temperface, i.e., in ature field can be written as (4) with (5) where



Fig. 8. 2-D finite element model of the steady state temperature field in the “samples1” cross section for an array constituted with nine infinite resistors lines spaced of 0.8 m. A temperature profile at the structure surface is also represented.



(6) is the 2-D Fourier transform and . of the ac heat source in Equations (2) and (6) give access to the ac temperature field on the sample surface. In all the numerical simulations of this temperature field, given in this paper, we used 2-D fast Fourier transform (FFT) algorithms (a bounded window and a bounded number of points; the 2-D areas were limited here to 1200 1200 points). We here used a Gaussian distribution of the heating power for each of the limited flat heat sources describing the heating lines. This Gaussian approximation was made with an effective radius at 1/ equal to the half of the line 175 mm) and an integrated value of power which width ( is the double of the experimental one integrated on a cube of 2 where is the polysicon P1 resistor thickness area 2 ( 300 nm). As in the experiments presented in this paper, the modulation frequency of heat sources was set to 140 Hz in our calculi. In Table III are listed thermophysical properties and geometrical characteristics involved in the samples description. Fig. 8 gives the simulated amplitude of the ac temperature field at the surface of the sample with the resistors spaced of 0.8 m and heated by an input power of 70 mW. It is clearly shown that the wires can not be thermally revealed by probing



the sample surface. This is due to the heat spreading from the resistors in the SiO layer which is too thick compared to the space between the heat sources. Similar simulations were made for the structure with resistors spaced of 10 m under a power of 275 mW. Results are given in Fig. 9. In this case, the distance between the resistive lines appears large enough so that the ac temperature profile at the surface indicates the contribution of each resistors. IV. STHM MEASUREMENTS, RESULTS AND DISCUSSION The experimental setup presented in Section II was used to investigate the ac component of the temperature field on the surface of each sample described in Section III. Measurements were performed in ambient. A. A.”Samples 1”: With Thick Passivation Layer Fig. 10 reports the thermal contrast in amplitude obtained at 140 Hz and the thermal signal corresponding with two scan lines drawn in the middle of the structure surface and along but perpendicularly to the resistors lines for the wire array with a 0.8 m period. It clearly appears that the wires cannot be distinguished. As found by simulation with the model in the
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Fig. 11. (b) SThM topographical image and (c) thermal image in amplitude for the scanned area defined by a square in (a) the schema. Measurements were obtained for the wires array with the 0.10 m period covered by the 3.6 m in thickness passivation layer submitted to a 28 mA sinusoidal current at a 70 Hz frequency. Fig. 9. 2-D finite element model of the steady state temperature field in the “samples1” cross section of an array constituted with nine infinite resistors lines spaced of 10 m. A temperature profile at the structure surface is also represented.



Fig. 12. Thermal signal profiles perpendicular to the resistor strips drawn from the Fig. 11(c).



Fig. 10. (a) Image and (b) scan lines of the thermal contrast of the wires array with the 0.8 m period covered by the 3.6 m in thickness passivation layer. (c) The schema precises the corresponding scanned area as the zone defined by a rectangle in dashed line.



Section III, the wires array can be modelled as a single linear heat source along which no axial temperature gradient occurs at the level of the scanned area. Figs. 11 and 12 were obtained for the array with the 10 m period. They reveal a temperature gradient due to the presence of the cold border of the structure. Contrary to the numerical simulations (see Fig. 9) no local heating allows for distinguishing individual wires. A combination of effects related to the measurement technique can explain such results. 1) As reported in the introduction of this paper, thermal conduction through the air contributes to the heat transfer between the sample and the probe. Its contribution is not neg-



ligible and the more so as the scanned sanple is thermal insulating material, as it is the case for our sample. Its radius of action is larger than the solid-solid contact area and the water meniscus width. The corresponding contact radius can be several micrometers due to the size and the geometry of the tip [5]. As a consequence, SThM is sensitive to variations of the heat rate (exchanged between the tip and the sample) averaged on a micrometric area. This may lead to a smoothing of the detected temperature field on the sample surface. 2) A local variation of the heat loss from the sample to the tip is detected only if the SThM sensitivity allows for it. We determined the order of magnitude of the sensitivity corresponding to our experimental conditions by use of the following expression [13]:



