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While there is a great wealth of data for thermal transport in synthetic diamond, there remains much

to be learned about the impacts of grain structure and associated defects and impurities within a few

microns of the nucleation region in films grown using chemical vapor deposition. Measurements of

the inhomogeneous and anisotropic thermal conductivity in films thinner than 10 lm have previously

been complicated by the presence of the substrate thermal boundary resistance. Here, we study

thermal conduction in suspended films of polycrystalline diamond, with thicknesses ranging between

0.5 and 5.6 lm, using time-domain thermoreflectance. Measurements on both sides of the films facili-

tate extraction of the thickness-dependent in-plane (jr) and through-plane (jz) thermal conductivities

in the vicinity of the coalescence and high-quality regions. The columnar grain structure makes the

conductivity highly anisotropic, with jz being nearly three to five times as large as jr, a contrast

higher than that reported previously for thicker films. In the vicinity of the high-quality region, jr

and jz range from 77 6 10 W/m-K and 210 6 50 W/m-K for the 1 lm thick film to 130 6 20 W/m-

K and 710 6 120 W/m-K for the 5.6 lm thick film, respectively. The data are interpreted using a

model relating the anisotropy to the scattering on the boundaries of columnar grains and the evolution

of the grain size considering their nucleation density and spatial rate of growth. This study aids in the

reduction in the near-interfacial resistance of diamond films and efforts to fabricate diamond compo-

sites with silicon and GaN for power electronics. Published by AIP Publishing.
[http://dx.doi.org/10.1063/1.4948335]

I. INTRODUCTION

Diamond is a promising candidate as heat-spreader in

high heat-flux applications such as high electron mobility

transistors and quantum cascade lasers.1,2 The single-

crystalline, defect-free form is the most highly conducting

three-dimensional material at room temperature. Thin film

diamond is typically grown in polycrystalline form using

chemical vapor deposition (CVD), yielding a thermal con-

ductivity that is lower than that of the bulk single-crystal due

to strong phonon scattering at grain boundaries, except when

film thickness exceeds a few hundred lm.3 The problem of

heat conduction within substantially thinner films has

received some attention, but there are many unresolved ques-

tions about phonon scattering on various defects in polycrys-

talline films of thickness below a few micrometers.

The complex microstructural characteristics of polycrys-

talline diamond films affect their thermal transport properties

in important ways. First, nucleation and coalescence create a

region of small grains within tens of nm of the growth inter-

face. The high density of grain boundaries and other defects

and impurities causes this region to have a low thermal con-

ductivity, and therefore increases the effective thermal

boundary resistance (TBR) at the diamond/substrate inter-

face.4 Second, as grains grow, the lateral grain size increases

with distance from the growth interface. This inhomogeneity

results in a thermal conductivity that increases with film

thickness.5,6 Third, competition and survival of grains during

the growth process leads to the formation of a columnar

grain structure with the long axis of grains oriented normal

to the growth interface. A higher density of grain boundaries

in the lateral compared to the film-normal direction causes

the in-plane conductivity jr to be lower than the through-

plane conductivity jz.
3

Prior work on measuring intrinsic properties of polycrys-

talline diamond has focused mostly on films ranging from tens

of lm to few mm in thickness.5 Although measurements on

thinner films have been performed, they were unable to sepa-

rate the intrinsic thermal resistance of the diamond layer from

the TBR of the diamond/substrate interface.4 Further, the mea-

surement of anisotropy is an important ingredient in the devel-

opment of an accurate device-level thermal physics model.

Previous measurements of anisotropy have largely been on

films thicker than �30 lm.3,7–10 These authors used different

experimental techniques to measure thermal conduction in the
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two orthogonal directions, such as the transient thermal gra-

ting and steady state electrothermal methods for jr, and

nanosecond laser flash for jz. The use of separate techniques

complicates sample preparation and potentially makes a one-

to-one comparison between data sets challenging.

This papers aims to contribute through a focused study

on thermal conductivity in films thinner than 6 lm, with an

emphasis on anisotropy and inhomogeneity. We isolate

intrinsic diamond properties by removing the growth sub-

strate and creating suspended regions. The suspended film

structure allows the measurement of both jr and jz. Time-

domain thermoreflectance (TDTR), an optical pump-probe

technique, is used to measure thermal conductivity, with the

relative measurement sensitivity to conduction in the lateral

and vertical directions tuned by varying the thermal penetra-

tion length-scale in TDTR. Inhomogeneity in thermal con-

ductivity over film thickness is directly probed by

performing measurements from both sides of the suspended

membranes.11,12 By measuring films of different thicknesses

from 0.5 to 5.6 lm grown under identical conditions, we

show how the evolving grain structure impacts thermal con-

ductivity at different distances from the growth interface,

effectively providing thermal cross-sectioning information.

A theoretical model based on the geometrical growth and

fractional survival of grains, and phonon scattering at grain

boundaries, provides predictions that are in good agreement

with the experimental data.

II. SAMPLE FABRICATION AND CHARACTERIZATION

Nanocrystalline diamond films with thicknesses 0.5, 1.0,

and 5.6 lm were deposited on crystalline silicon substrates

using microwave plasma CVD, using purified methane and

hydrogen as reactant gases. Prior to growth, the silicon sub-

strates were seeded with ITC (International Technology

Center, North Carolina, USA) grade I-6 (detonation) nano-

diamond powder. This material has a high degree of grain

size homogeneity, with an average particle size of 4.0 nm,

and a chemical purity in excess of 98%, as reported by the

manufacturer. The seeding process consisted of an ultrasonic

treatment of the substrate submerged in an ethanol-based

nanodiamond suspension, followed by an ultrasonic rinse

and immediate spin-dry, yielding a uniform seeding density

greater than 1012 nuclei/cm2. This was determined by count-

ing the grains in the coalesced layer using scanning electron

microscopy (SEM) from the back side, on samples similar to

the ones studied here.

