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SUMMARY:  20 
We describe the process of fabrication and testing of photonic thermometers. 21 
 22 
ABSTRACT:  23 
In recent years, a push for developing novel silicon photonic devices for telecommunications has 24 
generated a vast knowledge base that is now being leveraged for developing sophisticated 25 
photonic sensors. Silicon photonic sensors seek to exploit the strong confinement of light in nano-26 
waveguides to transduce changes in physical state to changes in resonance frequency. In the case 27 
of thermometry, the thermo-optic coefficient, i.e., changes in refractive index due to 28 
temperature, causes the resonant frequency of the photonic device such as a Bragg grating to 29 
drift with temperature. We are developing a suite of photonic devices that leverage recent 30 
advances in telecom compatible light sources to fabricate cost-effective photonic temperature 31 
sensors, which can be deployed in a wide variety of settings ranging from controlled laboratory 32 
conditions, to the noisy environment of a factory floor or a residence. In this manuscript, we 33 
detail our protocol for the fabrication and testing of photonic thermometers. 34 
 35 
INTRODUCTION:  36 
The gold standard for temperature metrology, the platinum resistance thermometer, was first 37 
proposed by Sir Siemens in 1871 with Callender1 developing the first device in 1890. Since that 38 
time incremental progress in the design and manufacturing of thermometers has delivered a 39 
wide range of temperature measurement solutions. The standard platinum resistance 40 
thermometer (SPRT) is the interpolating instrument for realizing International Temperature Scale 41 
(ITS-90) and its dissemination using resistance thermometry. Today, more than a century after 42 
its invention, resistance thermometry plays a crucial role in various aspects of industry and 43 
everyday technology ranging from biomedicine to manufacturing process control, to energy 44 
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production and consumption. Although well-calibrated industrial resistance thermometers can 45 
measure temperature with uncertainties as small as 10 mK, they are sensitive to mechanical 46 
shock, thermal stress and environmental variables such as humidity and chemical contaminants. 47 
Consequently, resistance thermometers require periodic (and costly) off-line recalibrations. 48 
These fundamental limitations of resistance thermometry have produced considerable interest 49 
in developing photonic temperature sensors2 that can deliver similar to better measurement 50 
capabilities whislt being more robust against mechanical shock. Such a devcie will appeal to 51 
national and industrial labs and those interested in long-term monitoring where instrument drift 52 
can negatively impact productivity. 53 
 54 
In recent years a wide variety of novel photonic thermometers have been proposed including 55 
photosensitive dyes3, sapphire-based microwave whispering gallery mode resonator4, fiber optic 56 
sensors5-7, and on-chip silicon nano-photonic sensors8-10. At NIST, our efforts are aimed at 57 
developing low-cost, readily-deployable, novel temperature sensors and standards that are easily 58 
manufactured using existing technologies, such as CMOS-compatible manufacturing. A particular 59 
focus has been the development of silicon photonic devices. We have demonstrated that these 60 

devices can be used to measure temperature over the ranges of -40 C to 80 C and 5 C to 165 61 

C with uncertainties that are comparable to legacy devices8. Furthermore, our results suggest 62 

that with a better process control device interchangeability on the order of 0.1 C uncertainty is 63 
achievable (i.e. the uncertainty of temperature measurement using nominal coefficients not 64 
calibration determined coefficients).  65 
 66 
PROTOCOL:  67 
 68 
1. Device Fabrication 69 
 70 
Note: Silicon photonic devices can be fabricated using silicon-on-insulator (SOI) wafers applying 71 
conventional CMOS-technology via photo- or electron beam lithography followed by inductive 72 
plasma reactive ion etch (ICP RIE) of 220 nm-thick topmost silicon layer. After ICP RIE etch the 73 
devices can be top-cladded with a thin polymer film or SiO2 protective layer. Below are the main 74 
steps of in fabrication of SOI photonic devices. 75 
 76 
1.1. Clean an SOI wafer in a piranha solution for 10 min, a mixture 4:1 of sulfuric acid (H2SO4) 77 
and hydrogen peroxide (H2O2), followed by a deionized (DI) water rinse for 1 min and nitrogen 78 
gas blow dry. 79 
 80 
1.2. Spin coat about 20-50 mL of  maN 2405 e-beam resist onto the wafer at 4000 rpm for 60 81 

s, followed by a hotplate bake at 90 C for 15 min. 82 
 83 
1.3. Expose the device pattern on to the spin-coated resist using e-beam lithography and 84 
develop the resist. The usual base exposure dose is about 600 µC/cm2. Develop with MIF-319 85 
developer for 60 s, followed by a 60 s water rinse. 86 
 87 
1.4. Perform an ICP RIE etch of the 220 nm thick silicon layer to remove the unprotected 88 



