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Steady-State Thermoreflectance (SSTR): Comparison to TDTR & FDTR

Rev. Sci. Intr. 90, 024905 (2019)
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Temperature Response
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Steady-State Thermoreflectance (SSTR): Comparison to TDTR & FDTR

Heat flux in = Heat flux out

What does “steady-state” mean?

⍺ = Thermal diffusivity
r0 = 1/e2 radius of laser

𝑞′′ = −𝜅∇𝑇
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Measurement Concept: Heat a small volume of the sample to a steady-state 
temperature, measure T between “on” and “off” state

Depth measurement proportional to spot size
Spot size can be as small as <1 micron

δthermal
Sampling volume ∝ spot size

Change in 
reflectivity
∝ temperature

Change in 
pump power
∝ heat flux

pump

probe

Steady-State Thermoreflectance (SSTR): How it works

R/R

0 0.2 0.4 0.6 0.8 1

Time (s)

P
o

w
e
r 

(a
.u

.)

P



5

0 0.2 0.4 0.6 0.8 1

Time (s)
P

o
w

e
r 

(a
.u

.)

0 0.2 0.4 0.6 0.8 1

Time (s)

P
o

w
e
r 

(a
.u

.)

Measurement Concept: Heat a small volume of the sample to a steady-state 
temperature, measure T between “on” and “off” state

Depth measurement proportional to spot size
Spot size can be as small as <1 micron

δthermal
Sampling volume ∝ spot size

Change in 
reflectivity
∝ temperature

Change in 
pump power
∝ heat flux

pump

probe

Steady-State Thermoreflectance (SSTR): How it works

R/R × 2
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Steady-State Thermoreflectance (SSTR): How it works

Measurement Concept: Repeat process with multiple powers to improve accuracy 

Depth measurement proportional to spot size
Spot size can be as small as <1 micron
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Fitted Model
Data

Laser Power

𝑞′′ = −𝜅∇𝑇

Fourier’s Law

Increasing laser power leads to increasing temperature rise
Slope of this relation gives us thermal conductivity

δthermal
Sampling volume ∝ spot size

Change in 
reflectivity
∝ temperature

Change in 
pump power
∝ heat flux

pump

probe
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(a)

(b)

(c)

Steady-State Thermoreflectance (SSTR): Lock-in Amplifier

𝑄 ∝ 𝑒𝑖𝜔𝑡 𝑇 ∝ 𝑒𝑖𝜔𝑡

For some conditions, 𝑇 is not in a steady-state
→ Must include for 𝜔 in the thermal model

1 m

10 m

100 m

Laser Diameter

Goal: Heat at a low enough frequency to 
induce a steady-state temperature rise

Even if sample is in steady-state, it is best practice to 
include  in thermal model
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Understanding the Data Analysis

• Temperature rise is proportional to 
photodetector voltage

𝜟𝑻 ∝
𝚫𝑹

𝑹
∝

𝚫𝑽

𝑽
 

- Linear relation with small temperature 
changes

• Heat flux proportional to pump power
𝜟𝒒′′ ∝ 𝜟𝑷

• Therefore, we can claim
𝜟𝑽

𝑽𝜟𝑷
= 𝜸

𝜟𝑻 𝜿

𝜟 𝒒′′

• Use a Calibration to get 𝛾

𝜸 =
𝜟𝑽

𝑽𝜟𝑷 𝐜𝐚𝐥

𝜟𝑻 𝜿𝐜𝐚𝐥

𝜟 𝒒′′

−𝟏
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Laser Power

𝑞′′ = −𝜅∇𝑇

Fourier’s Law

Increasing laser power leads to increasing temperature rise
Slope of this relation gives us thermal conductivity

Calibration to get 𝛾 

Sample of interest
(𝜅 > 𝜅𝑐𝑎𝑙𝑖𝑏𝑟𝑎𝑡𝑖𝑜𝑛)
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Steady-State Thermoreflectance (SSTR): Analysis Options