Chemical vapor deposition was carried out in an

ASTEX 1.5 KW microwave plasma CVD system operating

at 15 Torr, 750 �C, at a power of 800 W. The methane to

hydrogen ratio varied from 0.7% during the initial film coa-

lescence stage to 0.3% during the remaining diamond film

deposition, without the presence of an inert carrier gas.

Silicon substrates were selectively etched using an HNA

(HF/HNO3/CH3COOH) isotropic silicon etch process to pro-

duce suspended diamond membranes spanning �5 mm in di-

ameter, on each sample (see Figure 5(a)). For the purposes

of TDTR measurements, aluminum transducer films with a

nominal thickness of 50 nm were deposited on the top and

bottom sides of each sample using electron-beam evapora-

tion. The exact thickness of Al was measured using cross-

sectional transmission electron microscopy (TEM) [see

Figure 2(d)].

The diamond films are nucleated through the growth of

small grained crystals from the dispersed nanodiamond

seeds. Individual grains coalesce into a continuous film

within 20 nm of the growth interface, and this region is

called the coalescence region. Subsequent growth and sur-

vival of competing grains leads to the formation of a colum-

nar grain structure, with the long axes of crystals oriented

perpendicular to the growth surface, and whose lateral grain

size increases with distance from the substrate.

Figure 1(a) shows a cross sectional SEM image of the

5.6 lm thick film. Diamond grain boundaries are oriented

normally to the diamond/silicon growth interface, with a co-

lumnar morphology. Figures 1(c)–1(e) show plan-view SEM

images of the three films taken at the same magnification.

The average in-plane grain size hdri is measured from these

images using the planimetric method (see supplementary

material for details13) and is plotted in Figure 1(b). A linear

correlation is observed between hdri and the film thickness

hDiam. This relationship is well represented by the equation:

hdri¼ 0.066 hDiamþ 130 nm. Atomic force microscopy

(AFM) is used to determine the root mean square (RMS)

roughness dRMS on the top-side of each film, giving dRMS

¼ 16 nm, 24 nm, and 72 nm for the 0.5 lm, 1.0 lm, and 5.6

lm films, respectively [Figure 1(i)], measured over 50 � 50

lm scan areas. Representative AFM images are shown in

Figures 1(f)–1(h).

In addition to SEM and AFM, TEM was used to obtain

further information about the diamond microstructure and its

evolution with thickness, as well as image the interfaces of

diamond with the Al transducer and Si growth substrate. The

sample was prepared using the in-situ focused ion beam

(FIB) technique and imaged with a FEI Tecnai TF-20 FEG/

TEM operated at 200 kV in TEM and high-angle annular

dark-field (HAADF) STEM mode. Figures 2(a) and 2(b)

show low magnification bright-field TEM and HAADF

STEM images, respectively, of the 0.5 lm thick diamond

sample on top of the Si substrate, capped by the �50 nm Al

layer. The evolving columnar microstructure of diamond is

clearly visible in Figure 2(c), which shows a montage of

zoomed-in images of different regions of the film. High mag-

nification TEM images shown in Figures 2(d) and 2(e) pro-

vide detail of the Al/diamond and diamond/Si interfaces,

respectively. Additionally, as mentioned above, a measure-

ment of the Al thickness is made from Figure 2(d), giving a

value 50 6 3 nm.

III. EXPERIMENTAL METHODOLOGY

A. TDTR Setup

TDTR is a well-established optical pump-probe tech-

nique that is used to measure the thermal conductivity of

bulk materials, thin films, and thermal conductance of inter-

faces.14–16 We use a 1064 nm Nd:YVO4 laser emitting 9 ps

wide pulses at a repetition rate of 82 MHz. The output of the

laser is split into pump and probe components. Pump pulses

175103-2 Sood et al. J. Appl. Phys. 119, 175103 (2016)
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FIG. 1. Morphological characterization of nanocrystalline diamond films. (a) Cross-sectional SEM image of the 5.6 m thick film showing a columnar grain
structure. (b) Average in-plane grain size plotted against film thickness. (c)–(e) Plan-view SEM images of the 0.5, 1.0, and 5.6 m films. (f)–(h) Top-side AFM
images of the 0.5, 1.0, and 5.6 m films. (i) Top-side RMS surface roughness.

FIG. 2. Cross-sectional transmission
electron micrographs (TEMs) of
500 nm thick diamond film on Si sub-
strate, with 50 nm thick Al capping
layer. (a) Low magnification TEM
image. (b) Low magnification high-
angle annular dark-field (HAADF)
STEM image showing clearer contrast
between Al, C, and Si. (c) TEM mon-
tage image of region marked in (a)
showing the columnar grain structure
within diamond and its evolution with
distance from substrate. (d) High mag-
nification image of the 50 nm thick
Al transducer layer. (e) High magnifi-
cation image of the diamond/silicon
interface.

175103-3 Sood et al. J. Appl. Phys. 119 , 175103 (2016)
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are amplitude modulated at a frequency fmod (2–8 MHz), and

frequency doubled to 532 nm. The probe pulses travel along a

separate path comprising a mechanical delay stage, which

controls the probe delay time from 0 to 3.6 ns. The pump

pulses, with an average power of �5 mW, heat up the surface

of the sample through optical absorption within a �50 nm

thick aluminum transducer layer. The optical absorption coef-

ficient of Al at 532 nm is �1.2 � 106 cm�1,17 resulting in an

optical skin depth of �8 nm. The temporal variations in the

temperature of the transducer surface are detected through

changes in the reflected probe intensity, which is measured

using a lock-in amplifier tuned to fmod. The rate of temperature

decay of the transducer layer is a function of the thermal prop-

erties of the underlying layers, such as their thermal conduc-

tivity and specific heat, and the thermal conductance of

interfaces. The output signal consists of the in-phase and out-

of-phase components of the lock-in voltage at the frequency

of modulation, Vin and Vout, respectively. Unknown thermal

properties are extracted by fitting either the amplitude q ¼ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
V2

in þ V2
out

p
or the ratio u ¼ �Vin=Vout to a thermal diffusion

model that accounts for Gaussian heating profiles, radial heat

spreading, and finite thermal interface conductance between

layers. The amplitude signal is typically normalized to its

value at short time delay, which is þ100 ps in all our

measurements.

