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S1. Growth details of the AlN thin films

A custom metal-organic chemical vapor deposition (MOCVD) reactor facilitated with a fast

precursor switching manifold is used to grow the 3.05, 3.75, and 6 µm AlN thin films. 0.2◦ mis-cut

basal plane sapphire wafers of two-inch diameters are utilized as the substrate material for the film

growth. A pulsed epitaxy sequence initiates the sample growth at 1100 ◦C under the presence of Al

and N precursors (trimethyl aluminum and NH3, respectively). By controlling the ratio and flow

rate of trimethyl aluminum and NH3 into the growth chamber, an air-pocketed AlN layer is created

at the AlN/sapphire interface. The presence of this layer helps manage the strain and prevents

cracking as the thickness of the AlN film increases. Subsequent adjustment of the flow rate and

increase of chamber temperature to 1200 ◦C result in smooth AlN layers. Thin films of different

thicknesses are grown by modulating the time of the sample growth. The purity of the Al and N

precursors along with the high temperatures of the growth chamber result in low concentrations of

point defects in our AlN thin films.

S2. Characterizations of point- and line-defect concentrations in the AlN

thin films

The AlN thin films consist of a top single crystal layer and a bottom nucleation layer. The

top single crystal layer has very low concentrations of point and line defects, whereas the bot-

tom nucleation layer has higher concentrations of these defects. Secondary ion mass spectrometry

(SIMS) is used to measure the point-defect concentrations in the AlN films. The O, Si, and C

impurity concentrations in the single crystal layer are on the order of ∼1015 to 1017 atoms cm−3.1

The impurity concentrations of the commercial grade AlN wafers can be several orders of mag-

nitude higher compared to the single crystal layer of our AlN films. For example, the O, Si, and

C concentrations in the 500 µm commercial AlN wafer presented in Figure 4a are on the order of

∼1018 to 1019 atoms cm−3.1 The bulk, high-purity, single crystal AlN measured by Slack et al.2

(shown in Figure 4a) also has an oxygen impurity concentration of (42 ± 2) × 1018 atoms cm−3.
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The dislocation density is calculated by determining the number of dislocations per unit area

from the cross section two beam condition images. The dislocation density is on the order of

108 cm−2 in the single crystal layer and one to two orders of magnitude higher in the nucleation

layer. The dislocations are oriented along the c-axis in both layers of the films.1,3 As shown in

the Supplementary Information of Sun et al.,4 dislocations can reduce GaN thermal conductivity

when the dislocation density is higher than 108 cm−2. As both AlN and GaN are III-V compound

semiconductors and have a wurtzite crystal structure,5 it is reasonable to expect that the effects of

dislocations on the thermal conductivity of the two materials are nearly the same.6–8 Therefore,

a similar assumption can be made regarding the threshold dislocation density necessary to reduce

AlN thermal conductivity. Under this assumption, the thermal conductivity reduction due to dislo-

cations is minimal in the single crystal layer of our AlN thin films. However, the nucleation layer

has a more pronounced thermal conductivity reduction induced by dislocations.

The single crystal layer has lower impurity concentrations than the commercially available

previously studied AlN. As a result, the thermal conductivity of this single crystal layer is very

high, ∼320 W m−1 K−1 as shown by Koh et al.3 The nucleation layer, on the other hand, has

higher concentrations of point and line defects and a lower thermal conductivity. As SSTR probes

through both single crystal and nucleation layers, the AlN thin films have an in-plane thermal

conductivity of ∼260 ± 40 W m−1 K−1. This in-plane thermal conductivity is still close to Slack

et al.’s2 prediction of bulk, defect-free, single crystal AlN thermal conductivity of ∼319 W m−1

K−1. This proves the high quality of our AlN thin films.
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S3. Scanning transmission electron microscopy (STEM) characterization

of the AlN thin films

Figure S1 shows the scanning transmission electron microscopy (STEM) image of a ∼3.3 µm

AlN thin film grown in the same way as the AlN films used in this study. Additional STEM char-

acterizations of the AlN films can be found in Koh et al.3 The AlN films have two distinct layers: a

nucleation layer near the AlN/sapphire interface, followed by a single crystal layer. The thickness

of this nucleation layer increases from∼600 nm to 1.5 µm as the AlN film thickness increases from

∼3 to 22 µm, respectively.3 This demonstrates that with the increase of film thickness, nucleation

layer occupies a smaller percentage of the total thickness. The presence of this nucleation layer

helps manage the strain and prevents cracking during the growth of thick single crystal layer.

Figure S1: STEM image of a ∼3.3 µm AlN thin film showing the single crystal and nucleation

layers.
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S4. Analytical expression of steady-state temperature rise

In optical pump-probe measurements, the temperature rise at the sample surface is propor-

tionally captured by the probe reflectivity change. Assuming radial symmetry in the cylindrical

coordinate, the probe-averaged temperature rise (T P) for a bulk, single-layered material can be

expressed as the following9–11

T P =
4
r2

1

∫ ∞

0
T (r)exp

(
−2r2

r2
1

)
rdr (S1)

Here, r represents radial coordinate, and T (r) is the distribution of temperature oscillations at

the sample surface due to the modulated heating event from the pump beam. Equation (S1) assumes

that both pump and probe beams have Gaussian profiles and negligible optical penetration depths.