   

silicon. Use a pseudo-Bosch process with C4F8: 57 SCCM / SF6: 33 SCCM, ICP power: 3000 W; RIE 89 

power: 15 W; pressure 10 mTorr, temperature: 15 C; Etch rate: approximately 5-6 nm/s 90 
 91 
1.5. Dissolve the resist mask in pure acetone for 1 h, followed by an isopropanol rinse, a 60 s 92 
DI water rinse and nitrogen gas blow dry. 93 
 94 
1.6. Deposit a 1 µm thick protective top-layer on the wafer (a thin polymer film) via a spin 95 
coating (spin coat 20-50 mL PMMA at 4000 rpm for 60 s followed by a hotplate bake at 180 °C 96 
for 2 min). 97 
 98 
1.7. Dice the wafer with a wafer dicing saw (saw blade thickness: 35 µm) into small easy to 99 
handle chips (e.g., 20 mm × 20 mm). 100 
 101 
2. Photonic Chip Packaging 102 
 103 
Note: The fabricated photonic chips are packaged on a custom design packaging setup where a 104 
custom-built packaging setup is used to align and bond an array of optical fibers to a photonic 105 
chip. The packaging setup shown on Figure 1 consists of (i) 6-axis micro-positioning stage, that 106 
allows 6-degree of freedom movement (X, Y, Z coordinates, and three corresponding angles of 107 
rotation relative to X, Y, Z coordinates) with submicron precision; (ii) on-stage integrated Peltier 108 
module that allows to heat or cool the top stage platform; (iii) v-groove array holder arm; epoxy 109 
adhesive micro-dispensing module; (iv) ultra violet (UV) light exposure module to cure UV 110 
adhesives, and (v) four high magnification digital cameras for top, front, and two side angle views. 111 
Optical fibers package in v-groove array are procured from a commercial source. 112 
 113 
2.1. Rough alignment procedure 114 
 115 
2.1.1. Place the photonic chip on the 6-axis stage, and orient the chip so the on-chip 116 
input/output ports are aligned with the v-groove array. 117 
 118 
2.1.2. Turn on vacuum suction through on-stage integrated vacuum pumping port to hold the 119 
chip in place. 120 
 121 
2.1.3. Use the top-view digital camera to locate and place the photonic devices of interest in the 122 
center of the 6-axis stage.  123 
 124 
2.1.4. Position the v-groove array holder arm close to the chip and use vacuum suction through 125 
an integrated pumping port to hold the array in place.  126 
 127 
2.1.5. Use the side-view digital cameras as a visual feedback to help position the fiber array 128 
above the on-chip grating couplers.  129 
 130 
2.1.6. Raise the 6-axis stage to bring the photonic chip to within 10 µm of the fiber array’s 131 
bottom edge.  132 



   

 133 
Note: The edge of the v-groove fiber array should be roughly aligned (within 50 µm to 100 µm 134 
accuracy) relative to on-chip alignment marks. This procedure brings the optical fiber facets 135 
within a relative proximity of the corresponding grating couplers.  136 
 137 
2.2. Automated optimal alignment 138 
 139 
2.2.1. Once a rough manual alignment is achieved, activate the automated search using the 140 
vendor supplied software for the 6-axis stage. 141 
 142 
Note: This algorithm performs a pre-defined walk over the 6-degrees of movements 143 
(translational and rotational) until the maximum transmission of broadband light through the 144 
chip’s input and output ports is achieved. It should take no longer than 20 s to 30 s.  145 
 146 
2.3. Photonic chip testing 147 
 148 
Note: Once the optimal alignment is achieved, check device viability before proceeding with the 149 
bonding. 150 
 151 
2.3.1. Use the on-stage integrated Peltier module to thermally cycle the chip’s temperature 152 
while recording the spectral response. For thermal cycling, we used a custom script written in 153 
LabView. 154 
 155 
2.3.2. Analyze the recorded spectra is to verify the temperature sensitivity of the device 156 

