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Temperature‑dependent 
photo‑elastic coefficient of silicon 
at 1550 nm
Johannes Dickmann 1,2,4*, Jan Meyer 1,2,4, Mika Gaedtke 1,2 & Stefanie Kroker 1,2,3

This paper presents a study on the temperature dependent photo‑elastic coefficient in single‑crystal 
silicon with (100) and (110) orientations at a wavelength of 1550 nm. The measurement of the photo‑
elastic coefficient was performed using a polarimetric scheme across a wide temperature range from 
5 to 300 K. The experimental setup employed high‑sensitivity techniques and incorporated automatic 
beam path correction, ensuring precise and accurate determination of the coefficient’s values. The 
results show excellent agreement with previous measurements at room temperature, specifically 
yielding a value of dn/dσ = −2.463× 10

−11 1/Pa for the (100) orientation. Interestingly, there is a 
significant difference in photo‑elasticity between the different crystal orientations of approximately 
50% . The photo‑elastic coefficient’s absolute value increases by approximately 40% with decreasing 
temperature down to 5 K. These findings provide valuable insights into the photo‑elastic properties 
of silicon and its behavior under varying mechanical stress, particularly relevant for optomechanical 
precision experiments like cryogenic gravitational wave detectors and microscale optomechanical 
quantum sensors.

Silicon is widely recognized for its extensive use as an optical material in both macroscopic and microscopic 
optomechanical  applications1–6. While its indirect band gap of approximately 1.12 eV renders it unsuitable for 
visible spectrum applications due to high interband absorption, it exhibits low optical absorption in the near-
infrared band beyond 1200 nm, making it highly advantageous for high-power applications. The prevalence 
of powerful and stable lasers operating at 1550 nm in fiber-optic communication further positions silicon as a 
favorable choice for optical components. Moreover, its low mechanical loss at cryogenic  temperatures7,8 suggests 
its applicability in low thermal noise experiments such as gravitational wave  detectors9,10 and laser frequency 
stabilization  cavities11,12 and micro-scale optomechanical systems in the quantum regime. For these applications, 
the photoelasticity of silicon is a curse and blessing at the same time. High photoelastic coefficients typically 
go along with large optomechanical couplings. That can be exploited in measurement systems employing, for 
example, micro-scale  oscillators13.

Additionally, however, statistical temperature fluctuations in optical components result in refractive index 
changes and subsequent phase fluctuations due to the influence of the photo-elastic coefficient. This phenomenon, 
known as photo-elastic noise, plays a critical role in limiting the sensitivity of high-precision opto-mechanical 
measurements such as future gravitational wave detectors as the Einstein Telescope or Cosmic  Explorer14–17. To 
address these limitations, cooling the optical components to cryogenic temperatures presents a potential solution 
to mitigate both birefringence and photo-elastic noise.

In addition, applications involving massive optical components and high laser powers often encounter 
challenges associated with photo-elastic  effects15. The substantial mass of these components induce significant 
mechanical stresses, which, in turn, generate a refractive index profile through the photoelastic coefficient dn/dσ , 
effectively creating a birefringent lens-like element. This profile can significantly impact the optical functionality 
of a setup and potentially lead to severe performance degradation.

Unfortunately, the available literature on the photo-elastic coefficient only provides data at room 
 temperature18, despite the majority of potential applications operating or being proposed for operation at tem-
peratures below that threshold (Fig. 1).
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Results and discussion
This letter presents a measurement of the photo-elastic coefficient, dn/dσ , in single-crystal silicon across a wide 
temperature range of 5 K to 300 K. To perform this measurement, a polarimetric scheme was combined with 
a high-force vacuum manipulator specifically designed for cryogenic temperatures. This setup enabled precise 
and reproducible measurements of the refractive index change dn per applied mechanical stress dσ , with an 
uncertainty of 4× 10−13 1/Pa. The experiment comprises a polarimeter, which detects the polarization change 
of 45◦ linearly polarized light induced by mechanical stress in the sample. By analyzing this polarization change, 
the photo-elastic coefficient dn/dσ can be determined.