The 1/e2 pump and probe radii are denoted by r0 and r1, respectively.

In the extreme limits of low modulation frequency such as an unmodulated CW laser source,

equation (S1) can be analytically solved to become9,11

T P =
P0√

2π(r2
0 + r2

1)(k ‖)(k ⊥)
=

P0

r01
√

2π(k ‖)(k ⊥)
(S2)

Here, r01 =
√

r2
0 + r2

1 is the effective radius, and P0 is average power absorbed by the sam-

ple. For a bulk material, equation (S2) provides an approximation of the steady-state temperature

rise for conditions similar to SSTR measurement settings. As shown here, the probe-averaged

steady-state temperature rise depends on the geometric mean of in-plane and cross-plane thermal

conductivities. By rearranging the terms of equation (S2), an expression for
√
(k ‖)(k ⊥) can be

obtained.

For layered structures such as thin films on a substrate, analytically obtaining expressions sim-

ilar to equation (S2) becomes challenging. For such cases, the radially symmetric heat diffusion
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equation is numerically solved to determine the thermal conductivity tensor of SSTR measure-

ments.10,12

S5. Sensitivity analysis of SSTR measurements

The SSTR sensitivity expression can by obtained by following a methodology similar to that of

Yang et al.13 For FDTR measurements, Yang et al.13 quantified the sensitivity, Sx, of the thermal

model as the change in the phase (φ ) signal caused by the variation of a parameter, x, within a

tolerance limit of ± 10%. According to this definition, Sx = φ |1.1x(ω) – φ |0.9x(ω), where ω is the

frequency.

We adopt a similar approach for defining the sensitivity of SSTR measurements. However,

since SSTR measures the magnitude (∝ steady-state temperature rise) instead of phase, a division

term is added to the definition to make the comparison of sensitivities among samples of different

properties and geometries fair.12 Therefore,

Sx =
| 4T 1.1x(r01)−4T 0.9x(r01) |

4T x(r01)
(S3)

Here, 4T x is the temperature rise predicted by the steady-state thermal model12 for an input

parameter x. We define Sx in terms of effective radius, r01, as SSTR offers a convenient way to

change sensitivities to different parameters by using multiple pump and probe radii. However, Sx

can also be expressed in terms of modulation frequency or any other parameters of interest.

As discussed in detail by Braun et al.,12 SSTR measures the geometric mean of k ‖ and k ⊥

for bulk materials, and has nearly equal sensitivity to both k ‖ and k ⊥. However, for thin film

measurements, this changes based on thin film to substrate thermal conductivity ratios:12

(a) If the thin film thermal conductivity is much higher than that of the substrate, heat flows
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predominantly along the in-plane direction of the film. As a result, the temperature gradient along

the in-plane direction is much more pronounced compared to cross-plane. In this case, the in-plane

thermal conductivity of the film dominates the sensitivity calculations allowing SSTR to directly

measure kthin film ‖.

(b) When the thermal conductivity of the thin film and substrate are equal, heat flows almost

equally along the in-plane and cross-plane directions. This results in near-identical temperature

gradients in both directions. For such a case, sensitivity to the in-plane and cross-plane thermal

conductivities of the film are nearly the same. Thus, SSTR measures
√
(kthin film ‖)(kthin film ⊥).

(c) For the case where the thin film thermal conductivity is much lower than substrate, the

majority of the heat flows towards the highly conductive substrate. Here, the temperature gradient

in the cross-plane direction becomes very large. As a result, sensitivity to the cross-plane ther-

mal conductivity of the thin film is much higher compared to that of in-plane. Therefore, SSTR

measurements represent kthin film ⊥.

To determine a priori whether SSTR measurements represent the in-plane or cross-plane ther-

mal conductivity of the AlN thin films, we depend on sensitivity calculations. For this purpose,

we conservatively estimate that the cross-plane thermal conductivities of the AlN films lie between

150 and 370 W m−1 K−1 at room temperature. The vast majority of the literature reported cross-

plane thermal conductivities of single crystal AlN fall within this range.1–3,6,14,15 As the thin films

used in this study are of high quality,1,3 it is reasonable to assume that the cross-plane thermal

conductivities of our AlN films can also be found within these limits.

In Figure S2, the sensitivity, Sx, as a function of kAlN ‖ is presented for cross-plane thermal

conductivities of 370 and 150 W m−1 K−1. These calculations are performed by numerically

solving equation (S3) in MATLAB. The values presented in Table S1 are used as input parameters.

In addition, the 1/e2 pump and probe radii are taken as 10 µm. From Figure S2, it is evident

that for all three thin films, there is negligible sensitivity to the cross-plane thermal conductivity
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of the AlN film. The sensitivity calculations are dominated by the in-plane thermal conductivity

of the AlN thin film, regardless of what this thermal conductivity is. This indicates that SSTR

measures the in-plane thermal conductivities of the AlN thin films. Figure S2 also shows that

sensitivity to the substrate thermal conductivity keeps decreasing as the film thickness increases.

