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in thickness,[13,14] porosity,[15] polycrystal-
linity,[16] and growth morphology within 
these materials affect critical design 
parameters such as mass density (ρ) and 
thermal conductivity (κ). For example, 
mass density is a primary parameter in 
the detonation performance of explosive 
materials, as it is directly proportional to 
the resulting propagation velocity.[17,18] 
The thermal conductivity on the other 
hand, can provide key insights into the 
amorphous stability of pharmaceutical 
ingredients that ultimately determines 
their bioavailability.[3,19,20] For thin-film 
thermal barriers, both the mass density 
and thermal conductivity play important 
roles since they are often passive and sub-
jected to transient thermal loads.[8] Con-
sidering that the condition of engineered 
surfaces,[12] microscopic defects,[21] novel 
pathways toward amorphous states,[20] 
and novel deposition techniques[22] are 
projected to work together to control the 
microstructure of organic films, local 

measurements of thermophysical properties are needed to 
inform their synthesis and growth.

Local measurements of mass density, however, are a consid-
erable challenge for thin organic films. For example, grazing 
X-ray reflection, spectral ellipsometry, and cross-sectional 
scanning electron microscopy require either ultra-smooth sur-
faces,[23] wavelengths where organics are transparent,[24] or ion 
exposure that can damage samples with low melting tempera-
tures.[25,26] Gravimetric measurements of mass and volume on 
the other hand, yield an average density for the entire specimen 
with no information about the microstructure. Clearly, there is 
a need for a measurement technique that can non-destructively 
probe the local mass density variations of organic thin films.

Frequency–domain thermoreflectance (FDTR) is a well-
established pump-probe measurement technique to determine 
the thermal properties of bulk and thin-film materials with 
probing dimensions comparable to the laser spot size (typically  
≈10 μm).[27–29] With FDTR, the thermal conductivity and volu-
metric heat capacity (ρcp) of materials are routinely extracted. 
Mass density can then be determined using the measured 
volumetric heat capacity and the assumption of a bulk spe-
cific heat (cp). To measure the mass density of organic films, 
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1. Introduction

The controlled deposition of organic molecules is an 
emerging area of interest in the development of thin films 
for drug delivery,[1–3] explosive materials at sub-millimeter 
length scales,[4–7] and novel coatings for thermal barriers.[8] 
Although thin film organics have reaped the dimensional ben-
efits of semiconductor processes such as physical vapor deposi-
tion (PVD), their synthesis often results in microstructures that 
vary both spatially and across the film thickness.[9–12] Variations 

Adv. Mater. Interfaces 2021, 2101404

http://crossmark.crossref.org/dialog/?doi=10.1002%2Fadmi.202101404&domain=pdf&date_stamp=2021-12-04


www.advancedsciencenews.com

© 2021 Wiley-VCH GmbH2101404 (2 of 6)

www.advmatinterfaces.de

simultaneous measurements of thermal conductivity and vol-
umetric heat capacity are preferred, since they would enable 
self-consistent characterization and avoid discrepancies with 
secondary measurements (e.g., different probing locations). 
Simultaneous measurements, however, are difficult to realize 
since they must be uniquely sensitive to both thermal dif-
fusivity (κ/ρcp) and effusivity ([κρcp]1/2),[30] which describe 
thermal transport at opposing timescales (steady state and 
transient, respectively). A bulk volumetric heat capacity is often 
assumed,[31–34] but may increase uncertainties in materials with 
distinct variations in local micro/nanostructure.[35–37] Para-
metric studies exploiting the frequency dependence of thermal 
responses using time–domain thermoreflectance (TDTR) have 
been shown to decouple these properties,[38,39] but require 
extensive sensitivity analysis related to the unknown properties 
themselves.[40,41]