To mitigate the effects of probe beam divergence and

steering during traverse of the delay stage, our setup incorpo-

rates a single mode fiber similar to that of Capinski and

Maris.18 The time varying intensity of the probe beam is

measured independently of the sample, so as to normalize

these effects when fitting the amplitude signal. As will be

explained later, our ability to use both the amplitude and ra-

tio data from a TDTR experiment is an important aspect of

our data analysis methodology, as it helps improve our

extraction of intrinsic diamond properties from the alumi-

num/diamond TBR.

In our experiments, we use laser spot sizes (1/e2 diame-

ters) of 10.2 6 0.1 lm and 6.2 6 0.2 lm for the pump and

probe beams, respectively. The pump spot size is measured

using the DataRay Beam’ R2-XY scanning-slit beam pro-

filer. To measure the probe spot size, we perform knife-edge

measurements in reflection mode using the sharp, lithograph-

ically defined step-edge of a 60/5 nm Pt/Ti film on a fused

silica substrate (see supplementary material for details13).

The total optical power incident on the sample is limited to

�7 mW in order to minimize steady state heating, while still

maintaining a reasonably good signal to noise ratio. The

steady state temperature rise is estimated to be �19 K, 10 K,

and 2 K for the 0.5, 1.0, and 5.6 lm thick suspended films,

respectively. The volumetric specific heat of diamond is

taken from literature,19 while accounting for its temperature

dependence due to optical heating. This is especially impor-

tant to consider in the case of diamond due to its relatively

high Debye temperature (hD � 1900 K for diamond,19 com-

pared with hD � 430 K for aluminum20), which causes the

specific heat to increase strongly with temperature in the

vicinity of 300 K. This local dependence is given

approximately by Cv;DiamðTÞ ¼ ½Cv;Diamð300 KÞ þ 0:012 DT�

MJ/m3-K, with Cv;Diamð300 KÞ ¼ 1.8 MJ/m3-K. The thermal

conductivity of the Al transducer jAl is taken to be 140 W/m-

K based on four-probe measurements of electrical conductivity

and the Wiedemann Franz law, while its volumetric specific

heat is taken from literature to be Cv;Al ¼ 2.45 MJ/m3-K.21

B. Validation and sensitivity analysis

We validate the accuracy of our system by measuring

reference samples with well-known thermal properties of

magnitude comparable with those that we are reporting for

diamond in the current study. Single crystalline silicon and

single crystalline copper (MTI Corporation) are chosen as

reference materials. Measured values of 140 6 10 W/m-K

and 390 6 30 W/m-K for silicon and copper, respectively,

are obtained, both of which are within 4% of literature values

for these materials.22

We quantify the sensitivity of the normalized amplitude

(q) and ratio (u) signals by defining the sensitivity coeffi-

cients Sc as the fractional change in signal per unit fractional

perturbation in the parameter c as in Eq. (1)

Sc ¼
@ log Signalð Þ
@ log cð Þ

: (1)

The unknown parameters of interest are the in-plane and

through-plane conductivity of the diamond film (jr and jz) and

the TBR between the transducer and diamond (TBRAl�Diam).

Sensitivity coefficients for 1.0 and 5.6 lm thick films are plot-

ted in Figure 3.

FIG. 3. Sensitivity coefficients for the ratio and normalized amplitude sig-

nals for (a) and (b) a 1.0 lm thick suspended film with jr ¼ 70 W/m-K,

jz¼ 200 W/m-K, and TBRAl�Diam ¼ 15 m2K/GW and (c) and (d) a 5.6 lm

thick suspended film with jr ¼ 120 W/m-K, jz ¼ 700 W/m-K, and

TBRAl�Diam ¼ 15 m2K/GW. w0 is the root mean square diameter of the laser

spot. Solid and dashed lines correspond to modulation frequencies of 2 and

8 MHz, respectively. The amplitude is normalized to its value at þ100 ps.
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Separating the TBR at the Al-diamond interface,

TBRAl�Diam from the diamond conductivity jr and jz is a

crucial aspect of data analysis, especially for a high conduc-

tivity material like diamond. As mentioned earlier, we use a

combination of the amplitude (qÞ and ratio ðuÞ signals in

order to uniquely separate these quantities. Specifically, for

highly conducting samples, Vin � Vout and q � Vin is largely

sensitive to TBRAl�Diam while u ¼ �Vin=Vout is sensitive to

both jr and jz in addition to TBRAl�Diam. Sensitivity plots in

Figure 3 show that at a high modulation frequency of 8

MHz, q is sensitive almost entirely to TBRAl�Diam. At lower

modulation frequencies, greater thermal spreading in the lat-

eral direction causes u to be more sensitive to the in-plane

conductivity jr, while sensitivity to the through-plane con-

ductivity jz is larger at higher modulation frequencies. The

sensitivity to jr is further enhanced in our case due to the

suspended nature of the diamond membrane. This can be

visualized by plotting the three dimensional distribution of

the normalized amplitude of temperature oscillations at the

frequency of modulation, as shown in Figure 4. These simu-

lations are performed by solving the multilayer heat diffu-

sion equation for a modulated heat source, using methods

presented elsewhere.14,23 As shown in these plots, greater

lateral thermal penetration occurs when the film is sus-

pended, as compared to when it is in contact with the high

conductivity silicon substrate. Further, this lateral spreading

is more pronounced at the lower modulation frequency,

explaining why our sensitivity to jr is higher under these

conditions.