(recommended values are 70 pm/C to 80 pm/C). 157 
 158 
Note: The laser spectrometer has been described elsewhere in detail2. The recorded spectra are 159 

analyzed to determine the temperature sensitivity of the device which should be in the 70 pm/C 160 

to 80 pm/C range.  161 
 162 
2.4. Bonding of optical fibers 163 
 164 
2.4.1. Slowly lower the array down to the chip surface.  165 
 166 
2.4.2. Carefully position the epoxy filled syringe in close vicinity of the fiber array’s edge using 167 
another XYZ micron precision stage.  168 
 169 
2.4.3. Dispense a single micro-droplet of an epoxy and initiate the curing process (either via UV 170 
irradiation or a thermal cycling). 171 
 172 
2.4.4. Periodically run the automated alignment (peaking/maximization) routine to prevent drift 173 
induced loss of signal until such a time that the epoxy starts to harden. 174 
 175 
Note: After epoxy curing the photonic chip performance and light coupling efficiency are tested 176 



   

again by recording transmission spectra of the device at different temperatures. Light coupling 177 
efficiency typically increases after the bonding process, likely because the refractive index 178 
matched optical epoxy reduces reflection losses at the fiber-chip interface.  179 
 180 
2.5. Packaging of Photonic Thermometer 181 
 182 
2.5.1. Place the fiber bonded photonic chip on a copper cylinder (h = 25 mm, dia.= 5.79 mm) 183 
with a small amount (about 1 mg) of thermal grease applied to the copper mounting surface.  184 
 185 
Note: Thermal grease ensures good even thermal contact between the metal heat conductor and 186 
the chip. Furthermore, thermal grease provides a weak adhesion between the two parts which 187 
facilitates the process of lowering the copper cylinder-chip assembly down a glass tube (h = 50 188 
mm; inner dia. = 6.0 mm). 189 
 190 
2.5.2. Gently lower the chip-copper cylinder down the glass tube. 191 
 192 
2.5.3. Backfill the glass tube with Argon gas and seal with a rubber cork. 193 
 194 
3. Temperature Measurement 195 
 196 
3.1. Place the packaged photonic thermometer (glass tube + copper cylinder + fiber coupled 197 
photonic device) into a metrology temperature dry well (temperature should be stable to within 198 
1 mK).  199 
 200 
3.2. Using the custom-built computer program set the settling time (20 min to 30 min), 201 

number of thermal cycles (minimum 3), temperature step size (1 C to 5 C), number of 202 
consecutive scans (minimum recommendation 5) and laser power (exact power delivered is 203 
specific to individual cases but generally is in the nanowatt to microwatt range).  204 
 205 
Note: A calibrated platinum resistance thermometer bonded to the copper cylinder is used to 206 
concurrently record the bath temperature as the photonic measurements are carried out.  207 
 208 
REPRESENTATIVE RESULTS:  209 
As shown in Figure 2, the ring resonator transmission spectra shows a narrow dip in transmission 210 
corresponding to the resonance condition. The resonance fringe shifts to longer wavelengths as 211 

temperature is increased from 20 C to 105 C in 5 C increments. The transmission spectrum is 212 
fitted to a polynomial function from which the peak center is extracted. The polynomial fit was 213 
found to give the most consistent results in the presence of a sloping baseline which can make a 214 
Lorentzian or Gaussian fit more prone to offset errors. The wavelength response of the device is 215 
plotted against the calibrated platinum resistance thermometer’s response and residuals to 216 
linear and quadratic fits are computed. Fit residuals are useful tools in understanding the 217 
temperature behavior of the sensors. Comparison of temperature points in up and down cycles 218 
and between cycles is used to determine the hysteresis in the packaged device.  219 
 220 



   