To determine the photoelastic coefficient, first, generating a linear mechanical strain in the sample is necessary. 
To accomplish this, a sample holder developed (see Appendix A) using COMSOL Multiphysics  simulations19. 
The results of this numerical study are depicted in Fig. 2. Using brass balls in the sample holder design ensures 
a highly uniform stress distribution at the center of the sample. Figure 2b shows a cross-section through the 
sample’s center, displaying the stress distribution. Notably, minor deviations at the sample center have negligible 
effects on the applied stress. However, in particular, for repetitive measurements, for example, in dependence 
on temperature, the laser beam position has to be monitored and readjusted to minimize measurement devia-
tions induced by a drift of the position. Appendix B provides a detailed description of our system for automatic 
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Figure 1.  Computer-aided design (CAD) model of the cryostat used for the measurement of the photo-elastic 
coefficient. The CAD model showcases the specially designed high-force vacuum manipulator utilized in the 
experiment.
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Figure 2.  Finite element simulations were conducted using COMSOL Multiphysics to analyze the behavior of 
the mechanically constrained sample within the sample holder. The sample dimensions are 10× 10× 15 mm3 . 
Figure (a) illustrates a cross-sectional view of the sample perpendicular to the optical axis of the readout laser 
beam. This view provides insight into the stress distribution within the sample for exemplary mechanical load. 
Figure (b) depicts a linear section taken vertically through the sample’s center of gravity.
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laser readjustment during the readout process. Through the implementation of this system, we achieve reduced 
measurement errors compared to all previously reported  systems18.

A schematic representation of the optical readout system is illustrated in Fig. 3. The system utilizes a laser 
system (NKT Photonics SuperK Fianium) that is initially linearly polarized using a polarization filter set at 
+45◦ (Thorlabs LPNIR100). After passing through the sample, a polarimeter detects the change in polarization 
state. The polarimeter comprises a combination of a rotating quarter wave plate (Thorlabs K10CR1/M with 
AQWP10M-1600) and a horizontal polarization filter (Thorlabs LPNIR100). To measure the light intensity, a 
photodetector (Thorlabs PDA50B2) and a DAQ card (National Instruments USB 6363) are employed, automati-
cally recording the intensity for various angles of the �/4 plate. It is important to note that the Mueller matrix 
of the polarimeter describing the polarization conversion solely depends on the angle ψ between the quarter 
wave plate and the polarizer:

Thus, the intensity I(ψ) measured at the detector depends on the input Stokes vector �S = (S0, S1, S2, S3)
T behind 

the sample:

The angle-dependent intensity measured by the detector represents a truncated Fourier series. By perform-
ing Fourier analysis on the angle-dependent intensity measurements, the Fourier coefficients can be obtained. 
Through the photoelastic material properties, a mechanical stress introduces a phase shift between the horizontal 
and vertical components of the electric field, which can be quantified as �ϕ . This phase shift can be determined 
from the Stokes vectors S3 and S2:

By combining knowledge of the mechanical stress applied to the sample with polarimetric measurements of its 
birefringence, the photo-elastic coefficient can be determined as follows:

where L = 10.00 mm is the geometrical light path through the sample. The ratio �n/�σ is calculated by per-
forming a linear regression analysis on the relationship between the birefringence �n and different mechanical 
stresses σ . Figure 4a displays one of these measurements conducted at room temperature. To ensure statistical 
reliability, this measurement was repeated 50 times at room temperature, allowing for the determination of a 
standard deviation for the measured values, compare Fig. 4b:
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Figure 3.  The experimental setup is represented by a simplified schematic. Initially, laser light emitted from 
the NKT Photonics Fianium SuperK source undergoes linear polarization by passing through a polarization 
filter (Thorlabs LPNIR100) set at an angle of 45◦ . The linearly polarized light then traverses the strained 
sample contained within the cryostat, resulting in a modification of the polarization due to photoelastic effects. 
Subsequently, the altered polarization state is detected and measured using a polarimeter (Thorlabs K10CR1/M 
with AQWP10M-1600 and LPNIR100) along with a photodetector (Thorlabs PDA50B2).
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The uncertainty associated with this measurement is more than a factor of three smaller than the uncertainty of 
the most precise literature value currently  available20.

The temperature-dependent measurement of the photoelastic coefficient was conducted using the cryostat 
(Janis ST-100, compare Fig. 1) in a temperature range of 5 K to 300 K. The temperature steps were set at 15 K 
intervals between 5 and 80 K (liquid helium temperatures) and 20 K intervals between 80 and 300 K (liquid 
nitrogen temperatures). The results of the measurements are presented in Figure 5 for two crystal orientations, 
Si(100) and Si(110). A significant change in photoelasticity is observed in both cases between 80 and 300 K, with 
the photoelastic coefficient becoming more prominent at cryogenic temperatures by approximately 40% . Notably, 
the photoelastic coefficient is approximately twice as strong in magnitude in the Si(100) direction compared to 
the Si(110) direction. To model the measurement results, a phenomenological relation based on the Kramers-
Kronig relation for the photoelastic tensor was  employed21:

where n0 is the unperturbed refractive index, Dkl is the potential of deformation inside the sample, εD is the dis-
persion energy, Kkl are the disperion parameters of the crystal and �0 is the crystallographic position parameter 
of silicon. The photoelastic tensor Ŵkl directly corresponds to the photo-elastic coefficient:

