






[image: PDFHALL.COM]






Menu





	 maison
	 Ajouter le document
	 Signe
	 Créer un compte







































Lifetimes of Confined Acoustic Phonons in Ultrathin Silicon ... - Csic

Feb 26, 2013 - modulation induced by phonon-photon coupling in a one- dimensional .... silicon, derived from a fit to thermal conductivity data measured by ... 

















 Télécharger le PDF 






 519KB taille
 73 téléchargements
 301 vues






 commentaire





 Report
























PRL 110, 095503 (2013)



week ending 1 MARCH 2013



PHYSICAL REVIEW LETTERS



Lifetimes of Confined Acoustic Phonons in Ultrathin Silicon Membranes J. Cuffe,1,* O. Ristow,2 E. Cha´vez,1,3 A. Shchepetov,4 P-O. Chapuis,1,† F. Alzina,1 M. Hettich,2 M. Prunnila,4 J. Ahopelto,4 T. Dekorsy,2 and C. M. Sotomayor Torres1,3,5,‡ 2



1 Catalan Institute of Nanotechnology (ICN2), Campus UAB, 08193 Bellaterra (Barcelona), Spain Department of Physics and Center of Applied Photonics, Universitaet Konstanz, D-78457 Konstanz, Germany 3 Department of Physics, UAB, 08193 Bellaterra (Barcelona), Spain 4 VTT Technical Research Centre of Finland, P.O. Box 1000, 02044 VTT, Espoo, Finland 5 Institucio´ Catalana de Recerca i Estudis Avanc¸ats (ICREA), 08010 Barcelona, Spain (Received 27 August 2012; published 26 February 2013)



We study the relaxation of coherent acoustic phonon modes with frequencies up to 500 GHz in ultrathin free-standing silicon membranes. Using an ultrafast pump-probe technique of asynchronous optical sampling, we observe that the decay time of the first-order dilatational mode decreases significantly from 4:7 ns to 5 ps with decreasing membrane thickness from 194 to 8 nm. The experimental results are compared with theories considering both intrinsic phonon-phonon interactions and extrinsic surface roughness scattering including a wavelength-dependent specularity. Our results provide insight to understand some of the limits of nanomechanical resonators and thermal transport in nanostructures. DOI: 10.1103/PhysRevLett.110.095503



PACS numbers: 63.22.m



Mechanical and acoustic properties in the nanoscale are receiving increasing attention as they are key properties affecting the limits of ultrasensitive detectors of force [1], mass [2,3], charge [4,5], and spin [6], influencing platforms for biosensing [7] and the investigation of quantum behavior in extended objects [8]. In particular, phonon lifetimes influence the achievable mechanical quality (Q) factors in nanomechanical resonators, which often limit device performance [9]. Moreover, they are necessary input parameters for accurate calculations of nanoscale thermal transport, with high-impact applications such as heat management in nanoelectronics [10] and the engineering of novel thermoelectric materials [11]. Despite their importance, phonon lifetimes are perhaps the least well known of all phonon properties due to the challenges associated with their quantitative determination and theoretical modelling. Even though silicon is the most important material for nanoelectronics, micro and nanoelectromechanical systems, there are few experimental reports of direct measurements of phonon lifetimes in the gigahertz to terahertz range [12] and for all materials, open questions remain about the relative contributions of intrinsic and extrinsic scattering processes at high frequencies in both bulk and nanoscale structures [9,13–16]. Recent experimental investigations of phonons in superlattice cavities with frequencies of around 1 THz have suggested that lifetimes of high-frequency phonons could be limited by an average interface roughness of just 0.06 nm [17]. On the other hand, phonon wave packet experiments in bulk silicon with frequencies up to approximately 100 GHz were analysed with a simplified Akhiezer relaxation damping model [12,18] of intrinsic scattering, using an average lifetime of high-frequency thermal phonons of 17 ps. Other intrinsic damping models include clamping losses [19], 0031-9007=13=110(9)=095503(5)