This work demonstrates simultaneous non-contact measure-
ments of thermal conductivity and mass density in indometh-
acin (IMC) thin films with wide bandwidth (200 Hz to 20 MHz) 
FDTR. We measure 1 μm PVD IMC films on Si and SiO2 sub-
strates, as well as 10 and 100 μm films on Si. Although meas-
urement sensitivity for films is maximized with a thermally 
conductive substrate, we find greater fidelity for the extraction 
of multiple parameters using thermally insulating substrates in 
broad-band FDTR. Access to a broad frequency spectrum can 
yield thermal responses with zero sensitivity to thermal proper-
ties such as thermal conductivity and volumetric heat capacity, 
thus weakening their correlation. The measured mass density 
values are in good agreement with the literature, as well as 
models based upon a dependence on porosity and the kinetic 
theory for phonons. In short, this work demonstrates extended 

FDTR capabilities that can offer practical benefit to the design 
of films commonly used in drug delivery, explosive materials 
research, and thermal barriers.

2. Results and Discussion

2.1. Fitting Routine and Assumptions

FDTR was used for non-contact measurements of the IMC 
films. Our experimental setup has been described elsewhere,[42] 
as well as in the Experimental Section and the Supporting 
Information. Our thermal model consisted of three planar 
layers (Au/Ti transducer, organic film, and a semi-infinite sub-
strate) shown in the inset of Figure 1a. Five physical parameters 
describe each layer: the volumetric heat capacity (ρcp), the cross- 
and in-plane thermal conductivities (κ⊥/κ‖), the layer thickness 
(d), and the boundary conductance to the next layer (G). All 
controlled parameters were obtained from either independent 
measurements or from the literature.

To obtain the properties of interest, two fitting routines were 
implemented depending on the substrate material: i) A three-
parameter fit of (κ)IMC, (ρcp)IMC, and (G)Au/IMC for the samples 
on Si, and ii) a four-parameter fit of (ρcp)Au, (κ)IMC, (ρcp)IMC, and 
(G)Au/IMC for the sample on SiO2. Including the volumetric heat 
capacity of the Au/Ti transducer as an additional fitting para-
meter was found to lower measurement uncertainties for the 
film on SiO2 compared to Si and is further explained when dis-
cussing the effect of the film substrate.

Since FDTR was mainly sensitive to cross-plane transport 
(see Section S6, Supporting Information), we determined 

Figure 1. a) Characteristic model fit for indomethacin (IMC) ranging from 1 to 100 μm in thickness. The insets show the thermal model for the samples, 
with each layer described by its volumetric heat capacity (ρcp), cross- and in-plane thermal conductivities (κ⊥/κ‖), layer thickness (d), and the boundary 
conductance to the next layer (G). The fitting parameters are shown in red text. We note that the 1/e2 radii of the pump and probe beams were meas-
ured to be 6.82 ± 0.2 and 6.02 ± 0.1 μm, respectively. b) White-light interferometry thickness maps for the 1 μm IMC films deposited on Si and SiO2 
via physical vapor deposition (PVD). The dark blue perimeters indicate the substrate regions, that is, zero thickness. c) Optical images showing the 
surface of 1 and 10 μm IMC films on Si and SiO2 following the deposition of the Au/Ti transducer.
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isotropic thermal conductivities (κ⊥  =  κ‖  =  κ). The thermal 
boundary conductance between the films and the underlying 
substrate did not contribute appreciably to the thermal signal 
(Figure S3, Supporting Information). Regardless, a thermal 
boundary conductance of 130 MW m−2 K−1 was applied for 
films on both Si and SiO2, a value well within the range of typ-
ical organic/Si interfaces.[28,43,44]

Film thickness, however, was a critical input to the model as 
it impacted the uncertainties in thermal conductivity and volu-
metric heat capacity. As such, the film thicknesses were deter-
mined with white-light interferometry, shown in Figure  1b. 
Film thickness decreases significantly near the edges of the 
substrate, but variations in thickness over the FDTR measure-
ment regions were much smaller and are given by the uncer-
tainties shown in Table 1. Optical images of the sample surface 
following the Au/Ti transducer deposition are also shown in 
Figure 1c.

