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ABSTRACT

Frequency-domain probe beam deflection (FD-PBD) is an experimental technique for measuring thermal properties that combines heating
by a modulated pump laser and measurement of the temperature field via thermoelastic displacement of the sample surface. In the
conventional implementation of FD-PBD, the data are mostly sensitive to the in-plane thermal diffusivity. We describe an extension of FD-
PBD that introduces sensitivity to through-plane thermal conductance by immersing the sample in a dielectric liquid and measuring the
beam deflection created by the temperature field of the liquid. We demonstrate the accuracy of the method by measuring (1) the thermal con-
ductivity of a 310 nm thick thermally grown oxide on Si, (2) the thermal boundary conductance of bonded interface between a 3C-SiC film
and a single crystal diamond substrate, and (3) the thermal conductivities of several bulk materials. We map the thermal boundary conduc-
tance of a 3C-SiC/diamond interface with a precision of 1% using a lock-in time constant of 3 ms and dwell time of 15 ms. The spatial resolu-
tion and maximum probing depth are proportional to the radius of the focused laser beams and can be varied over the range of 1-20 um and
4-80 pm, respectively, by varying the 1/e* intensity radius of the focused laser beams from 2 to 40 um. FD-PBD with liquid immersion thus
enables fast mapping of spatial variations in thermal boundary conductance of deeply buried interfaces.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0179581
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Time-domain thermoreflectance (TDTR) and frequency-domain
thermoreflectance (FDTR) are well-established techniques for map-
ping spatial variations of thermal transport coefficients, i.e., thermal
conductivity' ” and thermal boundary conductance.”* '’ An ac tem-
perature excursion at the surface of a sample is generated by a modu-
lated pump laser and is detected via changes of the intensity of a
reflected probe laser through the temperature dependence of the opti-
cal reflectivity. The small changes in the intensity of the probe laser are
detected synchronously with the modulated pump laser using lock-in
detection. A relatively long time constant of the lock-in amplifier is
necessary to achieve a sufficient signal-to-noise ratio, and therefore,
the rate of data acquisition in TDTR mapping experiments is typically
limited to a few points per second."'

A high modulation frequency f > 1MHz is typically used in
TDTR. Therefore, the maximum probing depth is small and

comparable to the penetration depth dy, = \/A/(nCf), where A is
the thermal conductivity and C is the volumetric heat capacity.'” At
f=1MHz, dy, ranges between 0.2 um for a typical polymer to 7 um
for Au.

The temperature excursion can also be detected via the mirage
effect, i.e., the deflection of the probe beam due to the thermally
induced gradient of refractive index.'” We have previously reported
two variations of frequency-domain probe beam deflection technique
(FD-PBD)."*"” In FD-PBD, the temperature field in the sample cre-
ated by a modulated pump laser beam is detected by the deflection of a
probe laser beam. For most materials, FD-PBD has a larger signal-to-
noise than FDTR and provides a larger probing depth than TDTR.

The original implementation of FD-PBD made use of the beam
deflection by the temperature field in a transparent solid sample, e.g.,
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an oxide glass or amorphous polymer.'*'® The polymer is adhered to
an Al-coated bulk silica substrate, and the pump and probe beams
pass through the polymer sample.'* The beam deflection is generated
in the polymer due to the temperature dependence of the density and
refractive index.

To extend FD-PBD to optically opaque materials, we developed a
second version, where the beam deflection is generated by surface dis-
placements generated by thermal expansion and is mostly sensitive to
the in-plane thermal diffusivity.'” The thermal penetration depth is of
the same order as the 1/e” intensity radius of the focused laser beam.

Here, we describe a third variation, liquid immersion probe beam
deflection (LI-PBD), that provides good sensitivity to thermal conduc-
tance and fast data acquisition time. The Al-coated sample is
immersed in a dielectric liquid with known thermal properties and
thermo-optic coefficient. The thermal conductance can be extracted
from magnitude of the beam deflection generated by the liquid; the sig-
nal-to-noise ratio is improved due to the large thermo-optic coefficient
of the liquid.

The sample geometry is illustrated schematically in Fig. 1(a). The
sample under study is first coated with a 50 nm-thick Al film using
magnetron sputtering and then placed in a fused quartz cuvette filled
with a transparent dielectric liquid (3M™ Novec™ 7500 Engineered
Fluid, CoH5F,50, hereinafter referred to as “liquid”). The properties of
the liquid at room temperature are: thermal conductivity
A; = 0.065 W/m-K, volumetric heat capacity C; = 1.82 MJ/m>-K (from
datasheet of 3MTM), refractive index n; =129, and thermo-optic
coefficient %z —3.5%x 10" K™ (see the supplementary material).
The power of the incident pump laser is a square wave at modulation
frequency f with an average of Py and maximum of 2P,. The power of

(a)

(b)

(€)
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the incident probe laser is a constant, P;. Since the intensity of pump
laser has a Gaussian profile, the ac temperature excursion created by
the pump laser is not uniform and induces a radial gradient of the
refractive index in the liquid. The probe laser beam has an offset from
the pump beam; this offset is needed so that probe beam overlaps with
the region of the sample with a large lateral temperature gradient. The
magnitude of the deflection can be used to extract the thermal conduc-
tance of the sample by fitting a model, which was described previ-
ously' '**” and is briefly reviewed here.