thermoelastic dissipation [20], and three-phonon interactions [21], which predict a different behavior depending on the frequency and temperature regimes. In this context, generation and detection of coherent acoustic phonons at high frequencies in different materials and nanostructures is a promising method to obtain quantitative information on phonon lifetimes and compare with the main theoretical models. Here we use free-standing single-crystalline silicon membranes fabricated by back-etching (100)-oriented silicon-on-insulator wafers to study the decay of coherent phonons. These membranes are model systems for such studies, as they can be fabricated with precisely controlled dimensions and physical parameters, facilitating comparison with theoretical models since the analysis is free from interplay with a substrate. This type of membrane was used previously to observe confined acoustic phonons [22] and study their dispersion relation [23] using inelastic light scattering. We use the ultrafast pump-probe technique of high-speed asynchronous optical sampling (ASOPS) to generate and detect coherent acoustic phonons [24], without the use of any transducing metallic layer. We perform measurements over a large range of thickness values from 7:7  0:5 to 194  1 nm, allowing us to investigate the trend in phonon lifetime with frequency up to 500 GHz and compare with predictive models. We compare the experimental results with theories involving intrinsic phonon-phonon interactions and extrinsic surface roughness scattering with a wavelength-dependent specularity parameter. The ASOPS experiments were performed at room temperature in reflection geometry. The spot size on the membranes was about 1:75 m in diameter and the wavelengths used for pump and probe beams were 780 and 810 nm,
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respectively. Because of the large optical penetration depth of 800 nm light in Si of approximately 8 m, the pump pulse causes a symmetric strain in the membrane via thermal expansion and the hydrostatic deformation potential [25,26]. As a consequence, the first-order dilatational mode at qk ¼ 0, D1qk ¼0 , is excited in the illuminated region, which oscillates at a frequency of ! ¼ vL =d0 , where vL ¼ 8433 m s1 is the longitudinal velocity and d0 is the thickness of the membrane. This mode is identified in the dispersion relation in Fig. 1(a). The dilatational oscillation changes the optical cavity thickness of the membrane, which in turn modulates the reflectivity according to the well-known Fabry-Pe´rot effect. Even though the change in membrane thickness is of the order of 1 pm and below [Fig. 1(b)], corresponding to a small change in reflectivity of about one part in 105 , the ASOPS system is sensitive enough to detect these small changes in reflectivity. A change in reflectivity is also caused by the photoelastic effect; however, the change of the optical cavity thickness is the dominant contribution, owing to the small photoelastic constants of silicon. The subsequent dynamics of the confined phonons are then observed by recording the light modulation induced by phonon-photon coupling in a onedimensional photo-acoustic cavity. Figure 2 shows typical time traces of the reflectivity signal from silicon membranes with thickness values of



FIG. 1 (color online). (a) Dispersion relation of a free-standing silicon membrane, showing flexural (Fi ) and dilatational (Di ) modes. The mode primarily excited by the pump pulse is the first-order dilatational mode at zero parallel wave vector, D1qk ¼0 . (b) Schematic diagram of the displacement field of the excited mode. The thickness of the membrane d oscillates with a period of 2d0 =vL . The change in thickness is of the order of 1 pm and below, with a corresponding change in reflectivity of the order of 105 .
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30 and 100 nm after excitation. At short times, the fast electronic response of the membrane is observed. The electronic contribution can be modelled by a biexponential decay and subtracted to reveal the acoustic modes [27,28], shown in the inset. The decay of the excited coherent phonons is then modelled as a damped harmonic oscillator of the form R R ðtÞ ¼ A sinð!tÞ expðt=Þ to extract a single phenomenological decay time . The obtained lifetimes are plotted in Fig. 3 and compared to reported values for bulk silicon [12] and previous results for a 222 nm silicon membrane [28]. The frequencies are those of the D1qk ¼0 mode, which increase with decreasing membrane thickness. It is observed that the lifetimes of coherent phonons in thin silicon membranes decrease dramatically with increasing frequency (decreasing thickness) and do not exhibit a simple behavior as a function of frequency. It is also interesting to note that the measured lifetimes are shorter than those observed by Daly et al. in Ref. [12]. In order to analyze our experimental data, we first consider intrinsic damping mechanisms, which are inherent to even perfectly crystalline bulk materials. At high frequencies (>10 GHz), there are two main approaches to model the intrinsic phonon lifetimes due to the anharmonicity of the lattice. One commonly used model is that of Akhiezer relaxation damping, which considers the effect of the acoustic strain field on the populations of wave packets of high-frequency phonons [12,18,29]. We found that this model as presented in Ref. [12] does not reproduce the strong frequency dependence observed and overestimates the measured phonon lifetimes by at least one order of