SSTR measurements are not sensitive to the AlN/sapphire thermal boundary conductance.

We have verified our assumption regarding the cross-plane thermal conductivity limits by mea-

suring the 3.05 µm AlN film by TDTR (shown in Figure 5a). The measured cross-plane thermal

conductivity is well within the limits presented here. Running similar sensitivity calculations at

different temperatures for a wide range of cross-plane thermal conductivities also reveal the dom-

inance of in-plane thermal conductivity. Thus, we can confidently say all SSTR measurements of

the AlN thin films in this study represent the in-plane thermal conductivity.
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Figure S2: Sensitivity, Sx, to different parameters as a function of kAlN ‖ for (a) 3.05, (b) 3.75, and

(c) 6 µm AlN thin films. For these calculations, a modulation frequency of 100 Hz and coaxially

focused 1/e2 pump and probe radii of 10 µm are used. The solid and dashed lines correspond to

the cross-plane thermal conductivities of 370 and 150 W m−1 K−1, respectively.
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S6. Steady-state temperature rise profiles in the AlN thin films:

The steady-state temperature rise profiles of SSTR measurements can be obtained by solving

the cylindrical heat diffusion equation assuming radial symmetry and the presence of a heating

source at the surface

(k ‖)
{

1
r

∂T (z,r, t)
∂ r

+
∂ 2T (z,r, t)

∂ r2

}
+(k ⊥)∂ 2T (z,r, t)

∂ z2 = CV
∂T (z,r, t)

∂ t
(S4)

Here, CV , t, r, and z represent the volumetric heat capacity, time, distance along the in-plane,

and cross-plane directions, respectively.

When the top surface of the material is in contact with an insulating medium (e.g., air), the

boundary conditions can be written as the followings

T(0,r, t) = Ttop(r, t) (S5)

∂T (z,r, t)
∂ r

∣∣∣∣
z=0

=− 1
(k ⊥

)Qtop(r, t) (S6)

Here, Ttop(r, t) and Qtop(r, t) denote the temperature and heat flux at the top surface of the ma-

terial under consideration, respectively. The initial condition T(z, r, 0) = 0 describes the reference

temperature with respect to which the steady-state temperature rise is calculated.

Using these boundary and initial conditions, equation (S4) can be solved for SSTR measure-

ment settings such as CW laser sources and near surface energy absorption. A detailed description

of this methodology was provided by Braun and Hopkins.10 We use the same methodology to

numerically model the steady-state temperature rise profiles in the AlN thin films.

For these models, we assume that the limits estimated in Section S5 for cross-plane thermal

conductivity of the AlN thin films are also applicable for in-plane. The assumption regarding the
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lower limit (150 W m−1 K−1) can be justified by the fact that these AlN films do not contain colum-

nar grains or significant concentrations of dislocation line-defects. Therefore, the in-plane thermal

conductivity is not expected to be lower than cross-plane for these high-quality AlN films16–18

contrary to the other group III nitride films reported in literature.4,19 In addition, our estimated

upper limit (370 W m−1 K−1) is already higher than theoretical predictions of defect-free, single

crystal AlN thermal conductivity.2,5

Figure S3 shows the steady-state temperature rise profiles of the AlN thin films corresponding

to the estimated lower and upper bounds. MATLAB is used to generate these models. Here, it is

evident that for all cases, the temperature gradient is much more pronounced along the in-plane

direction compared to cross-plane. This scenario occurs as the majority of the heat flows along the

in-plane direction of the AlN films. From these temperature profiles, it can be concluded that SSTR

measurements represent the in-plane thermal conductivity of the AlN thin films. This conclusion

remains unchanged for any combinations of in-plane and cross-plane thermal conductivities within

these bounds.
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Figure S3: Steady-state temperature rise profiles in [(a) and (b)] 3.05, [(c) and (d)] 3.75, and [(e)

and (f)] 6 µm AlN films. For these calculations, a modulation frequency of 100 Hz, pump power of

200 mW, and coaxially focused 1/e2 pump and probe radii of 10 µm are used. Panels (a), (c), and

(e) correspond to kAlN ‖ = kAlN ⊥ = 150 W m−1 K−1, whereas for panels (b), (d), and (f), kAlN ‖

= kAlN ⊥ = 370 W m−1 K−1. The red lines represent the Al/AlN and AlN/sapphire interfaces.
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S7. Details of the SSTR measurement and fitting procedure:

For SSTR measurements, we fit for thermal conductivity, while other parameters are inde-

pendently determined. The Al/sapphire, Al/Si, and Al/AlN thermal boundary conductances are

measured by TDTR. In Figure S4, we have presented (4V/V) vs 4P for the room-temperature

thermal conductivities of bulk sapphire, bulk Si, 3.05, 3.75, and 6 µm AlN thin films. The material

properties used to determine the in-plane thermal conductivities of the AlN thin films by SSTR at

room temperature are tabulated in Table S1.