2.2. Thermal Characterization and Mass Density Extraction

The FDTR data for thermal conductivity and volumetric heat 
capacity are listed in Table  1. The reported mean values are 
determined from multiple measurements across the samples 
on different days. The error bars represent one standard uncer-
tainty and were determined from the standard deviations of the 
fitted values, uncertainties in the controlled parameters, and 
the residuals between the model and data.[45] Figure 1a displays 
characteristic best fits for the IMC films.

Mass density was determined from the measured volumetric 
heat capacity. The specific heat capacity (cp) for the IMC films 
was taken as 1165 J kg−1 K−1, a value determined for crystal-
γ-IMC at 300 K.[46] Although it was possible that there were spa-
tially varying crystalline or amorphous regions on the sample 
(Figure  1c) we assumed that the specific heat capacity of the 
IMC films did not change.[47–49] Thus, any differences in the 
measured volumetric heat capacity were attributed to variations 
in mass density. In addition, the mass densities were also con-
sidered relative to the theoretical maximum density (TMD) that 
relates the average density of a sample to the γ-IMC crystal den-
sity at zero strain, and amorphous IMC.[50]

The extracted mass density values as a function of film thick-
ness are shown in Figure 2a. Reference values for crystalline[46] 
and amorphous indomethacin[50] are also provided for com-
parison. As seen, the mean mass density values increased with 

thickness. Although there are large uncertainties with films 
thicker than 10 μm, the 1 μm-thick films on either Si or SiO2 
substrates appear to be less dense. However, the uncertainties 
in our measurements prevent us from distinguishing whether 
we can attribute the changes to increasing porosity,[16,49] crystal-
line or amorphous phase changes,[3,19,20] or tensile stresses and 
strains in the films.[10]

To gain additional insight, we compared our measured volu-
metric heat capacities, Figure  2b, and thermal conductivities, 

Table 1. Thermal conductivity (κ), volumetric heat capacity (ρcp), and 
mass density (ρ) values of the indomethacin films of thickness d that 
were measured with FDTR. Mass density was determined using the 
measured volumetric heat capacity and the assumption of a bulk spe-
cific heat (cp). All samples were deposited onto “as-received” substrates 
and underwent the PVD process with prior ultra-high purity helium to 
remove surface particulates.

Substrate d [nm] κ [W m−1 K−1] ρcp [MJ m−3 K−1] ρ [g cm−3]

SiO2 1080 ± 55 0.15 ± 0.01 1.49 ± 0.03 1.279 ± 0.030

Si 940 ± 55 0.15 ± 0.02 1.48 ± 0.05 1.273 ± 0.044

10 800 ± 550 0.21 ± 0.05 1.58 ± 0.17 1.356 ± 0.146

1 × 105 (nominal) 0.18 ± 0.04 1.64 ± 0.20 1.408 ± 0.172

Figure 2. a) The measured mass density of indomethacin (IMC) with 
respect to film thickness measured with FDTR. The two dashed lines indi-
cate the theoretical maximum density (TMD, ρTMD) for IMC in the crys-
talline phase,[46] as well as in the amorphous phase.[50] b) The measured 
volumetric heat capacity and c) thermal conductivity of IMC as function 
of porosity,[46] e = 1 − ρ/ρTMD. The regions between the dashed lines in  
(b) and (c) demonstrate the error in the porosity model when adapting 
the uncertainties,[46] for crystal powders of γ-IMC.
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Figure 2c, to the porosity model from ref. [46] for crystal powders 
of γ-IMC and the minimum amorphous thermal conduc-
tivity limit.[51] Porosity (e) was calculated using e = 1 − ρ/ρTMD,  
where ρ is our extracted density, and ρTMD is the crystalline 
IMC density.[46] Since our films were likely deposited in an 
amorphous state,[52] a sensible estimate for the lower bound of 
thermal conductivity was provided by the minimum amorphous 
thermal conductivity limit. By modifying the kinetic theory for 
phonons with expressions for heat capacity and phonon wave-
length given by Einstein and Debye[53] (Section S7, Supporting 
Information), the thermal conductivity arising from a random 
walk between localized mechanical oscillators, or the minimum 
amorphous thermal conductivity limit, for IMC was calculated 
to be 0.071 W m−1 K−1 at 300 K.