FIG. 2 (color online). Fractional change in reflectivity as a function of time [R=RðtÞ] for the 100 nm silicon membrane. The sharp initial change in reflectivity is due to the electronic response of the membrane. The subsequent weaker oscillations are due to the excited acoustic modes. Inset: Close-up of R=RðtÞ due to the acoustic modes after subtraction of the electronic response for membranes with 100 and 30 nm thickness. The sinusoidal decay of the reflectivity due to the firstorder dilatational mode is clearly observed as a function of time, with a faster decay observed for the thinner membrane. The time trace of the 30 nm membrane has been magnified by a factor of 10 for clarity.
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FIG. 3 (color online). Phonon lifetime of the first-order dilatational mode in free-standing silicon membranes as a function of frequency. Experimental data of free-standing silicon membranes with thickness values ranging from approximately 222 to 8 nm (black square [28], blue circles) and bulk silicon (red triangles [12]). The red dashed lines show the contributions to the finite phonon lifetime from normal three-phonon interactions 3ph and boundary scattering b as indicated. The total contri1 1 bution, calculated using Matthiessens rule 1 T ¼ 3ph þ b , is shown by the solid red line labelled T . Other models for intrinsic (grey dotted line: Herring [12,30], grey dashed line: Akhiezer [12,18]) and extrinsic (dotted-dashed grey line: Casimir limit p ¼ 0) scattering processes are shown for reference. The top axis showing thickness applies only to the experimental data presented in this Letter and the extrinsic scattering processes.



magnitude (Fig. 3, dashed grey line). The other commonly used approach to model intrinsic damping is a microscopic formulation considering three-phonon interactions, where the scattering probabilities are derived by applying firstorder perturbation theory to a harmonic potential. The phonon-phonon scattering rates are generally derived under the single-mode relaxation time approximation, which assumes that during the decay of one phonon the other phonons maintain an equilibrium distribution, or equivalently, that the energy of the interacting phonon @! is large compared to the uncertainty in energies of the high-frequency phonons @=th due to their finite lifetime th , i.e., !th  1 [29]. Due to the great difficulty in evaluating qualitatively the elements of the interaction matrix, early pioneering works [30–33] made additional heuristic considerations regarding energy conservation surfaces and temperature regimes to arrive at convenient expressions of the frequency ! and temperature T dependence of the phonon lifetimes. These expressions generally take the form: 1 ¼ BT n !m ;



(1)



where the parameters B, n, and m are dependent on the temperature regime, polarizations of the interacting modes
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and crystal symmetry, and may be either approximated theoretically or empirically adjusted to fit experimental data. Results of this expression are shown in Fig. 3, with values BD ¼ 2:4  1019 s K1 , n ¼ 1, and m ¼ 2 as used by Daly et al. [12] and Cahill et al. [34] for bulk silicon, derived from a fit to thermal conductivity data measured by thermoreflectance. In Ref. [12], it was found that BD overestimated the measured bulk relaxation times. The best fit to our experimental data is obtained for a value of BEXP ¼ 5:7  1017 s K1 , two orders of magnitude larger than BD , which raises doubts about the validity of such an expression in our case. Moreover, the data clearly show different trends in the studied frequency range. Here, we calculate explicitly the intrinsic scattering times under a Debye approximation, which we modify to consider specifically the D1qk ¼0 mode. Details of these calculations are provided in the Supplemental Material [35]. Although the phonon cavity nature of the membrane causes a discretization of the out-of-plane acoustic spectrum [23], the Debye approximation neglects changes in the phonon density of states and therefore, this approximation can be expected to yield reasonable results for membranes thicker than 30 nm at room temperature [36,37]. Notwithstanding the fact that this model does not include the effects of optical phonon modes, the dispersion of the bands for small wavelengths, or acoustic anisotropy, it removes all adjustable parameters from the calculation with only the mode-averaged Gru¨neisen parameter not precisely known. As the D1qk ¼0 mode is purely longitudinal, we can express the relaxation time for a phonon with frequency undergoing a normal three-phonon process of the type !L þ !0s0 ! !00s00 as [38]: 1 3ph ð!L Þ ¼