TDTR is used to measure the temperature-dependent thermal conductivities of reference sap-

phire. These sapphire thermal conductivities are used to determine the γ values. At each tempera-

ture, γ is calculated by comparing the experimentally measured4V/(V4P) of sapphire reference

to the4T predicted by the steady-state thermal model. These γ values are then used to determine

the thermal conductivities of bulk Si and AlN thin films by SSTR. In Figure S5, we have plotted

the TDTR-measured sapphire values used to determine the in-plane thermal conductivities of the

3.05 µm AlN film by SSTR. Our TDTR-measured sapphire thermal conductivities are in excellent

agreement with literature.20

In our SSTR setup, pump and probe spot sizes are nearly equal. The room-temperature in-plane

thermal conductivity of each AlN thin film is measured with two different objectives: 5X and 10X

with corresponding 1/e2 pump radii of ∼20 and 10 µm, respectively. The values measured by the

two objectives are within∼5% of each other. For the temperature-dependent measurements in this

study, a 10X objective is used with one exception. Below 120 K, 10X measurements are highly

influenced by the Al/AlN thermal boundary conductances and do not have enough sensitivity to the

in-plane thermal conductivities of the AlN thin films. Therefore, to measure the in-plane thermal

conductivity of the 3.05 µm AlN film at 105 K, a 5X objective is used. The thermal conductiv-

ities of bulk sapphire and Si are analyzed with a two layer model: Al transducer/sapphire or Si

wafer. The thermal conductivities of the AlN films are analyzed with a three layer model: Al

transducer/AlN thin film/sapphire substrate.

14



For the bulk sapphire reference and Si calibration, SSTR-measured thermal conductivities rep-

resent
√

(k ‖)(k ⊥). All TDTR measurements in this study represent the cross-plane thermal con-

ductivity. For sapphire and Si, TDTR measures k ⊥, whereas SSTR measures
√
(k ‖)(k ⊥). Si has

isotropic thermal conductivity21,22 while sapphire is weakly anisotropic.20,22,23 Therefore, com-

parisons between the TDTR- and SSTR-measured thermal conductivities of bulk sapphire or Si

are quantitatively valid. On the other hand, for the AlN thin films, TDTR measures k ⊥ and SSTR

measures k ‖. Thus, all SSTR measurements of the AlN thin films are described as the in-plane

thermal conductivity, whereas all TDTR measurements of the AlN films are designated as the

cross-plane thermal conductivity.

Figure S4: (4V/V) vs 4P used in SSTR fitting for the thermal conductivities of bulk sapphire,

bulk Si, 3.05, 3.75, and 6 µm AlN thin films with a 10X objective at room temperature.
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Figure S5: The TDTR-measured bulk sapphire thermal conductivities (blue filled upward trian-

gles) used as references for determining the thermal conductivities of the 3.05 µm AlN thin film by

SSTR. From these TDTR-measured values, the γ and corresponding uncertainty at each tempera-

ture is calculated. These γ values are then used to determine the temperature-dependent in-plane

thermal conductivities of the 3.05 µm AlN film presented in Figure 4. The γ values and correspond-

ing uncertainty generate the exhibited SSTR-measured thermal conductivities of the sapphire ref-

erence (orange filled downward triangles). The TDTR-measured sapphire thermal conductivities

are in agreement with the literature sapphire values20 (black open squares).
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S8. SSTR measurements of thin film and anisotropic bulk control samples

As stated in Section S5, for bulk materials, SSTR measures
√

(k ‖)(k ⊥). However, for an

insulating thin film on a conductive substrate, SSTR measurements represent kthin film ⊥. On the

other hand, for a conductive film on an insulating layer or substrate, SSTR measures kthin film ‖.12

To experimentally show this, we choose three control samples: (i) bulk z-cut quartz, (ii) 102 nm

amorphous silicon dioxide (SiO2) thin film on a Si substrate, and (iii) 2.5 µm Si thin film on 1 µm

SiO2 layer on top of a Si substrate. For measuring the thermal conductivity of these samples, 1/e2

pump and probe radii of ∼10 µm are used.

Our first control sample is a bulk anisotropic material, z-cut quartz. The literature reported

in-plane and cross-plane thermal conductivities of z-cut quartz are 6.5 and 11.6 W m−1 K−1, re-

spectively.12,22,24 These reported values have a geometric mean of
√

6.5×11.6 = 8.68 W m−1

K−1. For comparison, the SSTR-measured thermal conductivity of z-cut quartz is 8.61 ± 0.71 W

m−1 K−1. This shows that for bulk materials, SSTR measures the geometric mean of in-plane and

cross-plane thermal conductivities. Therefore, if either the in-plane or cross-plane thermal con-

ductivity of the bulk material is known, then the other can be extracted from SSTR measurements.

For example, if we adjust the in-plane thermal conductivity of z-cut quartz to be 6.5 ± 0.65 W

m−1 K−1 (10% uncertainty), then the measured cross-plane thermal conductivity is 11.21 ± 1.83

W m−1 K−1.