Rev. Sci. Instrum. 90, 024905 (2019)

Lock-in Amplifier

Al2O3

Pump Waveform

a-SiO2

Temperature Response

Periodic Waveform Analyzer with Boxcar Averager
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Using multiple spot sizes to determine multiple parameters

What about thermal boundary conductance (G)?
• Can be significant for high- materials (>100 W/m-K)
• Using different laser diameters allows measurement of both  and G
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How to build an SSTR free-space system
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Steady-State Thermoreflectance (SSTR)

Rev. Sci. Instrum. 90, 024905 (2019)

Probe Reference 

Pump Detection
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Steady-State Thermoreflectance (SSTR)

Rev. Sci. Instrum. 90, 024905 (2019)

Probe Reference 

Pump Detection
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System Design: Optimizing Pump and Probe Wavelengths

Selecting Probe Wavelength: let’s choose Aluminum as our transducer

𝑞′′ = −𝜅∇𝑇

Fourier’s Law

Δ𝑉𝑃𝑟𝑜𝑏𝑒 ∝ 𝛽 𝜆 𝐷 𝜆 Δ𝑇 

𝛽 𝜆  = Thermoreflectance Coefficient

𝐷 𝜆  = Detector Responsivity 
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Thermoreflectance Coefficient

Wilson, R. B., et al. Optics express 20.27 (2012): 28829-28838.
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System Design: Probe Wavelength Selection

Photodetector Responsivity

Item # PDB415A PDB415C

Detector Type Si/PIN InGaAs/PIN

Wavelength Range 320 - 1000 nm 800 - 1700 nm

Typical Max Responsivity 0.53 A/W 1.0 A/W

Active Detector Diameter 0.8 mm 0.3 mm

Bandwidth (3 dB) DC - 100 MHz

Common Mode

Rejection Ratio
>25 dB

Transimpedance Gaina 50 x 103 V/A

Minimum NEPb 12.03 pW/Hz1/2

(DC - 100 MHz)

6.99 pW/Hz1/2

(DC - 100 MHz)

RF Output Conversion 

Gaina,c
26.5 x 103 V/W 50 x 103 V/W

CW Saturation Power
135 µW

@ 820 nm

72 µW

@ 1550 nm

https://www.thorlabs.com
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System Design: Probe Wavelength Selection

Probe Figure of Merit as a function of probe laser wavelength
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System Design: Probe Wavelength Selection

What about cost?

785 nm
OBIS Matchbox

375 830

405 850

445 915

458 980

473 1030

488 1064

505 1123

514 1319

520 1550

532

552

561

594

633

637

640

647

660

785

Available Laser Wavelengths

Conclusion: 785 nm is best option for probe
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System Design: Maximizing probe Signal-to-Noise

Some final notes on probe noise and detection 

• Balanced photodetector is best performing 
for low frequency detection

• Path matching probe signal and reference 
arm does not significantly affect 
performance

• Probe laser has a noise spectrum 
• Detector + lock-in amplifier has a noise 

spectrum

https://device.report/manual/6145843

Adjust probe power to optimize signal-to-noise at 

your operating frequency
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Pump Laser Selection

Pump selection comes down to how 
much absorbed power  is needed in 
your sample.

This can be determined based on the 
the maximum  to be measured

99:1
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System Design: Optimizing Pump and Probe Wavelengths

Selecting Pump Wavelength

𝑞′′ = −𝜅∇𝑇

Fourier’s Law

Δ𝑉𝑃𝑢𝑚𝑝 ∝ (1 − 𝑅 𝜆 )

𝑅 𝜆  = Reflectance
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Wilson, R. B., et al. Optics express 20.27 (2012): 28829-28838.
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System Design: Pump and Probe Wavelength Selection