@vL 2 X 1  4v 2 s0 ;s00 v2s0 v2s00 



Z



0 2 !02 s0 ð!L þ !s0 Þ



nð!0s0 Þ½nð!00s00 Þ þ 1 d!; nð!L Þ þ 1 (2)



where s is the mode polarization, n is the Bose-Einstein distribution function, v is the phonon average group velocity and  is the mode-averaged Gru¨neisen parameter. In bulk silicon, the mode-dependent Gru¨neisen parameter lies in the range of 0.9–1.3 [39,40] for longitudinal modes. We take a value of 1.08 for the mode-averaged value, which has given the best fit to thermal conductivity data of Si nanowires [41]. Decay processes of the type !L ! !0s0 þ !00s00 are not represented in Eq. (2) as they are unlikely to occur due to the low phonon energy and so have a negligible contribution to the total relaxation time [39]. The three-phonon interactions can be separated into those of the type L þ L ! L and L þ T ! L, where L and T represent longitudinal and transverse polarizations, respectively. Collinear processes of the type L þ L ! L are
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sometimes neglected due to the dispersion of the branches; however, previous works have shown that these processes may occur as the finite lifetime of the branches compensates for the dispersion [40,42] and that they can play a large role especially at short wave vector where the dispersion relation is quasilinear. In fact, we find that L ! L þ L processes contribute most to the total intrinsic phonon lifetime. The results of Eq. (2) are shown in Fig. 3 by the red dashed line labeled 3ph . We observe that this simplified theory yields the correct order of magnitude for phonon lifetimes in thicker membranes. However, the  / !1 frequency dependence is different from that exhibited by our experimental data for thinner membranes. While discrepancies at frequencies of 100 GHz and below could be related to uncertainties in the energies of the high-frequency phonons compared to the interacting phonon frequency, i.e., !th 1, 6 this relationship is expected to be well within its range of validity at higher frequencies. However, the experimental lifetimes are found to be orders of magnitude shorter than predicted. To explain these reduced lifetimes, we consider the impact of the roughness of the membrane surface. We model this effect following the approach of Ziman [43], where a single phenomenological parameter p represents the ‘‘polish’’ or flatness of the surface. In this model, the change in phase  of a wave reflected from the boundary is related to the thickness profile of the surface as ðxÞ ¼ 4  yðxÞ where yðxÞ is a continuous function representing the deviation of the height of the surface from a reference plane. By considering the autocorrelation of the phase, we can derive the wavelength-dependent specularity pðÞ ¼ expð 2 Þ ¼ expð163 2 =2 Þ, where  is the root mean square deviation of the height of the surface from the reference plane. This derivation is valid in the regime where the width of a typical roughness feature is less than 4 times the feature height, . As the specularity depends on the ratio of the wavelength to the surface roughness, shorter wavelengths feel a stronger effect of the surface roughness than longer wavelengths. After considering a series of multiple reflections at the boundary, the mean free path can be written as ¼ 1þp 1p 0 where 0 is the characteristic dimension of the structure, i.e., the membrane thickness d0 [43]. As a consequence, the lifetime due to boundary roughness scattering is d0 1 þ expð163 3 =2 Þ vL 1  expð163 3 =2 Þ  3 2 d 8  d vL ¼ 0 coth :  02 2 vL  ! 22



b ¼ =vL ¼



(3)