The second control sample is a 102 nm SiO2 thin film on Si substrate.25 As the thermal conduc-

tivity of the thin film26,27 is significantly lower than that of substrate,28 SSTR measurements are

overwhelmingly sensitive to the cross-plane thermal conductivity of the SiO2 film.12 Our SSTR-

measured thermal conductivity of the SiO2 thin film is 1.31 ± 0.18 W m−1 K−1, in excellent

agreement with literature.26,27 This value remains the same if the in-plane thermal conductivity

of the SiO2 film is adjusted to 0.5 or 2 W m−1 K−1. This verifies that SSTR measurements are

insensitive to the in-plane thermal conductivity of the SiO2 film, and the measured value represents

kSiO2
⊥.
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The third control sample is a 2.5 µm Si thin film on 1 µm SiO2 layer on top of Si substrate.

For this sample, the in-plane thermal conductivity of the Si thin film dominates the sensitivity

calculations when pump and probe radii of 10 µm are used.29 The measured value of the Si film is

137± 20 W m−1 K−1, in agreement with literature.28 We achieve the same value if the cross-plane

thermal conductivity of the Si film is adjusted to 50 or 200 W m−1 K−1, thus validating that SSTR

is measuring the in-plane thermal conductivity of the film.

S9. SSTR measurements of the single crystal AlN layer

The thermal penetration depth of SSTR can be modulated by changing the pump radius.12

Therefore, using 1/e2 pump and probe radii of ∼3 µm,30 we probe only the single crystal layer of

the 6 µm AlN thin film. The SSTR-measured thermal conductivity of this layer is 332 ± 30 W

m−1 K−1. This value is in agreement with the finding of Koh et al.3

Using large pump and probe radii, SSTR can measure the thermal conductivity of a buried layer

when the thermal resistance of this layer is much higher compared to those of the top layer and

substrate.29,31 Scott et al.31 showed this by measuring the thermal conductivity of an amorphous

carbon layer in the following sample geometry: ∼7 µm irradiated polycrystalline diamond/0.45

µm amorphous carbon layer/pristine polycrystalline diamond substrate. Similarly, the thermal

conductivity of a buried SiO2 film in ∼2.5 µm Si/1 µm SiO2 layer/Si substrate was measured by

Hoque et al.29 using SSTR.

For the AlN thin films, the thickness of the nucleation layer is less than 22% of the total film

thickness. Therefore, based on related literature,6,19,32–35 the thermal resistance of the nucleation

layer can be expected to be relatively lower than those of the single crystal layer and sapphire

substrate. Due to this, SSTR measurements cannot isolate the thermal conductivity of the buried

nucleation layer. As a result, all SSTR measurements of the AlN films in this study corresponding

to 10 and 20 µm spot sizes represent in-plane thermal conductivities influenced by both single

crystal and nucleation layers.
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S10. Influence of interface on SSTR measurements

TDTR measurements can be highly influenced by the interfacial-phonon scattering and inter-

face conditions.36 However, due to the measurement length scale, i.e., thermal penetration depth

of the SSTR technique, it is much less influenced by the interface compared to TDTR. To show

this, we have grown 12.05 and 26.3 nm SiO2 on Si and measured the Si thermal conductivity by

SSTR. Using a SiO2 thermal conductivity of 1.35 W m−1 K−1,26,27 we analyze these two samples

with a three layer model: Al transducer/SiO2 thin film/Si. The measured Si values of Al/12.05

nm SiO2/Si and Al/26.3 nm SiO2/Si are in agreement with the Al/Si value as shown in Figure

S6. For comparison, the Si thermal conductivities of Al/11 nm SiO2/Si measured by TDTR from

Wilson and Cahill36 are also presented. Due to the influence of interface, TDTR measurements of

Al/11 nm SiO2/Si exhibit a frequency dependence and decrease from ∼135 to 122 W m−1 K−1 as

modulation frequency increases from ∼1 to 10 MHz.36

Figure S6: Influence of interface on Si thermal conductivity measurements by SSTR. The sam-

ples include Al/Si, Al/12.05 nm SiO2/Si, and Al/26.3 nm SiO2/Si. For comparison, the TDTR-

measured Si thermal conductivities of Al/11 nm SiO2/Si from Wilson and Cahill36 are also in-

cluded. Filled symbols represent measurements taken in this study and open symbols represent

literature values.
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S11. TDTR measurements of the 3.05 µm AlN thin film

The AlN cross-plane thermal conductivities and Al/AlN thermal boundary conductances are

determined by fitting a radially symmetric, multilayer heat diffusion model9,37–39 to the ratio of

the in-phase and out-of-phase signal (–V in/Vout). Figure S7a shows the best-fit thermal model to

the TDTR data for the 3.05 µm AlN thin film at 120 K. At low temperatures, TDTR measurements

have low sensitivity to the cross-plane thermal conductivity of the 3.05 µm AlN film.4 Moreover,

the cross-plane thermal conductivity measurements are highly sensitive to the in-plane thermal

conductivity at low temperatures. We show this in Figure S7b by plotting the sensitivity of TDTR

measurements to the ratio (–V in/Vout) for the 3.05 µm AlN film at 120 K. A detailed description

of the methodology used for this sensitivity calculation can be found in the literature.40–43 From

Figure S7b, it is also evident that TDTR measurements have much higher sensitivity to the Al/AlN

thermal boundary conductances.