IV. RESULTS AND DISCUSSION

Based on sensitivity analyses presented above, we use

the q data at a high modulation frequency, fmod ¼ 8 MHz to

fit uniquely for TBRAl�Diam. We measure values between 10

and 15 m2 K/GW for the three films, which are within the

range reported in literature for metal-diamond interfaces.24,25

Fixing this value, we then fit u data at a low modulation fre-

quency (2 MHz) to extract jr. The low sensitivity to jz at

these frequencies enables a unique extraction of jr. Finally,

fixing values of jr and TBRAl�Diam based on this procedure,

u data taken at a high modulation frequency (8 MHz) are fit

to a thermal model with only one unknown parameter, jz.

This approach is applied to extract the anisotropic conductiv-

ities of all three films, measured from both sides. The results

are presented in Table I and are plotted on a log-log scale as

a function of film thickness in Figure 5(b). Due to low mea-

surement sensitivity, no reliable data for jz could be

obtained for the 0.5 lm thick film.

Error bars on the reported data are calculated by propa-

gating uncertainties in the aluminum thickness (65%, esti-

mated based on TEM images), aluminum conductivity

(610%), and root mean square laser spot size (62%). Spot-

to-spot variability in the measurements is also taken into

account. A detailed error propagation analysis is provided in

the supplementary material.13

Because the measurements from the top and bottom

sides of the film are more sensitive to large-grained and

small-grained regions, respectively, we observe significantly

different conductivities from these measurements. For

instance, the through-plane conductivities as measured from

the top and bottom sides are, respectively, 210 6 50 W/m-K

and 89 6 20 W/m-K for the 1 lm thick film, and 710 6

120 W/m-K and 250 6 30 W/m-K for the 5.6 lm thick film.

Sensitivity to the conductivity of a region situated at a dis-

tance z from the heating spot is a decreasing function of z,

such that the effective homogeneous conductivity is a

weighted function of local jr;zðzÞ. While the exact nature of

this weighting function depends on details of film geometry,

spot size, and measurement frequency, a reasonable first

approximation is that this follows an exponential form

�exp ð�z=LpÞ , where Lp is the thermal penetration depth

based on the modulation frequency fmod. Lp is given approxi-

mately by
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
D=pfmod

p
, where D is the thermal diffusivity of

diamond. For a typical conductivity of 100 W/m-K, Lp

� 2:8 lm and 1:4 lm for fmod¼ 2 MHz and 8 MHz, respec-

tively. Measurements performed on the top-side are signifi-

cantly more sensitive to properties of the large-grained high-

quality region, and therefore, the effective homogeneous

conductivities are larger for top-side data. In comparison,

measurements on the bottom-side are more sensitive to prop-

erties of the small-grained near-interfacial diamond, and the

low conductivity of the coalescence region dominates the

thermal response.

FIG. 4. Normalized amplitude of temperature oscillations, DTnorm, for sinu-

soidal heating using a Gaussian optical profile, centered at r ¼ z ¼ 0. Two

cases are compared: suspended film versus film on substrate (silicon). In

each case, DTnormðr; zÞ is plotted for a low (2 MHz) and high (8 MHz) modu-

lation frequency. Gaussian 1=e2 diameter¼ 10 lm, film thickness¼ 5.6 lm,

jr ¼ 120 W/m-K, and jz ¼ 700 W/m-K. Lateral spreading is greater in the

suspended case, and is further pronounced at the lower modulation fre-

quency. Black lines are contours corresponding to DTnorm ¼ 1=e.

TABLE I. Measured values of in-plane (jrÞ and through-plane (jz) thermal

conductivity.

Thermal conductivity [W/m-K]

Top side Bottom side

Thickness [lm] jr jz jr jz

0.5 52 6 8 … 39 6 6 …

1.0 77 6 10 210 6 50 46 6 8 89 6 20

5.6 130 6 20 710 6 120 120 6 10 250 6 30

175103-5 Sood et al. J. Appl. Phys. 119, 175103 (2016)
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Further, we observe that both jr and jz increase with

film thickness, for measurements made on either side of each

film. This increase in the effective conductivity is a result of

adding material with increasing quality as the films grow

thicker. When measured from the top-side, jr increases

from 52 6 8 W/m-K to 130 6 20 W/m-K as film thickness

increases from 0.5 to 5.6 lm, while jz increases from 210

6 50 W/m-K to 710 6 120 W/m-K as thickness increases

from 1.0 to 5.6 lm. This inhomogeneity is consistent with

the trend seen in recent measurements of the thickness-

dependent lateral conductivity of sub-lm diamond films.6

The strong columnar grain structure gives rise to a signifi-

cant anisotropy, with jr < jz. We find that the anisotropy ratio

(g ¼ jz/ jr) can be as large as �3–5 for the high-quality

regions of the 1.0 and 5.6 lm thick films. This contrast is

higher than has been measured in previous studies of thicker

polycrystalline diamond films. For example, Graebner et al.3,5

measured g� 2 for�70 lm thick films. Figure 6 shows how

our measurements of anisotropy compare with studies from

literature. For the sake of clarity, we plot the inverse anisot-

ropy ratio, 1/g¼ jr=jz, versus film thickness. Previous data

for films thinner than 30 lm are from Verhoeven et al.26

where g as large as 10 was measured for a 1.6 lm thick co-

lumnar diamond film, Rossi et al.27 where g � 2.5 was meas-

ured for films between 0.5 lm and 1.1 lm, and Anaya et al.28

where g � 3.8 was measured for a 0.68 lm thick film.

Although exact values of anisotropy depend on growth condi-

tions and spatial distribution of defects, a general trend of

increasing anisotropy with decreasing film thickness appears

from this comparison. As the films becomes thicker, they are

expected to become more isotropic, as grain growth leads to

large grain sizes in the lateral and vertical directions, and grain

boundary scattering is no longer the dominant factor limiting

thermal conductivity.