Our preliminary analysis of the thermal cycling experiments suggests that humidity induced 221 
changes in epoxy are likely the largest driver of hysteresis in packaged photonic thermometers. 222 
We note that unpackaged devices do not show any significant hysteresis. The hysteresis in the 223 
packaged device can be ameliorated by using a hydrophobic epoxy, adding desiccants to the glass 224 
tube before sealing and a tighter seal around the rubber cork-glass junction. Tabulating the 225 
various sources of uncertainty using repeated, detailed measurements allows us to compute a 226 
detailed uncertainty budget for the photonic thermometer.  227 
 228 
Figure 1 Packaging apparatus. Photonic chip packaging setup consists of a top-view camera (A), 229 
two side-view cameras (B and C), a fiber-array holder arm (D) and a six-axis stage (E). 230 
 231 
Figure 2 Temperature response of photonic sensor. Temperature dependent response of a 232 
photonic resonator shows a systematic upshift in resonance wavelength with increasing 233 
temperature. 234 
 235 
DISCUSSION:  236 
The objective of this experiment was to quantify the temperature dependent response of a 237 
photonic thermometer. For quantitative measurements of temperature, it is prudent to utilize a 238 
stable heat source such as a metrology grade deep dry well, small volume sensors, ensure good 239 
thermal contact between the well and the sensor, and minimize heat loses to the environment. 240 
These requirements are easily met by bonding optical fibers to the chip, effectively creating a 241 
packaged device that can be lowered deep into the metrology temperature well. The purpose of 242 
the copper cylinder in the glass tube is to provide a good thermal contact between the chip and 243 
glass tube, and to provide a large thermal mass that dampens transient thermal fluctuations, thus 244 
improving temperature stability. The glass tube is backfilled with dry argon gas to prevent 245 
condensation at low temperatures which can negatively impact the uncertainty in temperature 246 
measurement.  247 
 248 
The most common source of error in temperature measurements, however, is insufficient 249 
equilibration time. Air is an excellent insulator and any airgaps between the bath and glass tube 250 
or sample can slow down thermal transport. It is important to verify that the device is settled 251 
into equilibrium with the temperature well before detailed measurements are made. We 252 
determined the equilibration time by repeatedly measuring the resonator response over the 253 
course of an hour once the bath itself has reached equilibrium. Our results indicate that 254 
depending upon the photonic chip package geometry it can take up to 20 minutes to reach the 255 
equilibrium. Typically, we wait 30 minutes to ensure that the equilibrium is reached. 256 
 257 
Photonic thermometry presents a disruptive new route for the realization, dissemination and 258 
measurement of thermometry upending a century old paradigm. At its simplest photonics could 259 
enable us to overcome the limitations of resistance thermometry (strain induced hysteresis, 260 
chemical and environmental sensitivity, etc.) while providing equivalent or better measurement 261 
performance. The best case scenario for photonics thermometry envisions leveraging the recent 262 
advances in optomechanics to realize thermodynamic temperature measurements11, thus 263 
enabling the untethering of temperature measurements from it traceability chain.  264 
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have, relating to his or her appearance in the Video or
otherwise relating to the Materials, under all applicable
privacy, likeness, personality or similar laws.

9. Author Warranties.  The Author represents and warrants
that the Article is original, that it has not been published, that
the copyright interest is owned by the Author (or, if more than
one author is listed at the beginning of this Agreement, by
such authors collectively) and has not been assigned, licensed,
or otherwise transferred to any other party. The Author
represents and warrants that the author(s) listed at the top of
this Agreement are the only authors of the Materials.  If more
than one author is listed at the top of this Agreement and if
any such author has not entered into a separate Article and
Video License Agreement with JoVE relating to the Materials,
the Author represents and warrants that the Author has been
authorized by each of the other such authors to execute this
Agreement on his or her behalf and to bind him or her with
respect to the terms of this Agreement as if each of them had
been a party hereto as an Author. The Author warrants that
the use, reproduction, distribution, public or private
performance or display, and/or modification of all or any
portion of the Materials does not and will not violate, infringe
and/or misappropriate the patent, trademark, intellectual
property or other rights of any third party.  The Author
represents and warrants that it has and will continue to
comply with all government, institutional and other
regulations, including, without limitation all institutional,
laboratory, hospital, ethical, human and animal treatment,
privacy, and all other rules, regulations, laws, procedures or
guidelines, applicable to the Materials, and that all research
involving human and animal subjects has been approved by
the Author's relevant institutional review board.