In this equation, the Einstein summation convention is utilized. The tensor Cij denotes the elastic tensor of the 
sample:

where c11 = 165.7 GPa, c12 = 63.9 GPa and c44 = 79.6  GPa22.
To accurately model the temperature dependence of the photo-elastic coefficient, the temperature-depend-

ent variations of the dispersion parameter K and the dispersion energy D are  incorporated23. The mechanical 
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Figure 4.  This figure shows the measurement of the photoelastic coefficient of silicon (100) at room 
temperature. In (a), the polarimetrically determined birefringence �n is presented for various levels of applied 
mechanical stresses σ . (b) Displays the photoelastic coefficients derived from the slope of the measurements, 
averaged over 50 repetitions.
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Figure 5.  The final result of this study presents the photoelastic coefficient of silicon in the (100) and (110) 
directions across a temperature range of 5 K to 300 K. The measurement points are depicted in blue, while the 
phenomenological trend is shown in red, indicating the agreement between the experimental data and the fitted 
model.
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properties, represented by the deformation potential D, exhibit minimal changes and can be considered as 
 constant23. The refractive index of silicon, which is dependent on temperature and wavelength, is obtained 
 from24. All parameters are presented in Appendix C in the supplementary file. For room temperature, 
Ŵ11 − Ŵ12 = −0.126 and Ŵ44 = −0.053 . The values correspond to a �n/�σ = −2.617× 10−111/Pa for silicon 
in (100) direction and �n/�σ = −1.378× 10−111/Pa for silicon in (110) direction. Comparing the results to the 
values of the photo-elastic tensor presented in  reference20 small deviations for the values of Ŵ44 − Ŵ12 are evident. 
The tensor component Ŵ44 , instead, is in very good agreement. The deviations can, however, be explained by the 
measurement uncertainty chosen in  reference20, which was only estimated but not measured. The measured data, 
depicted in blue, are compared to the temperature-dependent curve in Fig. 5a and b, illustrating an excellent 
agreement between the fitted photoelastic coefficient and the actual measurement.

Conclusions
The collected data, along with their corresponding measurement errors, are available for access via the Dryad 
Digital Repository. The repository can be reached through the following link: https:// doi. org/ 10. 5061/ dryad. 
s7h44 j1cw. Additionally, the repository houses the fitted photoelasticity data, sampled at 1 K intervals across 
the range of 0 K to 300 K for both measured crystal orientations.

Recent investigations into the role of photoelasticity within the proposed gravitational wave detector, the 
Einstein Telescope, suggest challenges in meeting the specified requirements, even at room  temperature15. In 
our present study, we have ascertained that silicon’s photoelasticity experiences an approximate 40% increase 
in magnitude as temperatures trend toward the cryogenic range. As components of the Einstein Telescope are 
projected to function within these cryogenic conditions using silicon (around 10 K)16, concerns arise regarding 
the photoelastic behavior of key optical interferometer components. The acquired data has now unlocked the 
potential for novel optimizations in the blueprint of the detector. Furthermore, the influence of photoelasticity 
on ongoing laser stabilization cavities could constitute a notable noise  source14. For this application, the available 
material will also lay the foundation for future enhancements and improvements of measurement sensitivity.

The acquired data holds the potential to intricately inform the development of pioneering optomechanical 
experiments and components established on cryogenic silicon platforms. Significantly, the material parameters 
unveiled in this study provide a granular understanding, enabling the meticulous incorporation of photoelas-
tic coupling—one of the foremost optomechanical coupling mechanisms—into the blueprinting of upcoming 
innovations.

Data availibility
The entirety of the data from this study is accessible on the Dryad Digital Repository, accessible through the 
following link: https:// doi. org/ 10. 5061/ dryad. s7h44 j1cw.

Received: 4 September 2023; Accepted: 6 November 2023

References
 1. Safavi-Naeini, A. H. et al. Squeezed light from a silicon micromechanical resonator. Nature 500, 185–189 (2013).
 2. Westerveld, W. J. et al. Sensitive, small, broadband and scalable optomechanical ultrasound sensor in silicon photonics. Nat. 

Photonics 15, 341–345 (2021).
 3. Hill, J. T., Safavi-Naeini, A. H., Chan, J. & Painter, O. Coherent optical wavelength conversion via cavity optomechanics. Nat. 

Commun. 3, 1196 (2012).
 4. Shin, H. et al. Tailorable stimulated brillouin scattering in nanoscale silicon waveguides. Nat. Commun. 4, 1944 (2013).
 5. Bahl, G., Zehnpfennig, J., Tomes, M. & Carmon, T. Stimulated optomechanical excitation of surface acoustic waves in a microdevice. 