(7) , and is a function which depends on the electronic components used in the amplification chain nd are respectively the measurement system stage. output voltage and the top sample surface temperature at and the modulation pulsation . are, respectively, the temperature coefficient of the probe electrical resistance, the thermal diffisivity and the thermal where
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TABLE IV PROPERTIES OF THE STHM PROBE [14] AND ACQUISITION CIRCUIT CHARACTERISTICS



conductivity of the platinum probe tip, the total thermal tip-sample contact resistance, the section of the probe, the half-length and the circular perimeter of the platinum wire, and the platinum wire convection-radiation coefficient. We calculated this sensitivity for the frequency of 140 Hz. In Table IV are listed the all used SThM thermal resistive probe properties and acquisition circuit characteristics used in this determination. For the discussed experiment, the sensitivity varies between 10 to 70 V.K on the range of thepossible values of the 10 K.W thermal resistance of the tip-sample contact: 5 10 [4]–[6]. The used lock-in amplifier provides a stable signal up 10 V with our bridge. A local temperature increase of about 1 K above each resistor is predicted from numerical simulations (see Fig. 9) but no thermal resistance between the resistive lines and the passivation layer was taken into account in our model. The effective presence of such thermal resistances confines heat in the sample oxide. Our simulations then certainly overestimate the amplitude of the surface ac temperature field. In these conditions, .the different heated lines could not be to be detected A smoothing of the detected temperature field on the sample surface due to a thermal exchange on a micrometric area, a poor thermal conductance between the used probe (of which the apex surface is not well known) and a lack of sensitivity of our set up can then explain the presented results. The limit of detection of the technique would then be reached in our experiments. As a result, the spatial resolution of the technique seems here larger than 10 m. B. “Samples 2”: With Thin Passivation Layer Fig. 13 gives the topography and the thermal contrast obtained with the SThM above one of the nine resistive lines for a sample of type “samples 2.” The array was submitted to a 11 mA sinusoidal current at f 110 Hz. The contrast of the thermal



Fig. 13. (a) SThM topographical image and profil and (b) thermal image and profile in amplitude for the wires array with the 0.10 m period covered by the nanometric in thickness passivation layer submitted to a 11 110mA sinusoidal current at a 110 110Hz frequency.



Fig. 14. Illustration of the surface dilatation and of the resulting thermal contrast with the SThM probe.



image clearly reveals the heating of the resistor. But the comparison of topography profiles given by Figs. 13(a) and 6(b) shows that the thermal probe cannot follow the surface due to its large curvature radius. As illustrated by Fig. 14, this leads to surface dilatation phenomena in the topographical image obtained with the thermal probe. The contrast of the thermal image is also affected by this dilatation effect. The heat rate exchanged between the tip and the sample is indeed directly proportional to the thermal contact area. An artifact is then included in the Fig. 13(b) due to a topography-thermal coupling. Note that the dips on both sides of the wires are insulators. If the surface was flat, heat spreading might also hide the real size of the wires. For this sample, the SThM mounted with the 5 m wire allows to detect submicrometric elements but the artefact due to topography-thermal coupling enlarges the size of the wires by a factor of 10.
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V. CONCLUSION AC surface temperature fields of several ICs including arrays of resistive lines with submicrometric sections were investigated with a SThM. the results for flat chips including buried heat sources in one hand and components with apparent heat sources in the other hand highlight the irrelevance of the SThM to handle complex ICs design and topographies, especially due to the size of the thermal probe itself. When an IC passivation layer is too thick compared to the space between submicrometric integrated heat sources to permit a surface temperature contrast, submicrometric elements resolution will not of course be achieved due to heat spreading in this passivation layer. In the opposite case, the large area of the thermal contact between the probe and the sample, resulting from the thermal conduction through the surrounding gas, may limit the spatial resolution. In order to improve this resolution, one of our further works will concern measurements in vacuum. The poor resolution obtained in our experiments may also be explained by the lack of sensitivity of our set up. Parameters defining this sensitivity, such as probe-sample thermal conductance and the apparatus for signal generation and processing, limit the minimum measurable heat rate between the probe and the sample and temperature variation. The spatial resolution is then strongly linked with these parameters to be specified. Finally, we also show that the spatial resolution may also be affected by topography-thermal coupling. The large curvature radius of the probe may particularly lead to large dilatation of the ICs topography and surface temperature. ICs appear as interesting tools to benchmark the spatial resolution of thermal metrologies such as SThM. The thermal design and the composition of the structure has however to be precisely defined and controlled to make quantitative temperature measurements. Flat samples with various and well known physical properties and dimensions are notably needed to develop an accurate thermal model of the probe-sample system in order to finally achieve the calibration of the technique.
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