Combined Figure of Merit for selecting pump and probe wavelength

Δ𝑉𝑃𝑟𝑜𝑏𝑒 ∝ 𝛽 𝜆𝑝𝑟𝑜𝑏𝑒 𝐷 𝜆𝑝𝑟𝑜𝑏𝑒 Δ𝑇 ∝ 𝛽 𝜆𝑝𝑟𝑜𝑏𝑒 𝐷 𝜆𝑝𝑟𝑜𝑏𝑒 (1 − 𝑅 𝜆𝑝𝑢𝑚𝑝 ) 

Conclusion: ~800 nm wavelength is ideal for both pump and probe
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System Design: Determining Pump Power Needed

Consider the hardest case to measure: low G,  =  W/m-K 

𝑆𝑥 =
𝑇1.1𝑥 − 𝑇0.9𝑥

𝑇𝑥

10
0

10
1

10
2

Pump Radius (=Probe Radius) ( m)

10
-2

10
-1

S

k2

G1

X 35.6083

Y 0.0976887

𝐺𝐴𝑙/𝑑𝑖𝑎𝑚𝑜𝑛𝑑 = 100 MW/m2-K

Layer 2: Diamond

• 𝜅 = 3000 W/m-K

• 𝐶𝑣 = 1.78 J/cm3-K 

Layer 1: Aluminum

• 𝜅 = 180 W/m-K

• 𝐶𝑣 = 2.42 J/cm3-K

• Thickness = 80 nm 

Worst case: ~35 m radius → assume 50 m to be conservative

𝜅𝑑𝑖𝑎𝑚𝑜𝑛𝑑

𝐺𝐴𝑙/𝑑𝑖𝑎𝑚𝑜𝑛𝑑
Measurement Sensitivity 
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System Design: Determining Pump Power Needed

Temperature rise as a function of absorbed pump laser power…
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Worst case: 320 mW 
needed for 1 K T

…translates to laser power needed for pump specification

Accounts for absorption spectrum 
of aluminum and system losses

<3 W needed 
at 800 nm

>6 W needed 
at 1064 nm
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System Design: Determining Pump Power Needed

What if we only need a system capable of measuring up to  = 300 W/m-K?

𝑆𝑥 =
𝑇1.1𝑥 − 𝑇0.9𝑥

𝑇𝑥

𝐺𝐴𝑙/300 𝑊/𝑚−𝐾 = 100 MW/m2-K

Layer 2: Diamond

• 𝜅 = 300 W/m-K

• 𝐶𝑣 = 1.78 J/cm3-K 

Layer 1: Aluminum

• 𝜅 = 180 W/m-K

• 𝐶𝑣 = 2.42 J/cm3-K

• Thickness = 80 nm 

Sensitivity crossover ~3.2 m radius → assume maximum of 5 m needed

𝜅𝐴𝑙/300 𝑊/𝑚−𝐾

𝐺𝐴𝑙/300 𝑊/𝑚−𝐾

Measurement Sensitivity 
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System Design: Determining Pump Power Needed

What if we only need a system capable of measuring up to  = 300 W/m-K?

3.3 mW needed for 1 K T
Accounts for absorption spectrum 
of aluminum and system losses

30 mW needed at 
800 nm

~60 mW needed 
at 1064 nm

Very manageable to obtain – most FDTR systems can be converted to SSTR mode!
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Pump Laser Modulation in SSTR

Pump Modulation Options

Mechanical Chopper
Electro-Optic or Acousto-

Optic Modulator

Drive Current Modulation
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Pump Laser Modulation in SSTR

Does modulation waveform matter? Depends on demodulator! For sine wave 
demodulation, no.