We further recheck our AlN cross-plane thermal conductivities and Al/AlN thermal boundary

conductances by fitting the thermal model to the in-phase signal (V in). The sensitivity analysis

for this approach is shown in Figure S7c. As exhibited here, the in-phase signal has negligible

sensitivity to the in-plane thermal conductivity. The AlN cross-plane thermal conductivities and

Al/AlN thermal boundary conductances obtained from the fitting to the ratio, and in-phase signal

are in good agreement.

In our previous work,3 it was demonstrated that modulation frequency and spot sizes do not

have an appreciable influence on the cross-plane thermal conductivities of AlN thin films. More-

over, TDTR was used to measure the cross-plane thermal conductivity of a 17.5 µm AlN film

accurately down to 80 K.3 The same modulation frequency (8.8 MHz) and spot sizes (1/e2 pump

and probe radii of ∼8.5 and 5 µm, respectively) are used to measure the cross-plane thermal con-

ductivity of the 3.05 µm AlN film in this study. Thus, it can be reasonably assumed that cross-plane

thermal conductivities presented in Figure 5a are independent of any influence of TDTR modula-

tion frequency and spot sizes.
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Figure S7: (a) Best-fit thermal model to the TDTR data for the 3.05 µm AlN thin film at 120 K.

Sensitivity of TDTR measurements to the (b) ratio of in-phase and out-of-phase signal (–V in/Vout),

and (c) in-phase signal (V in) for the 3.05 µm AlN film at 120 K.
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S12. TDTR measurements of Si at low temperatures

As shown in Figure 2, TDTR fails to measure the Si thermal conductivity at low temperatures.

A 1/e2 pump radius of ∼8.5 µm is used for our measurements. The Si thermal conductivities

measured with this pump radius are lower than Wilson and Cahill’s36 Si measurements with 1/e2

pump radii of 5, 10, and 25 µm. Several factors can contribute to this difference observed between

the Si thermal conductivities measured by us and ref. 36. The pump and probe radii used by

ref. 36 were equal, however, our 1/e2 probe radius (∼5 µm) is lower than the pump radius. Both

pump and probe spot sizes are important length scales that can influence TDTR measurements of

Si.36 Moreover, our Al/Si thermal boundary conductance (175 MW m−2 K−1) is lower than the

value measured by ref. 36 (250 MW m−2 K−1) indicating different interface conditions. STEM

characterization reveals a 3 nm native oxide layer in our Si sample, nearly the same as that of ref. 36

(2 nm). Therefore, the likely sources of the dissimilar interface conditions are the different surface

treatments and Al deposition techniques.20,44–47 The Si sample of ref. 36 was heated to ∼600

°C, then cooled to room temperature in a high vacuum sputtering chamber prior to Al deposition.

On the contrary, the Al deposition on our Si sample was done in an electron beam evaporator at

room temperature and 1× 10−6 torr pressure without any heating.48 The resulting difference in the

interface conditions can highly influence the Si thermal conductivity measurements by TDTR.36

We attribute these factors to be responsible for the discrepancy observed between us and ref. 36.

We can rule out this discrepancy as an artifact of our TDTR setup by comparing our TDTR mea-

sured sapphire thermal conductivities with literature. As shown in Figure S5, our TDTR-measured

sapphire thermal conductivities are in agreement with literature sapphire values.20 Moreover, the

same TDTR setup was used to measure the temperature-dependent cross-plane thermal conductiv-

ity of a 17.5 µm AlN film.3 Within uncertainty, the TDTR-measured values were in agreement with

Slack et al.’s2 measurements of bulk, high-purity, single crystal AlN. These two measurements

prove the capability of our TDTR setup to accurately measure the cross-plane thermal conductiv-

ity of the 3.05 µm AlN film at low temperatures.
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S13. Uncertainty analysis of TDTR and SSTR measurements

For TDTR and SSTR measurements, uncertainty is calculated according to the following equa-

tion12

4=
√
(σ)2 +Σi42

i (S7)

Where 4 is the total uncertainty, σ is the standard deviation among multiple measurements

across different spots, and4i is the uncertainty due to an individual parameter.