V. THEORETICAL MODEL

To understand the impact of the complex grain structure

on thermal conduction within the polycrystalline film, we de-

velop a theoretical model based on phonon-grain boundary

scattering. The key parameter that determines the thermal

conductivity tensor at a certain distance from the substrate is

the average grain size at that location.

Previous work on modeling grain growth used atomistic

methods such as molecular dynamics (MD),29,30 combined

atomistic and mesoscale methods,31,32 and stochastic Monte

Carlo techniques33 to model competition between adjacent

grains and development of columnar texture. While these

ab-initio methods offer significant physical detail into the

factors affecting the average grain size and its distribution,

they also require accurate knowledge of the various parame-

ters that can affect growth, such as temperature and other

deposition conditions, in order to make quantitative predic-

tions of grain size. In this work, instead of modeling grain

growth from first principles, we use microstructural charac-

terization techniques to determine how the average grain

FIG. 5. (a) Sample and measurement schematic (not to scale). (b) Measured thermal conductivity data (square symbols) and model predictions (lines) plotted

versus film thickness on a log-log scale. All data markers and model lines colored blue correspond to through-plane, while those colored red correspond to in-

plane conductivity. Solid and open markers denote measurements taken on top and bottom sides, respectively. Continuous and dashed lines are model predic-

tions for top and bottom sides, respectively. Two different sets of model curves are included: heavy (light) lines correspond to a grain-boundary thermal resist-

ance of RGB ¼ 1 m2K/GW (2 m2K/GW). Model parameters: kbulk ¼ 1 lm, jbulk ¼ 3000 W/m-K, g ¼ 10, a ¼ 0:066, and d0 ¼ 130 nm.

FIG. 6. Inverse anisotropy ratio 1=g ¼ jr=jz as a function of film thickness

on a log scale, showing how our data (black filled circles) compare with lit-

erature. Legend: red upward triangles,3,5 orange upward triangles,7 purple

upward triangles,8 dark green squares,9 magenta squares,10 blue squares,26

light green downward triangle,27 and brown downward triangles.28
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size evolves with distance from the substrate, z. Since the

grains are columnar, we distinguish the average in-plane

grain size hdriðzÞ from the average through-plane grain size

hdziðzÞ.
Information about how the average in-plane grain size

hdri varies with z can be obtained accurately from plan-view

SEM images, as shown in Figures 1(b)–1(e). The average

through-plane grain size hdzi, however, is far more difficult

to measure directly, as cross-sectional images such as in

Figures 1(a) and 2(a)–2(c) do not show the grain boundaries

with sufficient clarity. In the first part of this section, we

derive, using geometrical arguments, a mathematical expres-

sion for the evolution of hdziðzÞ in terms of parameters that

describe the evolution of hdriðzÞ. We then relate local varia-

tions in grain size to local thermal conductivity using a sim-

plified phonon-scattering model. From the derived evolution

of the anisotropic local conductivity, we generate simulated

TDTR data, and re-fit this data assuming homogeneity, so as

to extract thickness averaged conductivities that can be com-

pared with experimental data. In this way, we seek to corre-

late the complex grain structure of polycrystalline diamond

with the inhomogeneity and anisotropy in its thermal

conductivity.

The grains are modeled as trapezoidal regions growing

from a flat substrate, with the grain size in the direction par-

allel to the interface growing linearly with distance z from

the growth interface, as in dr ¼ a zþ d0 (see Figure 7). As in

the real polycrystalline diamond material, competition

occurs between adjacent grains, leading to a columnar tex-

ture. This is modeled by enforcing that when two or more

grains impinge laterally, a finite fraction 1/g of them sur-

vives, where g is the inverse survival rate. For simplicity, the

derivation that follows is for g ¼ 2, but the result can be

extended in general for any g.

If the lateral grain size of each grain grows according to

the equation above, the average lateral grain size also has the

same dependence on z; therefore, hdri ¼ a zþ d0. The goal

is to calculate the average grain size in the perpendicular

direction hdzi as a function of z. We first define the values of

z at which grains impinge on one another as zi, i ¼ 1; 2;…; t
such that zt equals the film thickness L.

At these specific values of z ¼ zi, hdzi is calculated by

counting the number of grains that are intersected by a line

drawn parallel to the growth interface at zi, and averaging

over their respective lengths in the z direction. For example,

the average through-plane grain size at z ¼ z2 for a film

whose thickness is L ¼ z6 can be written as

hdzi at z ¼ z2ð Þ ¼
8z3 þ 4z4 þ 2z5 þ 1z6 þ 1 L

16

¼ 1

2
z3 þ

1

22
z4 þ

1

23
z5 þ

1

24
z6 þ

1

24
L: (2)

In general,

hdzi at z ¼ zið Þ ¼
1

2
ziþ1 þ

1

22
ziþ2 þ 	 	 	 þ

1

2t�i
ziþ t�ið Þ þ

1

2t�i
L

¼
Xt�i

n¼1

1

2n ziþn þ
1

2t�i
L: (3)

Next, we relate zj to zi for all j > i using the simple geometri-

cal relationship

zj þ
d0

a

� �

zi þ
d0

a

� � ¼ 2j�i: (4)

Combinin Eqs. (3) and (4) gives

hdzi at z ¼ zið Þ ¼ zi þ
d0

a

� �
t� ið Þ � d0

a
1� 1

2t�i

� �
þ L

2t�i ;

(5)

where ðt� iÞ can be obtained as a special case of Eq. (4) by

setting j ¼ t and zj ¼ L. Substituting this in Eq. (5), dropping

the subscript i and setting dimensionless quantities: f ¼ z=L
and b ¼ d0=L, we get

hdzi
L
¼ fþ b

a

� �
1

log 2ð Þ
log

1þ b
a

fþ b
a

0
BB@

1
CCAþ 1

2
664

3
775� b

a
: (6)