We use a cylindrical coordinate system with the origin at the
intersection of center of the pump beam and the liquid/Al interface
and the z-axis and r-axis perpendicular and parallel to this interface,
respectively. Hankel (r to k) and Fourier (¢ to ®) transforms are then
performed to convert the heat diffusion equation to an algebraic
expressions. The change of optical path length in the liquid is modeled
as an effective surface displacement,'®'”

X 1d G\
awm:—aﬁxﬁ+%ﬂ Tookw) ()

The expression for the surface temperature is*"**

. A
Temolk ) =2 Gy (K, ), @)
where wy is the 1/ radii of the focused pump beam and G,:(k, w) is
the overall thermal conductance of the layered structure liquid/Al/thin
film/substrate, which is solved by a transfer matrix approach.”’”* The
amplitude of the pump laser is
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4
Ay = EPOTu/q/lAl/Ala (3)

where Ty, is the transmittance of air/fused quartz/liquid and Ay 4 is
the absorptance of the Al in the liquid. The PBD angle is"’
+00
0=22 2 e L k) Rk, (@
Tihg Jo

where n, is the refractive index of air, C; a constant in the order
of unity, f the modulation frequency of pump laser, w; the 1/¢*
radii of the focused probe beam, J; a Bessel function of first kind, and
1o the beam offset. 0 is a complex number that quantifies the response
of the system to the primary cosine component of the pump laser.
The counterpart in TDTR and FDTR is the surface temperature
excursion,2 122

. 00 R .
AT = J To—o(k, 2mf )e "% *kdk. (5)

0
The pump and probe beam radii only appear in the form of w3 + w?
(W +wP)/2.

To compare the characteristics of PBD angle and surface temper-
ature excursion, the magnitudes 0 = abs(0) and AT = abs(AT) are
calculated for two reference samples: bulk fused silica (a-SiO,) and a
310nm thick thermally grown a-SiO, layer on Si. Laser beam radii
Wims = 84 um and beam offset 7o =9.7 um are used. As shown in
Fig. 1(b), the frequency dependence of PBD angle 0, i.e., the character-
istic frequency, is nearly independent of the sample because it is deter-
mined by the thermal diffusivity of the liquid, laser beam radii, and
beam offset. The magnitude of 6 varies with the sample because it also
depends on the temperature excursion at the surface of the sample,
which increases with decreasing thermal conductance of the sample.
In contrast, the frequency dependence of AT, i.e., the characteristic fre-
quency, increases with the thermal diffusivity of the sample, see
Fig. 1(c).

Figure 1(d) illustrates the measurement geometry. The pump
laser and probe lasers are diode lasers operating at wavelengths of 660
and 640 nm, respectively. The laser beams are focused on the liquid/Al
interface by an objective lens. When the reflected probe beam passes
the objective lens, its deflection angle along the vertical direction is
converted into displacement along the vertical direction and is mea-
sured by the quadrant-cell photoreceiver,

and can be combined into W, =

m‘:’_je = V2Vamp/ Vsum, (6)
where 7, is the wavelength of probe laser, V,,,, the signal amplitude
from the lock-in amplifier for the difference between signals of upper
cells and lower cells of the photoreceiver, and Vgyy the sum of the sig-
nals of all cells of the photoreceiver.

The analysis of the measurement sensitivities is shown in Fig. 2
with the sensitivity of 6 to parameter x defined as

xdf

Sopx =—=—.
0 0 dx
The subscripts /, f, and s refer to properties of liquid, thin film, and

substrate, respectively. G; and G, refer to the thermal boundary con-
ductance of Al/thin film and thin film/substrate, respectively.

™
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Figures 2(a) and 2(b) show results for a 310 nm thick thermally
grown a-SiO, layer (Af = 1.3 W/m-K) on Si (A; =140 W/m-K) with
G = G, =100 MW/m*-K. 0 is sensitive to the thermal conductance of
the a-SiO, layer hy/As, the thermal diffusivity of the liquid
Dy = A;/Cj, the laser beam radii Wy, and the beam offset y. There is
no sensitivity to heat capacity of solids because the temperature field in
the solids is essentially in steady state at these frequencies. The thermal
conductance of a thin film on a highly conductive substrate can be
measured if the thermal conductance of the thin film is much smaller
than that of the two interfaces.

