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ASER Steady-State Thermoreflectance (SSTR): Comparisonto TDTR & FDTR

Rev. Sci. Intr. 90, 024905 (2019)
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ASER Steady-State Thermoreflectance (SSTR): Comparisonto TDTR & FDTR
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What does “steady-state” mean?
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Lllﬂse':‘ Steady-State Thermoreflectance (SSTR): How it works

Measurement Concept: Heat a small volume of the sample to a steady-state
temperature, measure AT between “on” and “off” state
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|ASER Steady-State Thermoreflectance (SSTR): How it works

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

—~ A
Changein >
reflectivit 5 AP x 2
y probe :
X tem perature g
. 0 0.2 0.4 0.6 0.8 1
Changein  —— pump Time (s)
pump power =
o heat flux €
2
g
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Depth measurement proportional to spot size g
Spot size can be as small as <1 micron 2
0 0:2 0.I4 0?6 0:8 :;.

Time (s)



L[lﬁsea

[HERMAL

Changein
reflectivity _‘7 oro be
o« temperature A

Changein pump
pump power

« heat flux

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

Steady-State Thermoreflectance (SSTR): How it works

Measurement Concept: Repeat process with multiple powers to improve accuracy

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



L‘agfp Steady-State Thermoreflectance (SSTR): Lock-in Amplifier
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Laser Diameter

(@) 1.0 ' SRR S T A
1um 2 [ gumasaso, .Goal: Heat at a low enough frequency to
= 037 ---80nmAI/ALO, 1 induce a steady-state temperaturerise
| —-—- 80 nm Al/Si ]
------ 80 nm Al / Diamond
(b) 1.0 [T I T T 0 e |::> T o< et®!
10 um '58
= 05
- For some conditions, T is not in a steady-state
0.0 - Must include for w in the thermal model
(©) 1.0
100 um & Even if sampleis in steady-state, it is best practice to
5 O include o in thermal model
0.0

107 10° 10" 102 10  10*  10°
Frequency (Hz)



ASER Understanding the Data Analysis
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« Temperatureriseis proportional to

photodetector voltage Fourier’s Law
AT AR &Y I
R Vv q = —kVT
- Linearrelation with small temperature T
changes 4?5 Calibration to gety

* Heat flux proportional to pump power g
|Aq''| < AP =
 Therefore, we can claim =

Sample of interest

( av ) . AT(K) (K > Kcatibration)
var) ~ Y\ ajq"]
 UseaCalibration to gety
-1 >
y = ( AV ) (AT(Kcal)> Laser Power
VAP/ a1 \ 4lq"| Increasing laser power leads to increasing temperature rise

Slope of this relation gives us thermal conductivity



ASER Steady-State Thermoreflectance (SSTR): Analysis Options

F—IERMAL B
Lock-in Amplifier Periodic Waveform Analyzer with Boxcar Averager
Estimated Power Absorbed (mW) Pump Waveform Temperature Response
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Rev. Sci. Instrum. 90, 024905 (2019)
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Using multiple spot sizes to determine multiple parameters
[HERMAL

What about thermal boundary conductance (G)?
* Can be ssignificant for high-k materials (x>100 W/m-K)
« Usingdifferent laser diameters allows measurement of both k and G

(El) 145 —Tt 1 - T 1 -~ T 1 1T~ T1T° (b) 330 T T d T (C) 6000 —T - 1 - 1 1 "~ T T~ T -~ T 7
\
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l". 320 - - 5000 F
140 | 1
\ 20 X
T y T 310f L 4000
— L - — _—
‘= 135 F \ P Si wafer = I 10X £
S . 10 X S S
< \ < 300} < 3000}
»® \ L o
10 X7\
130 | .
\ 290 | 2000 |-
Si window
125 ................. 280 1 1 | 000 M 1 i 1 i 1 M 1 i 1 N 1 i 1 i
60 80 100 120 140 160 180 200 220 240 140 160 180 200 220 140 160 180 200 220 240 260 280 300
G (MW m?K™") G (MW m?K™") G (MW m?K")
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How to build an SSTR free-space system



ASER Steady-State Thermoreflectance (SSTR)
[HERMAL
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Rev. Sci. Instrum. 90, 024905 (2019)
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Steady-State Thermoreflectance (SSTR)

.