Nat. Commun. 2, 403 (2011).
 6. Bahl, G., Tomes, M., Marquardt, F. & Carmon, T. Observation of spontaneous brillouin cooling. Nat. Phys. 8, 203–207 (2012).
 7. McGuigan, D. et al. Measurements of the mechanical q of single-crystal silicon at low temperatures. J. Low Temp. Phys. 30, 621–629 

(1978).
 8. Rowan, S., Hough, J. & Crooks, D. Thermal noise and material issues for gravitational wave detectors. Phys. Lett. A 347, 25–32 

(2005).
 9. Nawrodt, R. et al. Challenges in thermal noise for 3rd generation of gravitational wave detectors. Gen. Relativ. Gravit. 43, 593–622 

(2011).
 10. Hild, S. et al. Sensitivity studies for third-generation gravitational wave observatories. Class. Quantum Gravity 28, 094013 (2011).
 11. Richard, J.-P. & Hamilton, J. Cryogenic monocrystalline silicon Fabry-Perot cavity for the stabilization of laser frequency. Rev. Sci. 

Instrum. 62, 2375–2378 (1991).
 12. Kessler, T. et al. A sub-40-MHz-linewidth laser based on a silicon single-crystal optical cavity. Nat. Photonics 6, 687–692 (2012).
 13. Balram, K. C., Davanço, M., Lim, J. Y., Song, J. D. & Srinivasan, K. Moving boundary and photoelastic coupling in GaAs optom-

echanical resonators. Optica 1, 414–420 (2014).
 14. Meyer, J., Dickmann, W., Kroker, S., Gaedtke, M. & Dickmann, J. Thermally induced refractive index fluctuations in transmissive 

optical components and their influence on the sensitivity of einstein telescope. Class. Quantum Gravity 39, 135001 (2022).
 15. Jaberian Hamedan, V., Adam, A., Blair, C., Ju, L. & Zhao, C. Precision mapping of a silicon test mass birefringence. Appl. Phys. 

Lett. 122 (2023).
 16. Punturo, M. et al. The Einstein telescope: A third-generation gravitational wave observatory. Class. Quantum Gravity 27, 194002 

(2010).
 17. Hall, E. D. Cosmic explorer: A next-generation ground-based gravitational-wave observatory. Galaxies 10, 90 (2022).
 18. Krüger, C. et al. Birefringence measurements on crystalline silicon. Class. Quantum Gravity 33, 015012 (2015).
 19. Multiphysics, C. Introduction to comsol multiphysics®. COMSOL Multiphysics, Burlington, MA, accessed Feb 9, 32 (1998).
 20. Biegelsen, D. K. Photoelastic tensor of silicon and the volume dependence of the average gap. Phys. Rev. Lett. 32, 1196 (1974).
 21. Wemple, S. & DiDomenico, M. Jr. Theory of the elasto-optic effect in nonmetallic crystals. Phys. Rev. B 1, 193 (1970).
 22. McSkimin, H. Measurement of elastic constants at low temperatures by means of ultrasonic waves-data for silicon and germanium 

single crystals, and for fused silica. J. Appl. Phys. 24, 988–997 (1953).

https://doi.org/10.5061/dryad.s7h44j1cw
https://doi.org/10.5061/dryad.s7h44j1cw
https://doi.org/10.5061/dryad.s7h44j1cw


6

Vol:.(1234567890)

Scientific Reports |        (2023) 13:19455  | https://doi.org/10.1038/s41598-023-46819-0

www.nature.com/scientificreports/

 23. Hall, J. J. Electronic effects in the elastic constants of n-type silicon. Phys. Rev. 161, 756 (1967).
 24. Frey, B. J., Leviton, D. B. & Madison, T. J. Temperature-dependent refractive index of silicon and germanium. In Optomechanical 

technologies for Astronomy, vol. 6273, 790–799 (SPIE, 2006).

Acknowledgements
Funded by the Deutsche Forschungsgemeinschaft (DFG, German Research Foundation) under Germany’s Excel-
lence Strategy—EXC-2123 QuantumFrontiers—390837967. J.D. and S.K. also acknowledge partial support by 
European Association of National Metrology Institutes. This project (20FUN08 NEXTLASERS) has received 
funding from the EMPIR programme co-financed by the Participating States and from the European Union’s 
Horizon 2020 research and innovation programme, 17FUN05 PhotOQuant.

Author contributions
J.D., J.M. and S.K. designed the experiment. J.D, J.M. and M.G. performed the measurements. J.D. and J.M. evalu-
ated the data. J.D. and J.M. created the figures. All authors wrote and reviewed the manuscript.

Funding
Open Access funding enabled and organized by Projekt DEAL.

Competing interests 
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https:// doi. org/ 
10. 1038/ s41598- 023- 46819-0.

Correspondence and requests for materials should be addressed to J.D.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access  This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

© The Author(s) 2023

https://doi.org/10.1038/s41598-023-46819-0
https://doi.org/10.1038/s41598-023-46819-0
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Temperature-dependent photo-elastic coefficient of silicon at 1550 nm
	Results and discussion
	Conclusions
	References
	Acknowledgements