Figures 2(c) and 2(d) show the sensitivities for 870 nm thick 3C-
SiC (Af=196 W/m-K) layer bonded to single crystal diamond
(A, =2100 W/m-K) with G; = 150 MW/m*K and G, =23 MW/m?*
K. The sensitivity to the thin film has contributions from both the ther-
mal conductance in the through-thickness direction and the in-plane
heat diffusion because of the high thermal conductivity of 3C-SiC.
Because the thermal boundary conductance of 3C-SiC/diamond inter-
face G, is set to a small value in this example, the sensitivity to G, is
high. However, accurate measurement of G, requires known G, and
Ay because their sensitivities are not negligible. It is generally impossi-
ble to determine more than one of G;, Ay, and G, because they act in
series. The possibility is determined by the sensitivity as shown in
Fig. 2.

An important distinction of this liquid immersion PBD method
in comparison with our previous work is the use of the amplitude of
the signal. In previous FD-PBD techniques, we use a scaling factor and
analyze only the frequency of dependence of the data.'*'” The liquid
immersion method is, therefore, subject to additional uncertainties
propagated from all proportional factors in the calculation of
Vamp /Vsum (including %, Tasq/i> Ayyar Cr, and w;). These uncertain-
ties are removed by calibration as discussed in the supplementary
material.

To demonstrate the accuracy of this technique, we measured sev-
eral samples, see Table I. The thermal conductivity A; and volumetric
heat capacity C; of the liquid are from the datasheet of 3M™. The
temperature is room temperature plus AT, = AT(f — 0). In a-SiO,/
Si, A;=140W/m-K; in 3C-SiC/diamond, G; =150 MW/m*XK,
Ay =196 W/m-K, A;=2100 W/m-K, which, along with film thick-
nesses, are obtained from TDTR.”> ! The measured thermal conduc-
tivity of the thin films, thermal boundary conductance, and thermal
conductivity of bulk materials agree well with reference values, with a
deviation of approximately 10%.

To speed up the data acquisition in the mapping of thermal
boundary conductance G,, we optimize the beam offset ry and modu-
lation frequency f to minimize the uncertainty due to noise,

50/6

062/ Gy = [So.62]

8)
where the noise 60/0 equals the ratio of standard deviation and mean
value of V,mp/Vsum measured as a function of time. Figures 3(a) and
3(b) show 0G,/ G, for different combinations of 7y and f; we find that
f =100Hz and ry = 6.8 um is optimal. As a rule of thumb, the optimal
beam offset r can be found experimentally by adjusting the beam off-
set 1 until the signal 0 reaches the maximum value. At this maximum,
d0/dry = 0, and the signal noise 60 caused by fluctuations of the beam
offset dry approaches zero, which is, otherwise, the dominant source of
noise. The beam offset can be optimized this way because it has
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negligible influence on signal sensitivities to thermal properties. Figure
3(c) shows that the decrease in G, /G, with increasing time constant
of lock-in amplifier = roughly follows the expected scaling law
0G,/G; ox 77%5. The signal-to-noise ratio can be enhanced by using a
liquid with a higher figure-of-merit (FOM) (see the supplementary
material).

The spatial resolution and maximum probing depth of the LI-
PBD are proportional to the laser beam radii wyms. Figure 4(a) shows
the exponential decay of sensitivity to thermal boundary conductance
of buried interface |Sy ;| with increasing depth ki of the buried inter-
face. We define d, as the depth A at which |Sy g, | decays by a factor of
1/€ relative to the maximum. With isotropic thermal conductivity, the

sensitivity also becomes negligible outside a region with a radius of d;.
Thus, d, is also an estimate of the lateral spatial resolution. The sensi-
tivity required to detect a 20% change of thermal boundary conduc-
tance is |Sp.c2| = (00/0)/(0G,/G;) = 0.1%/20% =0.005. The
thickness hy at which |Sp,g,| drops to 0.005, defined as d,, is, thus, an
estimate of the maximum probing depth. Figures 4(b) and 4(c) show
that d; ~ 0.6 Wyms (see the supplementary material for another way to
estimate the spatial resolution) and d, ~ 2 Wy, can be tuned from 1 to
20um and 4 to 80 um, respectively, by varying w,s from 1.7 to
42 pm.

When the laser beam radii Wy, is large compared to the thermal

diffusion length in the liquid dy; = \/A;/(nCf), the PBD angle 0

TABLE I. Measurement results with modulation frequency f= 200 Hz, laser beam radii w;,s = 8.4 um, and beam offset ry = 9.7 um.