#>Pump Detection
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£
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Rev. Sci. Instrum. 90, 024905 (2019)

Reference Probe
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ASER System Design: Optimizing Pump and Probe Wavelengths
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Selecting Probe Wavelength: let’s choose Aluminum as our transducer

Thermoreflectance Coefficient Fourier’s Law
2.5 . I’
=== Aluminum q = —KVT
..... G0|d
5‘: Platinum
2r 3 = Tantalum |]

=
6]
T

AVProbe X ,B(A)D(/D AT

dR/AT (K™

[
T

B (1) =Thermoreflectance Coefficient

o5k 74

D(A) = Detector Responsivity

04 . 0.8 1 1.2 1.4 1.6
Wavelength (um)

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

Photodetector Responsivity

1.2

Photodiode Responsivity

1.0 4

{ —— PDB415A Photodiode
—— PDB415C Photodiode

0.8 -
0.6 -

0.4-

Responsivity (A/W)

0.2 -

0.0
300

J
600

960 12l00
Wavelength (nm)

https://www.thorlabs.com

J
1500

1800

ltem #

Detector Type
Wavelength Range
Typical Max Responsivity
Active Detector Diameter
Bandwidth (3 dB)

Common Mode
Rejection Ratio

Transimpedance Gain?2
Minimum NEPP

RF Output Conversion
Gainac

CW Saturation Power

PDB415A PDB415C
Si/PIN INnGaAs/PIN
320 - 1000 nm 800 - 1700 nm
0.53 AW 1.0 AW
0.8 mm 0.3 mm
DC - 100 MHz
>25 dB
50 x 103 V/A

12.03 pW/Hz12
(DC - 100 MHz)

6.99 pW/HZz?2
(DC - 100 MHZ)

26.5 x 103 V/W 50 x 103 V/W
135 pw 72 pyW
@ 820 nm @ 1550 nm
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ASER System Design: Probe Wavelength Selection
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Probe Figure of Merit as a function of probe laser wavelength

Commonly Available Laser Wavelengths

0.7 ' ' ' ' C OBIS Matchbox
785 nm —— PDB415A Photodiode 375 830
0.6 —— PDB415C Photodiode 405 850
. 445 915
= 458 980
E 05F 473 1030
< 488 1064
hl 505 1123
E: 0.4r 514 1319
» 520 1550
— 0.3} WL =z
5 552
o 561
S0.2} 594
* 633
Q 637
0.1F 640
647
660
O [ [ [ [ [ 785
0.4 0.6 0.8 1 1.2 14 1.6

Wavelength (zm)



ASER System Design: Probe Wavelength Selection

What about cost? Conclusion: 785 nm is best option for probe
2 . : : : : Available Laser Wavelengths
— OBIS Matchbox
785 nm 375 830
405 850
2 445 915
g Lor ] 458 980
< 473 1030
s 488 1064
9) 505 1123
514 1319
e% 1 1 520 1550
= . —° 532
'(I?S 552
@ 561
o 594
E 0-5 | 633
—— PDB415A Photodiode -
—— PDB415C Photodiode 647
I I I I 660
0.4 0.6 0.8 1 1.2 1.4 1.6 785

Wavelength (zm)