Generalizing this result for any arbitrary g > 1, a generalized

expression is obtained for the average through-plane grain

size normalized to film thickness

hdzi
L
¼ fþ b

a

� �
1

log gð Þ
log

1þ b
a

fþ b
a

0
BB@

1
CCAþ 1

2
664

3
775� b

a
: (7)

The parameters a and b can be extracted from measurements

of in-plane grain size, which can be written in a similar nor-

malized form

hdri
L
¼ a fþ b

a

� �
: (8)

Examining Eq. (7) more closely, we look at the extreme

cases: (1) for regions close to the growth interface, i.e., as

FIG. 7. Schematic showing growth of columnar grains, for the case of g ¼
2. Lateral grain size increases linearly with distance z from the growth inter-

face. zi (i ¼ 1; 2; 3;…Þ denote points where adjacent grains impinge. At

each level, a fraction 1/g of the grains survive.
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f! 0
hdzi

L ¼ fþ b
a

� �
1

log gð Þ log 1þ a
b

� �þ 1
h i

� b
a, and (2) for

regions close to the free surface of the film, i.e., f! 1,
hdzi

L ! 1. Therefore, the average vertical grain size increases

linearly with z close to the interface, and as grains grow and

compete with each other, most grains extend throughout the

film thickness, and hdzi tends towards L. Figure 8(a) shows

how hdri and hdzi vary with z for a 1 lm thick film, whose

in-plane grain size is based on SEM measurements made on

the current samples [from Figure 1(b)], for different values

of g ¼ 3, 5, and 10.

Having derived the average grain dimensions in both

directions as a function of z, we now turn our attention to cal-

culating the local thermal conductivities jrðzÞ and jz ðzÞ. For

this, we use the model proposed by Wang et al.34 for phonon

scattering in polycrystalline nanostructures. This model has

been validated recently through Monte Carlo simulations by

Hori et al.35 The local phonon mean free path in the vertical

and lateral directions kz and kr can be written in terms of

local grain sizes hdzi and hdri, respectively, and the bulk

phonon mean free path kbulk using a Matthiessen’s rule type

approach

kz;r zð Þ ¼ 1

kbulk
þ 1

0:75hdz;ri
þ 1

1:12hdr;zi

� ��1

: (9)

The coefficients for scattering on grain boundaries parallel

and perpendicular to the direction of heat flow are deter-

mined based on some assumptions regarding the quality of

boundaries, as well as probability of phonon transmission

across them. Generally, phonon scattering on grain bounda-

ries oriented parallel to the heat flow is controlled by the

specularity parameter pGB (third term in Eq. (9)), while scat-

tering on boundaries oriented normal to heat flow depends

on the transmissivity tGB
34 (second term in Eq. (9)). In this

work, we assume that pGB ¼ 0, implying completely diffuse

scattering. This is valid due to the significant disorder typi-

cally associated with diamond grain boundaries, including

that arising from the accumulation of planar defects near

them.36 The factor of 1.12 arises from previous calculations

of the thermal conductivity for nanowires with square cross-

section.35 The phonon transmissivity is fixed at tGB¼ 0.5 due

to identical materials being present on either side of the grain

boundary. Finally, we assume negligible phonon scattering

on defects present within each grain, such as vacancies and

sp2 atom clusters. Making these assumptions in the frame-

work described in Wang et al.34 results in the Eq. (9).

To determine kbulk, we refer to previously published

ab-initio calculations of the phonon mean free path spectrum

of diamond. Li et al.37 showed that in contrast to materials

like silicon, the mean free path accumulation function in dia-

mond is significantly narrower. For instance, in silicon at

room temperature, 80% of heat is carried by phonons that

have a mean free path between 45 nm and 13 lm, spanning

nearly two and a half orders of magnitude. In contrast, in dia-

mond, 80% of the heat is carried by phonons with mean free

paths between 550 nm and 3400 nm, which is a much smaller

range. Based on these calculations, we make the simplifying

assumption of a grey, i.e., frequency independent phonon

mean free path in diamond, kbulk ¼ 1 lm, which is the value

at which the mean free path accumulation function shows

the steepest rate of increase. Using this number for the grey

mean free path, the local conductivity within each grain in

the two directions is computed by scaling kz;rðzÞ relative to

kbulk

jIntjz;r zð Þ ¼ jbulk
kz;r zð Þ
kbulk

; (10)

where jbulk is the thermal conductivity of bulk single crystal.

We assume jbulk ¼ 3000 W/m-K based on calculations by Li

et al.,37 for diamond nanowires in the large diameter limit

(see supplementary material for a sensitivity analysis of the

model predictions to the assumed jbulk
13).

To account for the resistance offered to heat flow across

grain boundaries RGB, this term is added in series with the

thermal resistance within the grain, and the net local conduc-

tivity is calculated,

jz;r zð Þ ¼
1

jIntjz;r zð Þ
þ RGB

hdz;ri

� ��1

: (11)

Figure 8(b) shows a plot of the local conductivity jzðzÞ and

jrðzÞ for a 1 lm thick film, for various values of g ¼ 3, 5,

FIG. 8. (a) Average grain size in the in-plane and through-plane directions as a function of distance z from the growth interface for a 1 lm thick film.

hdri¼ 0.066 zþ 130 [nm], from plan-view SEM measurements, and hdzi is based on the geometrical model given by Eq. (7). (b) Local conductivity values

jzðzÞ and jrðzÞ, for a 1 lm thick film. Two different sets of curves are provided for RGB ¼ 1 m2 K/GW (dashed) and 2 m2 K/GW (solid). A bulk conductivity

of jBulk ¼ 3000 W/m-K, and grey phonon mean free path of kbulk ¼ 1 lm is assumed for the single crystal. Curves corresponding to three different values of

the inverse survival rate g are shown: g ¼ 3, 5, and 10.
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10, and for two different values of the grain boundary resist-

ance, RGB ¼ 1 m2K/GW and 2 m2K/GW.