Measured material ~Measured Reference  Error
Sample Py (mW) Py (mW) Vsum (V) Vamp (mV) AT, (K) or interface value value (%)
45 nm Al/a-SiO, 1.51 2.97 0.608 3.77 8.0 a-Si0, 1.31 W/m-K  1.31 W/m-K* 0
40 nm Al/310 nm a-SiO,/Si 12.1 2.97 0.614 3.78 1.5 a-Sio, 1.22W/m-K 129 W/m-K* -5
98 nm Al/870 nm 49.8 2.97 0.605 4.95 1.1 3C-SiC/ diamond 29 MW/m?-K 34 MW/m?-K" 15
3C-SiC/diamond
50 nm Al/SrTiO5 (100) 6.04 2.97 0.608 3.42 2.2 SrTiO; 9.65W/m-K 11.0 W/m-K* —12
45nm Al/MgO (100) 24.2 2.97 0.612 2.84 1.3 MgO 54.0 W/m-K 51.9 W/m-K* 4

?See https://cahill. matse.illinois.edu/software-and-data/; accessed 10 August 2023.
"Measured using TDTR.
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FIG. 3. Uncertainty of measured G, in 98 nm Al/3C-SiC/diamond due to noise as a
function of (a) modulation frequency f, (b) beam offset rp, and (c) time constant of
lock-in amplifier 7. Laser beam radii Wyms = 8.4 um.
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will scale with 1/wym,, while the signal magnitude Vi, will be inde-
pendent of wyy if the surface temperature excursion AT and fre-
quency f are fixed. The pump power P, needed to have AT fixed will
scale with Wyps OF /Wi if the thermal conduction is dominated by
the substrate, or a thin film or interface, respectively.

To demonstrate the mapping capability, we mapped the thermal
boundary conductance G, in a sample of 870 nm thick 3C-SiC bonded
to diamond over a 220 X 50 um? area with Wy = 8.4 um, f=100Hz,
ro =6.8 um, and 7=3ms. The sample is moved by the translation
stage at a step size of 5 um. After moving to a new location, data are
acquired after waiting for a dwell time of 57=15ms. As shown in
Fig. 3(c), the uncertainty of measured G, due to noise is approximately
1%. A dwell time of 7 is usually sufficient, reducing the total data
acquisition time to 1.3s for this 44 X 5 mapping, which would take
thermoreflectance based technique more than ten times as long. The
mapping of G, is shown in Fig. 5(a), and a bright field optical image
of the same region is shown in Fig. 5(b). G, has a mean value of
30 MW/m*-K and spatial variation of 40%, indicating nonuniformity
of bonding. This mapping reveals strip-shaped regions with length
scale of tens of micrometer, where G, is reduced, and a 10 x 10 ,um2
region with G, as small as 10 MW/m’-K. These variations in the
bonded interface are not revealed by optical imaging.

In summary, we demonstrate measurements and fast mapping of
thermal conductance by a liquid immersion probe beam deflection
(LI-PBD). The measured thermal conductivity of thin film, thermal
boundary conductance of buried interface, and thermal conductivity
of bulk materials are found to agree with reference values to within
10%. The time constant needed to achieve 1% noise-induced uncer-
tainty in the mapping of the thermal boundary conductance of 3C-
SiC/diamond interface is reduced to 3 ms, demonstrating fast detection
of defects at the bonded interface. The spatial resolution and maxi-
mum probing depth are estimated to be tunable over the range of 1-
20 um and 4-80 um, respectively, by varying the size of the focused
laser spot over the range of 1.7-42 yum. Compared to steady-state ther-
moreflectance,”” LI-PBD has the advantage of higher signal-to-noise
ratio and relaxed requirements on the smoothness of the sample
surface.

G, (MW/m?-K)
25

i
il 15

FIG. 5. (a) Mapping of the thermal boundary conductance G, in 98 nm Al/870 nm
3C-SiC/single crystal diamond sample; (b) optical microscope image of the same
region. Modulation frequency f= 100 Hz, laser beam radii Wyys = 8.4 um, beam off-
set ro=6.8um, lock-in time constant 7=3ms, dwell time=15ms, step
size =5 um, pump power Py =50 mW, and probe power P; = 3.0 mW.
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See the supplementary material for the details of calibration for
calculation of Vi, / Vsun and the data of the correction factor for dif-
ferent beam offset and a formula of the model for data analysis incor-
porating the calibration (Sec. 1); the figure-of-merit (FOM) of the
liquid for enhancing signal-to-noise ratio and another liquid with
higher FOM (Sec. 2); and a different way of estimating the spatial reso-
lution, which is based on calculation of the spatial distribution of the
local contribution to the signal, and that the result agrees well with
what we get in this paper (Sec. 3).
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