L‘&5ER System Design: Maximizing probe Signal-to-Noise

[HERMAL L —

Some final notes on probe noise and detection

Low-Frequency Relative Intensity Noise

« Balanced photodetector is best performing 110
for low frequency detection :
. . -120-
* Path matching probe signal and reference . _
arm does not significantly affect % -130-
performance '
T
* Probe laser has a noise spectrum < -150-
) e . 74 .
« Detector + lock-in amplifier has a noise 1604
spectrum :
-170-—|—|-|-r|-r|-|-| T T T T T T T T T[T T T T TTTTTm|
: . : : 10’ 10? 10° 10° 10° 10° 10
Adjust probe power to optimize signal-to-noise at Frequency (Hz)

your operating frequency

https://device.report/manual/6145843
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Pump Laser Selection

'\ Pump Laser

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

-

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

19



ASER System Design: Optimizing Pump and Probe Wavelengths
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Selecting Pump Wavelength

0.7
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Wilson, R. B., et al. Optics express 20.27 (2012): 28829-28838.
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Fourier’s Law

r q' = —kVT

AVPump X (1 o R(/D)

R(A) = Reflectance
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System Design: Pump and Probe Wavelength Selection
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Combined Figure of Merit for selecting pump and probe wavelength

AVProbe X ,B(/lprobe)D(/lprobe)AT X ,B(/lprobe)D(/lprobe) (1 _ R(/lpump))

x10* (A/W-K)

o
£
5
o
o

'

D *dR/dT * (1

0.1 \/

0.08 <

0.06

0.04 <

0.02

== O
o ¢z

0.5

Probe Wavelength (.:m)

0.5
Pump Wavelength (;:m)

i 0.09
14 0.08
Ets -+ 0.07
%1.2 0.06
% 1.1 0.05
g 1 0.04
=
§ 02 0.03
a 08 0.02

0.01

o o
o ~N

0.4 0.6 0.8 1 1.2 14 1.6
Pump Wavelength (z:m)

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, k = 3000 W/m-K

GAl/diamond = 100 MW/m?-K

10t ' GAl/diamond 5 5083 T ]
I Y0.097.6887 \
, :
7
7)) /7
2
P /7 Kdiamond
V4
10%F  »
[/
| 74
10° 10t 10°

Pump Radius (=Probe Radius) (um)

Measurement Sensitivity

. |T1.1x o TO.9x|

S
X Tx
Layer 1: Aluminum Layer 2: Diamond
k = 180 W/m-K e x =3000W/m-K
C, = 2.42 J/cm3-K e (,=1.78Jcm3-K

Thickness = 80 nm

Worst case: ~35 um radius = assume 50 um to be conservative
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ASER System Design: Determining Pump Power Needed
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Temperature rise as a function of absorbed pump laser power...

3.5 . . . . 11
10} Accounts for absorption spectrum
31 . of aluminum and system losses
Worst case: 320 mW S 9
25T needed for1 K AT B gl
2
2} i
< g '
o <3Wn
el S 6f 3 W needed
o at 800 nm
o 5 F
T 4 >6 W needed
0.5 2 at 1064 nm
0 [ ] [ ] [ ] [ ] 2 [ ] [ ] [ ] [ ] [ ] [ ]
0 0.2 0.4 0.6 0.8 1 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8
Laser Power (W) Wavelength (pzm)

...translates to laser power needed for pump specification
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System Design: Determining Pump Power Needed
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What if we only need a system capable of measuring up to k =300 W/m-K?

10_1 r—\. Y 0.0929317 KAl/3OO W/m—K
[ 7

-

R Measurement Sensitivity

X3.21001

g  |T11x — Toox|

7 S
L7 Gaizoow/m-k x T,
o |
Layer 1: Aluminum Layer 2: Diamond
e k=180 W/m-K o x=2300W/m-K
o (,=242J)cm3-K e (,=1.78Jcm3-K
10° 10t 10°

Pump Radius (=Probe Radius) (zm)

Sensitivity crossover ~3.2 um radius = assume maximum of 5 um needed
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ASER System Design: Determining Pump Power Needed
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What if we only need a system capable of measuring up to k =300 W/m-K?

1.6

1.4 F
3.3 mW needed for1 K AT

0 1 2 3 4
Laser Power (mW)

Very manageable to obtain - most FDTR systems can be converted to SSTR mode!