Though our measurements cannot confirm crystalline or 
amorphous phases in the films, the linearity and agreement 
with the literature[46] (when adapting uncertainties) of our 
volumetric heat capacity data in Figure 2b may point to their 
porosity. The thermal conductivity of our films, however, 
lie above the linear trend predicted by the porosity model. 
A higher thermal conductivity could suggest the probing of 
partially crystallized IMC, seen as crystalline surface features 
comparable to our spot sizes, especially with the 10 μm film, 
Figure  1c. Given an approximately constant volumetric den-
sity of nucleation sites, which is reasonable since these likely 
coincide with defects from the deposition process, thicker 
films are likely to crystallize faster due to a higher areal den-
sity of nucleation sites (Figure S6, Supporting Information). 
Although a more detailed analysis into the microstructure is 
needed and is beyond the scope of measuring mass density, 
the models considered here are all in reasonable agreement 
with our FDTR data.

2.3. The Effect of Film Substrate

Finally, we found that lower-κ substrates allowed the thermal 
conductivity and volumetric heat capacity to be decoupled for 
the 1 μm-thick IMC film in broad-band FDTR. This contrasts 
with typical material stacks in thermoreflectance experiments, 
where film sensitivity is generally maximized with a ther-
mally conductive substrate to increase the film’s contribution 
to the probed thermal resistance.[30,45] Further, the volumetric 
heat capacity of the Au/Ti transducer was found to contribute 
significantly to measurement uncertainties (Section S7, Sup-
porting Information). As a result, including the volumetric 
heat capacity of the Au/Ti transducer as a fitting parameter was 
found to lower measurement uncertainties for the film on SiO2 
compared to Si, seen in Table  1 and further demonstrated in 
Figure S5 in the Supporting Information where both three- and 
four-parameter fitting routines are compared.

To gain insight into how the FDTR measurement was 
impacted by the substrate, sensitivity to the relevant proper-
ties was determined from a sensitivity analysis calculation,[27] 
displayed in Figure 3a,b for 1 μm IMC films on Si and SiO2, 
respectively. The plots in Figure  3 show sensitivity contours 
for the parameters based on their contribution to the measure-
ment, where the differences (or similarities) in profile between 
parameters indicate their decoupled (or coupled) nature. 

Input properties for this calculation are listed in Table S1, 
Supporting Information.

The effect on sensitivity from the Si and SiO2 substrates can 
be qualitatively assessed by analyzing the regions in the fre-
quency spectrum where properties have zero sensitivity, that 
is, zero crossings. Properties with zero sensitivity are sup-
pressed during the measurement, making the experiment 
sensitive to other properties in the same frequency region.[45] 
Films on SiO2 substrates were predicted to have more zero 
crossings than those on Si. In addition, zero crossings spread 
to the lower end of the spectrum for films on SiO2 due to the 
slower thermal response to the variations of the temperature 
field and allowed a less severe phase decay to zero phase lag, 
seen experimentally in Figure  1a. Further, quantitative com-
parisons between the two substrates were performed by cor-
relation coefficient[45] and analyses of variance (ANOVA) 
calculations.[42] These analyses agreed with our measurements 
and predicted lower uncertainties for 1 μm IMC films on SiO2 
compared to the same film on Si. Although the absolute value 
of the measurement sensitivity is greater for 1 μm IMC films 
on Si than those on SiO2, the correlation between parameters 
is correspondingly larger as well. Thus, both the broad-band 
nature of our FDTR technique and the use of insulating sub-
strates permit greater fidelity in the extraction of multiple 
parameters. Additional details on correlation coefficients, 
ANOVA, and major sources of uncertainty are provided in 
Section S7, Supporting Information.