In Figure 2 and Figure S5, we present the thermal conductivities of bulk Si and sapphire deter-

mined by TDTR, respectively. The uncertainty of TDTR measurements incorporate the standard

deviation among multiple measurements across different spots, the uncertainty associated with the

transducer thickness, and the sapphire or Si heat capacity. The uncertainty associated with the

TDTR-measured sapphire and Si thermal conductivities range from ∼8 to 12%. This range of

uncertainty is typical in most TDTR measurements.1,12,36,49–51

The uncertainty of SSTR measurements presented in the main manuscript include the stan-

dard deviation, uncertainty associated with γ , Al/Si or Al/AlN thermal boundary conductance, and

transducer thermal conductivity. At each temperature, γ is determined from the TDTR-measured

reference sapphire thermal conductivity. The uncertainty of the sapphire thermal conductivity

propagates as the uncertainty of γ . Above 200 K, the uncertainty of SSTR-measured Si and AlN

thermal conductivities range from ∼8 to 17%. This range of uncertainty is in agreement with pre-

vious publications of SSTR measurements.3,52,53 Below 200 K, however, due to increased SSTR

measurement sensitivity to γ , and Al/Si or Al/AlN thermal boundary conductance, the uncertainty

of Si and AlN thermal conductivities range from ∼18 to 28%.

The TDTR-measured cross-plane thermal conductivities of the 3.05 µm AlN thin film presented

in Figure 5a also have high uncertainty below 200 K. The biggest source of this uncertainty is the

in-plane thermal conductivity of the 3.05 µm AlN film as shown in the sensitivity plot of Figure
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S7b. Due to the high uncertainty associated with the AlN in-plane thermal conductivities at low

temperatures, TDTR cross-plane measurements also have higher uncertainty. Below 200 K, the

uncertainty of the 3.05 µm AlN cross-plane thermal conductivities range from ∼40 to 53%. For

low temperature in-plane and cross-plane thermal conductivity measurements of thin films, large

uncertainty is not uncommon in literature.4,19,54

The uncertainty of anisotropy ratio of the 3.05 µm AlN film is calculated according to the

following equation

4A
A

=

√(
4k ‖
k ‖

)2

+

(
4k ⊥
k ⊥

)2

(S8)

Here, 4A, A, 4k ‖, k ‖, 4k ⊥ and k ⊥ represent the uncertainty of anisotropy ratio, mean

anisotropy ratio, uncertainty of k ‖, mean k ‖, uncertainty of k ⊥, and mean k ⊥, respectively.
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S14. Temperature-dependent thermal conductivity of thin film materials

In Figure S8, we have plotted the temperature-dependent thermal conductivities of the 3.05 µm

AlN thin film, a 13 µm diamond film,55 a 170 µm isotopically enriched diamond film,56 a 15 ±

2 µm 78% 10B (near-natural) hBN film,54 and a 19 ± 2 µm pyrolytic graphite film.57 With the

exception of the 3.05 µm AlN film, the rest of the thin film materials exhibit a thermal conductivity

reduction with temperature decrease due to defect and boundary scattering. However, since the in-

plane thermal transport mechanisms of our AlN thin films are primarily driven by phonon-phonon

scattering, the in-plane thermal conductivity of the 3.05 µm film increases with a reduction in

temperature.

Figure S8: Temperature-dependent in-plane and cross-plane thermal conductivities of several high

thermal conductivity materials: 3.05 µm AlN film, 13 µm diamond film,55 170 µm isotopically en-

riched diamond film,56 15 ± 2 µm 78% 10B (near-natural) hBN film,54 and 19 ± 2 µm pyrolytic

graphite film.57 Filled symbols represent measurements taken in this study and open symbols rep-

resent literature values.
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S15. Boltzmann transport equation (BTE) method used to calculate the

AlN mean-free-path spectra

In Figure S9, the AlN cross-plane thermal conductivity accumulations as a function of phonon

mean-free-path spectra at room temperature, 105 and 120 K are presented. To obtain this, an

iterative scheme is applied to solve the linearized phonon Boltzmann transport equation with the

help of first-principles force constants. We first relax the AlN atomic structure to its optimized

positions using Quantum Espresso.58 Then second-order force constants which provide harmonic

phonon properties, are calculated using Density Functional Perturbation Theory (DFPT), in an

discretized 4 × 4 × 4 q space grid. Beyond harmonic approximation, three-phonon scattering

process is considered with the help of the third-order force constants calculated in a finite different

scheme on a supercell. Phonon-isotope scattering is further considered. With the help of these

first-principles force constants, the linearized phonon BTE is solved iteratively using ShengBTE59

in a 12 × 12 × 12 grid.

Figure S9: The AlN cross-plane thermal conductivity accumulations as a function of phonon

mean-free-path spectra at room temperature, 105 and 120 K.
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S16. A simplified thermal resistance model for the 3.05 µm AlN film

The anisotropy in the thermal conductivity of the 3.05 µm AlN film can be described by a

macroscopic thermal resistance model. This is shown here by calculating the anisotropy ratios at

room temperature and 120 K. This resistance model considers the AlN thin films to be consisted

of two different thermal conductivity layers separated by an interface. Assuming the interface

conductance to be very high, the absolute thermal resistance60 (R) of each layer can be expressed

as the following

R =
L

kA
(S9)

Here, L represents the length scale along the path of heat flow, whereas A denotes cross-

sectional area perpendicular to the path of heat flow. Figure S10 shows the approximated heat

flow directions during the cross-plane and in-plane thermal conductivity measurements of the AlN

films. As exhibited here, L and A are not the same for cross-plane and in-plane measurements. For

simplicity, we consider A of both layers to be the same for cross-plane measurements, whereas L

remains constant for in-plane measurements.