The results of this expression are shown in Fig. 3 (red dashed line labelled b ) and are compared to the frequently used model considering a wavelength-independent specularity [44], with the Casimir limit of p ¼ 0 [45], shown by the grey dotted-dashed line. The experimental
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trend in lifetime as a function of frequency for the ultrathin ( 























des documents recommandant







[image: alt]





Raman scattering by acoustic phonons in wurtzite ... - Nicolas COMBE 

Apr 21, 2009 - ening of the zero-phonon line observable in single-dot spec- ..... 1, p. 181. 8 V. A. Fonoberov and A. A. Balandin, Phys. Rev. B 70, 233205.










 


[image: alt]





Dissociated dislocations in confined plasticity 

Sep 20, 2007 - local curvature R of a dislocation is inversely proportional to the local force F ... segments, but includes the variation of the line tension along the whole .... image dislocations parallel to the channel as described in. Ref. [23] f










 


[image: alt]





Phonons in Slow Motion - P-Olivier CHAPUIS 

May 31, 2012 - electric materials, supporting earlier theoretical predictions.9âˆ’12 ... property have led to tailoring dispersion relations and energy bands ... pubs.acs.org/NanoLett ..... (15) Bastard, G. Wave Mechanics Applied to Semiconductor.










 


[image: alt]





Clustering of branching Brownian motions in confined geometries 

Jul 11, 2014 - + Î»Î½2 âˆ« t. 0 dtâ€² âˆ«V dxâ€²Gtâ€² (xi, xâ€²)Gtâ€² (xj, xâ€²)ctâˆ’tâ€² (xâ€²),. (7) x. 0 ..... formula, which leads to the closed-form expression gÏ‰(xi,xj) âˆ¼ Î»Î½2.










 


[image: alt]





Drying of a colloidal suspension in confined geometry 

Aug 23, 2010 - theory, simulation, and experiments and permits to under- .... proceeds by diffusion of the gas from the meniscus of the drop, where the ...










 


[image: alt]





Clustering of branching Brownian motions in confined geometries 

Jul 11, 2014 - We study the evolution of a collection of individuals subject to ... the analysis of this peculiar behaviour can be rather easily carried out by ... Generally speaking, individuals may interact ... explicitly take into account the infl










 


[image: alt]





Nonparametric Analysis of Hedge Funds Lifetimes 

Mar 2, 2011 - (2007), pointing out that for dying funds, performance is generally poor ... who explain that the first reason (dying funds) is the most frequent and ...










 


[image: alt]





REGRET: Reputation in gregarious societies - IIIA CSIC 

Also, as in human societies, previous experiences of the members of our ... where a, b e A are the agents who dialogue (being a who is judging), o e O is the ...










 


[image: alt]





SUPPLEMENTARY MATERIAL Lifetimes of ... - P-Olivier CHAPUIS 

Dec 7, 2012 - observed non-exponential decay for the larger membranes. ... condition can be derived to have the following form,. (S.4) ... features of acoustic transport and solid state physics in general, it is invalid for real materials at.










 


[image: alt]





Occupation times of random walks in confined geometries: From 

Nov 15, 2007 - 12 , and diffusion limited reactions 13 . The point is that as soon as the sites of a system have different physical or chemical properties, it ...










 


[image: alt]





Evaporation of Liquids and Solutions in Confined Geometry 

We tested this approach with organic liquids for which the assumption ... of DËœ ) (5.41 ( 0.02) Ã— 10-11 m2 s-1. R ln R-R-R0 ln R0. + R. 0. ) Ï„. (2). Letters. Langmuir ...










 


[image: alt]





Slow kinetics of capillary condensation in confined geometry 

Mar 19, 2002 - When two solid surfaces are brought in contact, water vapor present in the ambient air may ... the bulk densities of the liquid and the gas phase,.










 


[image: alt]





SeparatiQn of durum wheat proteins by ultrathin 

The durum wheat samples used in this study comprised 10 licensed French cvs. and ..... upon room temperature storage of the gels, preventing the ap- plication of high voltages ... peaks correspond to major LM WG spots in two-dimensional ...