Having obtained model predictions for the local thermal

conductivity in both directions, our next step is to convert

these into a form that can be compared with the TDTR data.

To do this, simulated data curves are generated using the

same multi-layer heat diffusion model that was used to fit

TDTR data, dividing the diamond layer into several discrete

sub-layers. The local conductivities of each sub-layer are

determined by the procedure described earlier. These simu-

lated curves are then re-fit to a model that assumes the dia-

mond layer is homogeneous across its thickness, so as to

mimic our TDTR extraction methodology. Similar to the

experiments, jr and jz are determined by fitting the simu-

lated data at 2 MHz and 8 MHz modulation frequencies,

respectively. Results of this model are shown in Figure 5(b)

where they are compared with experimental data on a

log-log scale. Model calculations are plotted for the follow-

ing set of parameters: kbulk ¼ 1 lm, jbulk ¼ 3000 W/m-K,

g ¼ 10, a ¼ 0:066, and d0 ¼ 130 nm, with two sets of curves

corresponding to RGB ¼ 1 m2K/GW and 2 m2K/GW. While

the goal of this approach is not to provide exact quantitative

predictions, we find reasonable agreement between the model

and data for the chosen parameter set. In particular, the model

successfully captures the following essential features: a strong

anisotropy in thermal conductivity, with jz > jr , a difference

in the conductivities measured from the top and bottom-sides

owing to inhomogeneity, and overall increasing trends in jr

and jz with film thickness due to the evolving grain size. We

note further that the grain boundary resistance RGB has a sig-

nificant adverse impact on the thermal conductivity. It is pos-

sible that the model over-predicts the conductivity measured

from the bottom-side of the thinner films, because of an RGB

that is higher for grains closer to the nucleation region,6 or a

grain size that decreases more rapidly with decreasing z in the

near-interfacial region than has been modeled here.

VI. CONCLUSIONS

We have used a single experimental technique to probe

both the in-plane and through-plane thermal conductivities

in CVD diamond films thinner than 6 lm. The use of sus-

pended membranes greatly enhances our sensitivity to the in-

plane conductivity, while allowing us to uniquely extract the

intrinsic diamond properties unaffected by the TBR at the

diamond-substrate interface. A large anisotropy is measured,

which is more than in previous reports on thicker films, sug-

gesting that this is linked to the strong columnar morphology

of the near-interfacial grain structure, and the fact that the

average grain size is smaller than the dominant phonon mean

free path. Our measurement of different conductivities from

the top and bottom sides of the films, and their dependence

on thickness, both illustrate the impact that grain inhomoge-

neity has on thermal transport. The dependence of thermal

conductivity on grain size also provides guidelines for

improving the thermal quality of the near-interfacial dia-

mond, in that a larger grain size, lower disorder at the grain

boundaries, and a grain distribution that evolves more rap-

idly with film thickness, can all have a significant favorable

impact on the conductivity of this region. Finally, this work

provides a framework for measuring and understanding

microstructure-thermal property relationships in polycrystal-

line thin films, and suggests a theoretical basis for modeling

this correlation in columnar-grained materials.
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1. Grain size measurement 

To calculate the average in-plane grain size < 𝑑𝑟 >, we use the planimetric method (ASTM E-

112 standard
1
). The number density of grains 𝑁𝐴 is computed by counting the number of grains 

that lie inside the boundaries of a square drawn on top of a plan-view micrograph, and dividing 

by its area. The average area per grain is given by �̅� = 1/𝑁𝐴, and average grain size is  < 𝑑𝑟 >=

√�̅�. Based on recommendations of the ASTM E-112 standard, to ensure good precision, the size 

of the square is chosen to be big enough to enclose at least 50 grains. For the three films with 

thicknesses 0.5, 1.0 and 5.6 𝜇m, we count 150, 103 and 256 grains enclosed within square 

regions of side 2 𝜇 m, 2 𝜇 m and 8 𝜇 m, respectively. Table S1 below summarizes these 

calculations.  

Film thickness 

(𝜇m) 

Area of square  

(𝜇m x 𝜇m) 

# Grains 𝑁𝐴  

(𝜇m
-2

) 

< 𝑑𝑟 > 
(nm) 

0.5 2 x 2 150 37.1 164 

1.0 2 x 2 103 25.8 198 

5.6 8 x 8 256 4.0 500 

Table S1: Grain-size calculations based on the planimetric method. 

mailto:aditsood@stanford.edu
mailto:goodson@stanford.edu
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2. Laser spot size measurement 

To measure the focused spot diameters of the pump and probe laser beams, 𝑤𝑝𝑢𝑚𝑝 and 𝑤𝑝𝑟𝑜𝑏𝑒, 

we use scanning-slit and knife-edge methods, respectively. Scanning-slit profiles for the pump 

beam are acquired using the DataRay Beam’R2-XY system. Figure S1 (a)-(b) shows beam 

profiles along the horizontal and vertical axes, along with their respective Gaussian fits. We 

measure a 1/e
2
 diameter of 𝑤𝑝𝑢𝑚𝑝 = 10.2 ± 0.1 𝜇m, with an ellipticity > 97 %.  

Measurements of the probe beam cannot be made using this instrument due to the wavelength 

limit of the Si detector. To measure the spot size of the probe beam, we use a home-built knife-

edge technique in reflection mode. Square pads of a ~ 60/5 nm Pt/Ti film are patterned on a 

transparent fused silica substrate, with sharp edges that are defined photo-lithographically. The 

surface of the Pt film is first brought into focus by maximizing the amplitude of the TDTR signal 

on the photo-detector. Then, with the pump blocked, the reflected intensity of the probe beam is 

monitored as the film is scanned in a plane perpendicular to the optical axis in increments of 250 

nm using a precision mechanical stage. As the laser spot moves across the step-edge from the 

high reflectivity Pt to the low reflectivity fused silica, the reflected probe intensity drops sharply. 