Recommendation:
• For lock-in amplification, drive and demodulate with sine wave 

• For chopper, only square wave is possible → still demodulate with sine wave

Vsig = V0 [sin 𝜔𝑡 + 𝜙 + 𝑓(𝑡)]

Vref = V1 sin 𝜔𝑡
X =

1

2
V0V1cos(𝜙) Y =

1

2
V0V1 sin(𝜙)0 0.2 0.4 0.6 0.8 1
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+ sin 𝜔𝑡 𝑓 𝑡 + cos(𝜙)]
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How to adjust pump laser spot size

• Adjustable lens pair allows changing spot size of pump 
• Common objective lenses available for different 

magnification at sample
• 2x
• 5x
• 10x
• 20x
• 50x
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Some Common Questions

Does  change with modulation frequency?
• Generally no, as long as you remain below detector bandwidth

Does  change with temperature? 
• Yes, near linear relationship for Al transducer
• No significant change for Au transducer

Does  change with each transducer deposition?
• Generally no, but best practice is to include a calibration sample 

Does  change day-to-day?
• Generally no, but it is best practice to run calibration 

What is the recommended temperature rise for SSTR?
• ~5-10 K, but should be based on SNR
• With longer averaging times, smaller T(~1 K) can work
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What can you do with SSTR?



Film

High Thermal 
Conductivity Substrate

Aluminum

Cross-plane
Measurement

High Thermal 
Conductivity Substrate

Low Thermal Conductivity Film

In-plane
Measurement

Film
Aluminum

Cross-plane, In-plane and sub-surface capabilities

• Primary heat flow into 
substrate (cross-plane)

• Substrate is a heat sink
• Cross-plane case most 

valid for insulating films

• Primary heat flow is in-plane
• In-plane dominant for 

conductive films on 
insulating substrates/films

• Path of least resistance is in-
plane

For bulk materials, SSTR is sensitive to 
𝜅 = 𝜅𝑟𝜅𝑧

Additional capabilities of SSTR-F
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Additional capabilities of SSTR-F

In-plane thermal conductivity of thin films
e.g., anisotropy effects in AlN thin films

ACS Nano 15, 9588 (2021)

High In-Plane Thermal Conductivity of
Aluminum Nitride Thin Films
Md Shafkat Bin Hoque, Yee Rui Koh, Je rey L. Braun, Abdullah Mamun, Zeyu Liu, Kenny Huynh,
Michael E. Liao, Kamal Hussain, Zhe Cheng, Eric R. Hoglund, David H. Olson, John A. Tomko,
Kiumars Aryana, Roisul Galib, John T. Gaskins, Mirza Mohammad Mahbube Elahi, Zayd C. Leseman,
James M. Howe, Tengfei Luo, Samuel Graham, Mark S. Goorsky, Asif Khan, and Patrick E. Hopkins*

Cite This: ACS Nano 2021, 15, 9588−9599 Read Online

ACCESS Metrics & More Article Recommendations *sı Supporting Information

ABSTRACT: High thermal conductivity materials show promise for thermal mitigation
and heat removal in devices. However, shrinking the length scales of these materials often
leads to signi cant reductions in thermal conductivities, thus invalidating their
applicability to functional devices. In this work, we report on high in-plane thermal
conductivities of 3.05, 3.75, and 6 m thick aluminum nitride (AlN) lms measured via
steady-state thermore ectance. At room temperature, the AlN lms possess an in-plane
thermal conductivity of ∼260 ± 40 W m−1 K−1, one of the highest reported to date for any
thin lm material of equivalent thickness. At low temperatures, the in-plane thermal
conductivities of the AlN lms surpasseven those of diamond thin lms. Phonon−phonon
scattering drives the in-plane thermal transport of these AlN thin lms, leading to an
increase in thermal conductivity as temperature decreases. This is opposite of what is
observed in traditional high thermal conductivity thin lms, where boundaries and defects that arise from lm growth cause a
thermal conductivity reduction with decreasing temperature. This study provides insight into the interplay among boundary,
defect, and phonon−phonon scattering that drives the high in-plane thermal conductivity of the AlN thin lms and
demonstrates that these AlN lms are promising materials for heat spreaders in electronic devices.