Figure 3. The sensitivity of the thermal properties for 1 μm of indometh-
acin (IMC) deposited on a) Si and b) SiO2. Input properties are listed 
in Table S1, Supporting Information. The uniqueness of the parameter 
contributions is typically enhanced with zero crossings (vertical dotted 
lines) that ensure distinct contributions to the FDTR thermal signal at a 
given frequency.[45]
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3. Conclusion

In conclusion, we have simultaneously measured the thermal 
conductivity and mass density of 1, 10, and 100 μm films of 
PVD IMC using FDTR. Measurements of volumetric heat 
capacity allowed the extraction of mass density by assuming 
the specific heat capacity. We found generally increasing 
mass densities with increasing thickness, with 10 μm films 
on Si reaching full crystalline TMD for γ-IMC. Surprisingly, 
thermally insulating substrates in broad-band FDTR pro-
duced greater measurement fidelity for the often-coupled 
thermal conductivity and volumetric heat capacity of organic 
thin films. As such, we provided careful analysis to elucidate 
the conditions on measurement sensitivity and correlation 
that permits such a situation to take place. This study dem-
onstrates the potential for FDTR to feasibly measure local 
density variations and perform non-destructive evaluation of 
microscale organic materials.

4. Experimental Section
Sample Preparation: Four IMC thin-film samples were prepared 

at Sandia National Laboratories using a PVD process. IMC powder 
(Sigma-Aldrich) was loaded into an effusion cell thermal deposition 
source, with the chamber evacuated to a base pressure of 10−6 Torr. 
The nominal evaporated film thicknesses were 1 μm on both Si <100 > 
and SiO2 substrates, as well as 10 and 100 μm on Si <100 > substrates 
(Silicon Valley Microelectronics, Inc.). The effusion cell was heated to a 
maximum temperature of 180 °C for the 1 and 100 μm IMC films, and 
160 °C for the 10 μm IMC film. Given our  deposition conditions and 
our  prior work with hexanitroazobenzene PVD,[54] the films were likely 
deposited in an amorphous state.[52]

The IMC films were deposited onto “as-received” substrates without 
any additional cleaning besides large particulates blown off. To enable 
FDTR measurements, an opto-thermal transducer (110 nm Au with a 
5 nm Ti adhesion layer) was deposited on top of the samples, as well 
as on companion SiO2, Si, and LiNbO3 substrates to independently 
characterize the transducer films and validate the FDTR setup. 
Electron beam evaporation (Temescal FC1800) was used to deposit the  
Au/Ti films at room temperature with a nominal chamber pressure 
of 5.5 × 10−6 Torr and deposition rates of 0.1/0.5 Å s−1 for the Ti/Au, 
respectively. See Section S1, Supporting Information for deposition 
details and experimental validation.

Frequency–Domain Thermoreflectance: In FDTR, the frequency-
dependent phase lag between an intensity-modulated pump and a 
continuous probe laser was measured through a proportional change 
in a sample’s surface reflectivity.[27] Unknown thermal properties of 
interest were determined with a nonlinear least squares fit between 
thermoreflectance data and the heat diffusion model for a multilayer 
stack of materials in response to a Gaussian heat flux, seen in Figure 1a. 
Knife-edge measurements of the focused spot sizes provided pump and 
probe 1/e2  beam radii of 6.82 ± 0.2 μm and 6.02 ± 0.1 μm, respectively. 
Additionally, pump modulation frequencies spanned a bandwidth 
200 Hz to 20 MHz at a total power of 6 mW in our  measurements. 
Please refer to the Supporting Information for more details on the 
experimental setup.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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