 


[image: alt]





using standard syste - Csic 

Jul 14, 2000 - General relativity admits many rather unexpected solu- tions, most ... A solution to Einstein equations that has also fasci- ..... 1 by introducing the.










 


[image: alt]





ESD in Silicon Integrated Circuits 

A catalogue record for this book is available from the British Library. ISBN 0 470 ...... Static control and awareness are two important programs to combat ESD in the .... grows for efficient protection designs with minimum iterations in silicon.










 


[image: alt]





ESD in Silicon Integrated Circuits 

ded DUTTMâ€� (Trademark of Oryx Instruments Inc. developed by Larry Edelson) embeds the ...... M. Mergens, W. Wilkening, S. Mettler, H. Wolf and W. Fichtner,.










 


[image: alt]





Propagation of acoustic waves in a one-dimensional ... - Xavier Noblin 

Jul 18, 2011 - static force sensor are positioned after the last grain of the array. They allow .... typically 6â€“7 grain sizes, so that dispersive effects intrinsic.










 


[image: alt]





Thorough analysis of silicon substitution in biphasic calcium 

Thorough analysis of silicon substitution in biphasic calcium phosphate bioceramics: A ..... straint was applied in the case of the Si0.5-BCP sample for the posi-.










 


[image: alt]





Effect of Silicon Supplement on Osteopenia Induced by Ovariectomy in 

Silicon (Si) is an essential mineral in the animal diet [1] to such an extent that it ... Alpha risk was found to be 0.05 and beta risk was 0.20 for a two-sided control.










 


[image: alt]





The silicon content of beer and its bioavailability in healthy 

Next, following the ingestion of 0Â·6 litres beer (22Â·5 mg Si;. 4Â·6% (v/v) ...... 141â€“147. Reffitt DM, Ogston N, Jugdaohsingh R, Cheung HF, Evans BA,. Thompson ...










 


[image: alt]





Thorough analysis of silicon substitution in biphasic calcium 

Feb 25, 2010 - hydrogen atom from the hydroxyl group in the Wyckoff position. 4e (z = 0.073 .... creases from >2200Ð• in the silicon-free Si0.0-BCP sample to.










 


[image: alt]





Theoretical study of kinks on screw dislocation in silicon 

Feb 14, 2008 - Theoretical calculations of the structure, formation, and migration of kinks on a nondissociated screw dislocation in silicon have been carried ...










 


[image: alt]





Time-resolved nonlinearities from nonsymmetric polar phonons in 

cedure involved the variation of the refractive index of the material under study. .... to the phononlike regime, its contribution to the effective phonon damping ...










 


[image: alt]





Number of observable features in the acoustic ... - Nicolas COMBE 

Feb 7, 2012 - Low-frequency Raman-scattering spectra are presented for gold nanocrystals with diameters 3.5 and 13 nm. ... eigenmodes of a spherical particle can be derived using Lamb's model.5 ... synthesized in colloidal solutions.










 














×
Report Lifetimes of Confined Acoustic Phonons in Ultrathin Silicon ... - Csic





Your name




Email




Reason
-Select Reason-
Pornographic
Defamatory
Illegal/Unlawful
Spam
Other Terms Of Service Violation
File a copyright complaint





Description















Close
Save changes















×
Signe






Email




Mot de passe







 Se souvenir de moi

Vous avez oublié votre mot de passe?




Signe




 Connexion avec Facebook












 

Information

	A propos de nous
	Règles de confidentialité
	TERMES ET CONDITIONS
	AIDE
	DROIT D'AUTEUR
	CONTACT
	Cookie Policy





Droit d'auteur © 2024 P.PDFHALL.COM. Tous droits réservés.








MON COMPTE



	
Ajouter le document

	
de gestion des documents

	
Ajouter le document

	
Signe









BULLETIN



















Follow us

	

Facebook


	

Twitter



















Our partners will collect data and use cookies for ad personalization and measurement. Learn how we and our ad partner Google, collect and use data. Agree & Close