KEYWORDS: AlN thin lms, in-plane thermal conductivity, steady-state thermore ectance, phonon−phonon scattering, anisotropy ratio

T
hermal dissipation from hot spots presents a bottle-
neck to the e cient and reliable operation of
electronic devices, ranging from low-power logic

devicesto high-power RF high electron mobility transistors.1−7

Di erent techniques, such as power management,8 improved
packaging technology,6,9 thermoelectric cooling,10 heat sink
design,11,12 and lateral heat spreaders,4,5,9 have been
implemented to circumvent this problem. However, these
solutions often require departure from the most e cient
electronic device geometry to allow for gains in thermal
dissipation. An ideal solution to this problem would be the
development of high in-plane thermal conductivity nonmetallic
materials that are able to easily remove heat from hot spots.
Thesematerialswould also need to remain in thin lm form to
continue to allow current devicearchitecturesand form factors.
To this end, high thermal conductivity crystals (e.g., diamond,
cubic boron nitride, boron arsenide, aluminum nitride, and
gallium nitride) and two-dimensional layered materials (e.g.,
graphene and hexagonal boron nitride) have received
signi cant attention in recent years.4,13 Thin lms of these
nonmetallic materials can be implemented as heat spreaders
when their thicknesses are larger than the hot-spot length

scales3,4,14,15 in devices. This implementation also requires that
the thin lms have adequate length scales and crystal qualities
to ensure bulk or near-bulk thermal conductivities. However,
this is paradoxical, since defects and boundaries arising from
thin lm growth commonly result in much reduced thermal
conductivities as compared to the respective bulk values.
Among bulk solids, diamond has the highest thermal
conductivity, above 2000 W m−1 K−1 at room temperature.4,16

However, implementation of diamond thin lms as heat
spreaders has several limitations. For example, the thermal
conductivities of diamond thin lms are much lower than the
bulk value due to microstructural features and defects during
growth.17,18 Additionally, heterogeneous integration of materi-
alsonto diamond can lead to poor crystal quality due to lattice
constant mismatch. Cubic boron arsenide, isotopically

Received: November 25, 2020

Accepted: April 22, 2021

Published: April 28, 2021
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Another Application: Buried Layers

Sub-surface defect detection
e.g., measure thermal conductivity of thin region with 

point defects 7 m under diamond surface

J. Appl. Phys. 15, 9588

SSTR can measure at variable 
depths under the surface 

controlled by the laser spot size

TDTR/FDTR restricted to 
~1 m beneath surface in 

diamond
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Another Application: Buried Substrate

Sub-surface interfaces and heat sinks
e.g., measure thermal conductivity of buried interfaces, sub-

mounts & substrates under GaN and AlN thin films

Rev. Sci. Instrum. 92, 064906

Figure 7: Schematics of the 3-layer samples measured by SSTR: (a) ∼130 nm SiO2 thin film on Si substrate, (b) ∼2.05 µm

GaN thin film on n-GaN substrate, and (c) ∼2 µm AlN thin film on sapphire substrate. Figures (d), (e), and (f) represent

the sensitivity calculationsas a function of effective radius, r2
o + r2

1 for the threesamples shown in Figures (a), (b), and (c)

respectively.

to the same.43 TheSSTR-measured thermal conductivity of theGaN substrate is 194 ± 27 W m− 1 K− 1

when thespot sizesare10 µm. Using spot sizesof 20 µm, thethermal conductivity of theGaN substrate
ismeasured with a lower uncertainty to be185 ± 16 W m− 1 K− 1.