Laser Power Required (mW)

110

1001 Accounts for absorption spectrum

NOF
80

70F

ok 30 MW needed at

800 nm
50 |

|

of aluminum and system losses

40 F ~60 mW needed
at 1064 nm
30k
20 : ' ' : : :
0.4 0.6 0.8 1 1.2 1.4 1.6

Wavelength (pzm)

1.8
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Pump Laser Modulation in SSTR

7[\ Pump Laser
Chopper

Pump Modulation Options

Mechanical Chopper

Electro-Optic or Acousto-
Optic Modulator

26
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Pump Laser Modulation in SSTR
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Does modulation waveform matter? Depends on demodulator! For sine wave

demodulation, no.

=

Vsig X Vrer = % Vo Vi [cos(2wt + ¢)
Vsig = Vo [sin(wt + @) + £()] r» +sin(wt) f(t) + cos(¢)]

1 Signal Mixer Low Pass Filter
Time (s) /\/

e Reference E; XIiY
AVAVAVAVAY o= -

Signal (a.u.)
o
a1

o
O

=

Signal (a.u.)
o
(6]

o

Re
Veer = V; sin(wt)

o

Time (s)

1 1
X = §V0V1cos(q5) Y = > VoV; sin(¢)
Recommendation:

* Forlock-inamplification, drive and demodulate with sine wave
* Forchopper, only square wave is possible = still demodulate with sine wave
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* Adjustable lens pair allows changing spot size of pump
* Common objective lenses available for different

How to adjust pump laser spot size

magnification at sample

2X
5x
10x
20x
50x

4 -

iX B |
] 1]
/
{ s | .y | H‘\
» ¢ , t‘é' s s J
e /
\ ,‘ " N\
| £ - Y
A

: }L‘erns pair (;. l’! : | /[/

L3 g 3
¥ » e £ e ¢ E =
o = £ ’ - - e
e a7 | ‘ R i

oo Nl
2 |
= . . &
- < |
5 )
% o

b o P\ 3
'Al i T ™
\l )2 -
\ '.“ L5) | =
3 A | o2 e
3 '

Lock-In Amplifier

Probe L
Lo aserPump Laser

Adjustable
Lens Pair
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Does y change with modulation frequency?

* Generally no, as long as you remain below detector bandwidth
Does y change with temperature?

* Yes, near linear relationship for Al transducer

* Nosignificant change for Au transducer
Does y change with each transducer deposition?

e Generally no, but best practice is to include a calibration sample
Does y change day-to-day?

* Generally no, butitis best practice to run calibration
What is the recommended temperature rise for SSTR?

e ~5-10K, but should be based on SNR

* With longer averaging times, smaller AT(~1 K) can work

29
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What can you do with SSTR?



LllﬂSER Additional capabilities of SSTR-F

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

Cross-plane In-plane
Measurement Measurement

_ Aluminum

Low Thermal Conductivity Film

_ Aluminum

* Primary heat flow into * Primary heat flow isin-plane
substrate (cross-plane) « In-plane dominant for
« Substrate isa heat sink conductive films on
* Cross-plane case most insulating substrates/films
For bulk materials, SSTR is sensitive to valid for insulating films « Pathof least resistance is in-

K =K, K, plane
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(a)

Steady-state heating
AIN single crystal

layer

AIN nucleation

layer

Additional capabilities of SSTR-F

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

Continuous wave pump laser

Sapphire substrate

Al transducer

<1000 ¢ e — _
‘_x Diamond AIN ]
€ | i o L
= . S E ]
>, o

= 0 o ?