To obtain high signal-to-noise ratio, the probe is chopped at ~225 Hz using a mechanical 

chopper, and the output of the detector is demodulated using an audio lock-in synced to the 

chopper frequency. The resulting normalized reflectivity profiles are fit to an error function form 

according to the equation, 

 

 
𝑅𝐾𝐸(𝑟𝐾𝐸) =

1

2
[1 − erf (

2√2 (𝑟𝐾𝐸 − 𝑟0,𝐾𝐸)

𝑤𝑝𝑟𝑜𝑏𝑒
)] 

Eq. (S1) 
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where 𝑟𝐾𝐸 is the coordinate of the knife-edge, 𝑅𝐾𝐸(𝑟𝐾𝐸) is the reflected probe power normalized 

to the peak reflected power over the Pt surface, 𝑤𝑝𝑟𝑜𝑏𝑒 is the 1/e
2
 diameter of the spot, and 𝑟0,𝐾𝐸 

is the center. The two fitting parameters are 𝑤𝑝𝑟𝑜𝑏𝑒 and 𝑟0,𝐾𝐸. 

Normalized data with error-function fits along the horizontal and vertical axes are shown in 

Figure S1 (c)-(d). We measure  𝑤𝑝𝑟𝑜𝑏𝑒 = 6.2 ± 0.2 𝜇m, with an ellipticity > 93 %.   

 

 

Figure S1: (a), (b): Scanning-slit beam profiles of the pump beam along the horizontal and 

vertical axes, respectively, with Gaussian fits. (c)-(d): Knife-edge normalized reflectivity 

profiles of the probe beam along the horizontal and vertical axes, respectively, with fits to the 

error function. 
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3. Error propagation analysis 

Table S2 below shows the percentage errors contributed towards the extraction of in-plane and 

cross-plane thermal conductivity values, 𝜅𝑟  and 𝜅𝑧 , respectively, from the various sources of 

uncertainty. These include the Al thickness 𝑡𝐴𝑙 (± 5%), Al conductivity 𝜅𝐴𝑙 (± 10%), and the root 

mean square 1/e
2
 laser spot diameter 𝑤0  (± 2%). Note that 𝑤0  is defined as 

√0.5 (𝑤𝑝𝑢𝑚𝑝 2 + 𝑤𝑝𝑟𝑜𝑏𝑒
2). Also included are errors associated with spot-to-spot variability. 

Final error bars are calculated by adding up the individual error components in quadrature. 

 𝑡𝐴𝑙 (± 5 %) 𝜅𝐴𝑙 (± 10 %) 𝑤0 (± 2 %) Spot-to-spot variation Total error 

 % Δ𝜅𝑟 % Δ𝜅𝑧 % Δ𝜅𝑟 % Δ𝜅𝑧 % Δ𝜅𝑟 % Δ𝜅𝑧 % Δ𝜅𝑟 % Δ𝜅𝑧 % Δ𝜅𝑟 % Δ𝜅𝑧 

0.5 𝜇m Top 7.8 … 2.4 … 6.1 … 12.9 … 16.4 … 

0.5 𝜇m Bottom 10.5 … 3.4 … 6.6 … 11.5 … 17.2 … 

1.0 𝜇m Top 11.2 20.1 1.3 1.2 4.8 0.3 3.8 14.2 12.8 24.6 

1.0 𝜇m Bottom 16.3 12.2 2.7 1.1 5.2 0.3 2.3 14.7 17.5 19.1 

5.6 𝜇m Top 8.8 13.4 0.4 0.7 4.1 2.0 12.4 9.9 15.7 16.8 

5.6 𝜇m Bottom 7.7 6.4 0.5 1.1 4.3 0.3 4.1 10.7 9.7 12.5 

Table S2: Error propagation from various sources of uncertainty. 
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4. Model sensitivity to assumed bulk properties of diamond 

Here we test the sensitivity of our model to the assumed bulk conducitivity, 𝜅𝑏𝑢𝑙𝑘. Calculations 

are made for two different values of 𝜅𝑏𝑢𝑙𝑘 = 3000 W/m-K, and 2000 W/m-K. The grey bulk 

mean free path 𝜆𝑏𝑢𝑙𝑘 is scaled in proportion to 𝜅𝑏𝑢𝑙𝑘, its corresponding values are 𝜆𝑏𝑢𝑙𝑘 = 1 𝜇m 

and 0.67 𝜇m, respectively. As shown in Figure S2, the assumed value of 𝜅𝑏𝑢𝑙𝑘 has little impact 

on the predicted local thermal conductivity in the polycrystalline film. In comparison, the 

thermal boundary resistance at grain boundaries, 𝑅𝐺𝐵, has a far greater impact on 𝜅𝑟 and 𝜅𝑧. This 

is consistent with the fact that heat transport in this material is dominated by phonon scattering at 

grain-boundaries and not phonon-phonon scattering within individual grains. 

 

 

Figure S2: Sensitivity of the local conductivity 𝜅𝑧(𝑧)  and 𝜅𝑟(𝑧)  to the assumed bulk 

conductivity 𝜅𝑏𝑢𝑙𝑘, for a 1 𝜇m thick film. Solid lines correspond to 𝜅𝑏𝑢𝑙𝑘 = 3000 W/m-K, 

𝜆𝑏𝑢𝑙𝑘 = 1 𝜇m, while dashed lines correspond to 𝜅𝑏𝑢𝑙𝑘 = 2000 W/m-K, 𝜆𝑏𝑢𝑙𝑘 = 0.67 𝜇m. Two 

different sets of curves are provided for 𝑅𝐺𝐵  = 1 m
2
K/GW and 2 m

2
K/GW. Other model 

parameters: 𝑔 = 10, 𝛼 = 0.066, 𝑑0 = 130 nm.   
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