The thermal conductivity of the sapphire substrate is measured by SSTR in the ∼2 µm AlN thin

film on sapphire sample. The sensitivity calculation for this sample is shown in Figure 7(f). SSTR
measurement of the sapphire substrate thermal conductivity is most sensitive to the in-plane thermal
conductivity of theAlN thin film. Thecross-planethermal conductivity of thisAlN thin film ismeasured
by TDTR. Astheanisotropy in theAlN thermal conductivity of isvery small at room temperature,44 the

in-plane and cross-plane thermal conductivities of the 2 µm AlN thin film can be assumed to be the
same. Using SSTR, the thermal conductivity of the sapphire substrate is measured to be 35.1 ± 5.9 W
m− 1 K− 1 with 1/e2 pump and probe radii of 10 µm. Similar to the other two samples, with 20 µm spot
sizes, the sapphire thermal conductivity can be determined with a lower uncertainty, 34.5 ± 4.2 W m− 1

K− 1.

In Table 2, we present the measured substrate thermal conductivities for the two spot sizes. The
uncertainty of the measured values incorporate theuncertainty associated with theγ value (sapphire ref-
erence), Al transducer and thin film thermal conductivity, thin film thickness, and the thermal boundary
conductances. The values of theseparameters are tabulated in Table 1. As shown in Table 2, the SSTR-

12

Table2: SSTR-measured substrate thermal conductivity (
√

krkz) of thesamplesshown in Figure 7

Substrates
Thermal conductivity (W m− 1 K− 1)

spot size10 µm spot size20 µm literature

Si 141 ± 27 140 ± 18 14030

GaN 194 ± 27 185 ± 16 19541

Sapphire 35.1 ± 5.9 34.5 ± 4.2 3542

measured substrate thermal conductivities are in excellent agreement with literature. This proves the
ability of SSTR to accurately measure the thermal conductivities of buried substrates that are typically
inaccessibleby TDTR and FDTR.

2.7 Exper imental measurement of the thermal conductivity of bur ied filmsby SSTR

Figure 8: Sensitivity calculation as a function of effective radius, r2
o + r2

1 for the 4-layer sample: 85 nm Al transducer/2.5

µm Si film/1 µm SiO2 layer/Si substrate.

We now discuss the required criteria for SSTR to measure the thermal conductivity of a buried film

in a 4-layer system: metal transducer/thin film/buried film/substrate. Measurement of such a buried
film is possible when the thermal resistance of this layer is much greater those of the top thin film and
substrate. This stems from the fact that for SSTR to measure the thermal conductivity of any layer in
a multilayered material system, a significant steady-state temperature gradient must exist in that layer,
either in cross-planeor in-planedirection. Asthetop thin film is in contact with themetal transducer, the

temperaturegradient of this layer is often large unless thefilm thickness isvery low. On the other hand,
since the substrate is a semi-infinite medium, a measurable temperature gradient exists in the substrate
when large pump and probe radii are used. For a buried film, however, unless the thermal resistance

13

• Variable spot size allows measurement of 
multiple properties

• Measurement of layer-by-layer thermal 
conductivity in material stack/composite
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Contact Information:
Jeff Braun

VP of Strategy & Programs
Jeff@LaserThermal.com

Thank You!

mailto:Jeff@LaserThermal.com
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Steady-State Thermoreflectance (SSTR): Analysis Options

Al2O3

Pump Waveform

a-SiO2

Temperature Response

Rev. Sci. Instrum. 90, 024905 (2019)

Periodic Waveform Analyzer with Boxcar Averager Lock-in Amplifier
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Sensitivity Analysis

(a)

(b)

(c)

Sensitivity to parameter is defined by 
change in temperature response to ±10% 
change in parameter magnitude

𝑆𝑥 =
Δ𝑇1.1𝑥 𝑟01 − Δ𝑇0.9𝑥 𝑟01

Δ𝑇𝑥(𝑟01)
𝑆𝑥  is defined as a function of effective 
pump/probe radius
Changing 𝑟01 allows us to change 
sensitivity to various parameters of 
interest
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Sensitivity to thin films

(a) (b) (c)

(d)

(g) (h) (i)

(e) (f)

! 2 = 1

! 3 = 1

! 3 = 10

! 3 = 100

! 2 = 10 ! 2 = 100
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