= 100k i .
© : © 9 a GaN

-§ 2 po I:I:::l o

S o o

r- --=-hBN

-

= 10 o
2 01 1 10
= Thickness (um)

ACS Nano15, 9588 (2021)
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Al Transducer

(b)

Damaged
(polycrystalline)

Amorphous
Pristine

J. Appl. Phys. 15, 9588

Another Application: Buried Layers

Sub-surface defect detection
e.g., measure thermal conductivity of thin region with
point defects 7 um under diamond surface

SSTR can measure at variable
depths under the surface
controlled by the laser spot size

Radius (um)

AT (K)

Depth (um)

Radius (um)

AT (K)

0.4

0.3
0.2
0.1
0.0

TDTR/FDTR restricted to
~1 um beneath surface in
diamond

___ Amorphous |

Depth (um)

—

Thermal Conductivity (W m™ K™

I ' | ! |
B Irradiated diamond (SSTR)

<> DLC(SSTR)
DLC (TDTR) O

Arlein et al.
B Bullen et al. O
O Shamsaetal. [ ]

Density (g cm™)
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Another Application: Buried Substrate
[HERMAL

Sub-surface interfaces and heat sinks
e.g., measure thermal conductivity of buried interfaces, sub-
mounts & substrates under GaN and AI[N thin films

(b)

Variable spot size allows measurement of
Al transducer

Al transducer multiple properties

Measurement of layer-by-layer thermal
conductivity in material stack/composite

Al transducer

130 nm SiO, 2.05 um GaN 2 um AIN

Si substrate

GaN substrate Sapphire substrate Substrates Thermal conductivity (W m™ TKT 1)
gpot size10 um spot size20 um  literature
Si 141 + 27 140 + 18 14030
GaN 194 + 27 185+ 16 19541
Sapphire 35.1+ 5.9 345+ 4.2 354

Rev. Sci. Instrum. 92, 064906
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Contact Information:

Thank You! Jef Braun

VP of Strategy & Programs
Jeff@lLaserThermal.com
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ASER Steady-State Thermoreflectance (SSTR): Analysis Options

Estimated Temperature Rise (K)

Waveform (mV)

F—IERMAL e
Periodic Waveform Analyzer with Boxcar Averager Lock-in Amplifier
Pump Waveform Temperature Response Estimated Power Absorbed (mW)
6 07 0.0 0.3 3.0 29.9 299.4
| T _ J et —— /o
z af 1 z 05[ aSiO; F— i 1Wm' K 100 Wm™' K
£ , * E g: [ ] ' 10 Wm™ K 1000 |
e 7 T r Quartz Wm' K’
g | £ L a-Si0, AOs si
AT 1L ¥ SIC  Jgpo
] 00k - B S . S . —
-2 1 1 . 1 ! ' 0 P S S S R 2
2 0 2 4 6 8 10 12 "2 0 2 4 6 8 10 12 >
Time (ms) Time (ms) é
100 ——————1——1————7— 07 T 2
i 1 - o6fF . >
80 Z o5} ALOs r——-_ﬂ . <
60 £ 04f ;
40 + "8 0.3 I
I -
O ] 00 ]
20 T S S e e 0.1 —ul 0.8
2 0 2 4 6 8 10 12 2 0 2 4 6 8 10 12
Time (ms) Time (ms) 0.1 1000

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



ASER Sensitivity Analysis
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(a) 10°
Sensitivity to parameter is defined by |

10-‘;— ' :
change in temperature response to £10% » ><ﬁ7\
10-25_ I I <r 3

change in parameter magnitude

f : a-Sio, :
¢ — |AT1.1x(7”01) — ATo.9x(7"01)| 110(; ' .
. ATx (TO 1) ® : Al,O,
S, i1sdefined as a function of effective 1o /

pump/probe radius

Changing 1y allows us to change
sensitivity to various parameters of
Interest

Diamond

1 0—3 Lt ] \ ] \ 1 \ ] .
0 10 20 30 40 50
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Sensitivity to thin films

0% 102 107" 10° 10" 102 10°
Thickness (um)

10° 102 10" 10° 10" 10°® 10°
Thickness (um)

0.0

\“."-.--_L

103

102 10" 10° 10" 107

Thickness (um)
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