10. JoVE Discretion.  If the Author requests the assistance of
JoVE in producing the Video in the Author’s facility, the Author
shall ensure that the presence of JoVE employees, agents or
independent contractors is in accordance with the relevant
regulations of the Author's institution.  If more than one
author is listed at the beginning of this Agreement, JoVE may, 
in its sole discretion, elect not take any action with respect to
the Article until such time as it has received complete,
executed Article and Video License Agreements from each
such author.  JoVE reserves the right, in its absolute and sole
discretion and without giving any reason therefore, to accept
or decline any work submitted to JoVE.  JoVE and its
employees, agents and independent contractors shall have
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full, unfettered access to the facilities of the Author or of the 
Author’s institution as necessary to make the Video, whether 
actually published or not.  JoVE has sole discretion as to the 
method of making and publishing the Materials, including, 
without limitation, to all decisions regarding editing, lighting, 
filming, timing of publication, if any, length, quality, content 
and the like. 

11. Indemnification.  The Author agrees to indemnify JoVE
and/or its successors and assigns from and against any and all
claims, costs, and expenses, including attorney’s fees, arising
out of any breach of any warranty or other representations
contained herein.  The Author further agrees to indemnify and
hold harmless JoVE from and against any and all claims, costs,
and expenses, including attorney’s fees, resulting from the
breach by the Author of any representation or warranty
contained herein or from allegations or instances of violation
of intellectual property rights, damage to the Author’s or the
Author’s institution’s facilities, fraud, libel, defamation,
research, equipment, experiments, property damage, personal
injury, violations of institutional, laboratory, hospital, ethical,
human and animal treatment, privacy or other rules,
regulations, laws, procedures or guidelines, liabilities and
other losses or damages related in any way to the submission
of work to JoVE, making of videos by JoVE, or publication in
JoVE or elsewhere by JoVE.  The Author shall be responsible
for, and shall hold JoVE harmless from, damages caused by
lack of sterilization, lack of cleanliness or by contamination
due to the making of a video by JoVE its employees, agents or
independent contractors.  All sterilization, cleanliness or
decontamination procedures shall be solely the responsibility
of the Author and shall be undertaken at the Author’s 

expense.  All indemnifications provided herein shall include 
JoVE’s attorney’s fees and costs related to said losses or 
damages.  Such indemnification and holding harmless shall 
include such losses or damages incurred by, or in connection 
with, acts or omissions of JoVE, its employees, agents or 
independent contractors. 

12. Fees.  To cover the cost incurred for publication, JoVE
must receive payment before production and publication the
Materials. Payment is due in 21 days of invoice. Should the
Materials not be published due to an editorial or production
decision, these funds will be returned to the Author.
Withdrawal by the Author of any submitted Materials after
final peer review approval will result in a US$1,200 fee to
cover pre-production expenses incurred by JoVE.  If payment is
not received by the completion of filming, production and
publication of the Materials will be suspended until payment is
received.

13. Transfer, Governing Law.  This Agreement may be
assigned by JoVE and shall inure to the benefits of any of
JoVE’s successors and assignees.  This Agreement shall be
governed and construed by the internal laws of the
Commonwealth of Massachusetts without giving effect to any
conflict of law provision thereunder.  This Agreement may be
executed in counterparts, each of which shall be deemed an
original, but all of which together shall be deemed to me one
and the same agreement.  A signed copy of this Agreement
delivered by facsimile, e-mail or other means of electronic
transmission shall be deemed to have the same legal effect as
delivery of an original signed copy of this Agreement.

A signed copy of this document must be sent with all new submissions. Only one Agreement required per submission. 

CORRESPONDING AUTHOR: 

Name:  

Department:  

Institution: 

Article Title: 

Signature:   Date: 

Please submit a signed and dated copy of this license by one of the following three methods: 
1) Upload a scanned copy of the document as a pfd on the JoVE submission site;
2) Fax the document to +1.866.381.2236;
3) Mail the document to JoVE / Attn: JoVE Editorial / 1 Alewife Center #200 / Cambridge, MA 02139

For questions, please email submissions@jove.com or call +1.617.945.9051 
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Feb 2, 2018 

 

Dear Editors, 

 

We are submitting the revised manuscript entitled “Fabrication and Testing of Photonic 

Thermometers” by Nikolai Klimov and Zeeshan Ahmed. We made added the details in response 

to the requested changes. All changes were made using track changes.  

 

Sincerely, 

Zeeshan Ahmed 

NIST 
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