Figure S10: Approximated heat flow directions during (a) cross-plane and (b) in-plane thermal

conductivity measurements of the AlN films.

TDTR and SSTR probe through both layers of the 3.05 µm AlN film. Thus, the TDTR and
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SSTR measurements presented in Figure 5a can be considered as effective thermal conductivities.

Using a series resistor model,48 the following expression can be obtained for the effective cross-

plane thermal conductivity

(
t

k ⊥

)
e f f ective

=

(
t

k ⊥

)
single crystal layer

+

(
t

k ⊥

)
nucleation layer

(S10)

Here, t denotes thickness. Similarly, using a parallel resistor model,61 the effective in-plane

thermal conductivity can be expressed as follows

{
t× (k ‖)

}
e f f ective

=

{
t× (k ‖)

}
single crystal layer

+

{
t× (k ‖)

}
nucleation layer

(S11)

Though the thermal conductivity of the single crystal layer is known at room temperature (Sec-

tion S9), it is an unknown parameter at 120 K. To estimate this thermal conductivity, we use the

AlN mean-free-path spectra presented in Figure S9. In the single crystal layer, the average distance

traveled by the cross-plane phonons before scattering at the interface is nearly the same as the layer

thickness, but for the in-plane phonons, it is many times that thickness.4,16,17,62 Thus, we assume

that at 120 K, the cross-plane thermal conductivity corresponds to a mean-free-path equivalent to

the layer thickness (∼2.45 µm), whereas the in-plane thermal conductivity corresponds to the high-

est mean-free-path (∼10 µm) shown in Figure S9. We note that the thermal conductivities obtained

under this assumption are highly approximated values used for the simplification of calculations.

As discussed in the main manuscript, the thermal conductivity of the nucleation layer can be

expected to remain near isotropic across all temperatures of interest in this study. As this layer

contains high concentrations of point and line defects, we can only estimate an upper limit of

the nucleation layer thermal conductivity. We assume that the phonons are being scattered after

traveling uninterrupted throughout the entire thickness of this layer (∼0.6 µm). Therefore, both at

room temperature and 120 K, the cross-plane and in-plane thermal conductivities of the nucleation
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layer correspond to a mean-free-path of 0.6 µm.

Using equations (S10 and S11) under the above-mentioned assumptions, at room temperature,

the effective cross-plane and in-plane thermal conductivities are calculated to be ∼282 and 295 W

m−1 K−1, respectively. These values provide an anisotropy ratio of 1.05. Similarly, at 120 K, the

calculated effective cross-plane and in-plane thermal conductivities are ∼397 and 1253 W m−1

K−1, respectively with an anisotropy ratio of 3.16.

The calculated thermal conductivities and anisotropy ratios are in agreement with the experi-

mentally measured values presented in Figures 5a and 5c. This shows that a macroscopic thermal

resistance model can describe the anisotropy in the thermal conductivity of the 3.05 µm AlN thin

film. However, it is to be noted that the model we use is highly simplified due to the assumptions

and approximations made here. To properly account for the anisotropy of the 3.05 µm film, a

rigorous model with more known parameters is needed which is beyond the scope of this work.
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Table S1: Parameters used in the measurements of room-temperature in-plane thermal conduc-

tivities of the AlN thin films. During the sensitivity calculations of Figure S2, the average values

presented here are used.

Parameters 3.05 µm film 3.75 µm film 6 µm film
Al transducer thicknessa 77 ± 3 77 ± 3 83 ± 3

(nm)
Al/AlN thermal boundary conductanceb 120 ± 18 95 ± 14 145 ± 20

(MW m−2 K−1)
AlN/sapphire thermal boundary conductancec 200 200 200

(MW m−2 K−1)
Al transducer thermal conductivityd 130 ± 20 130 ± 20 130 ± 20

(W m−1 K−1)
a Determined by picosecond acoustics.63

b Measured by TDTR.
c SSTR measurements are not sensitive to the AlN/sapphire thermal boundary conduc-
tances. Adjusting this value to 50 or 350 MW m−2 K−1 results in negligible changes
to the sensitivity calculations and measured in-plane thermal conductivities.
d Determined by 4-point probe.
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Table S2: Bulk in-plane thermal conductivities of the thin film materials presented in Figure 3b.

For hBN, the predicted in-plane thermal conductivity of defect-free, bulk material is adopted as the

bulk value. For Si, diamond, AlN, and GaN, bulk in-plane and cross-plane thermal conductivities

are considered to be the same.5,22,64,65

Materials Bulk in-plane thermal conductivity Reference

(Wm−1K−1)

Si 151 Touloukian et al.66

Diamond 2200 Zheng et al.67

Highly oriented pyrolytic graphite 2054 Li et al.22

(HOPG)

AlN 323 Koh et al.3

GaN 253 Shibata et al.68

99% 10B hBN 611 Yuan et al.54

99% 11B hBN 611 Yuan et al.54

78% 11B hBN (natural) 555 Yuan et al.54

48% 11B hBN 515 Yuan et al.54
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