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Abstract

The in-plane thermal conductivity of polycrystalline diamond near its nucleation

site, which is a key parameter to an efficient integration of diamond in modern

high power AlGaN/GaN high electron mobility devices, has been studied. By

controlling the lateral grain size evolution through the diamond growth condi-

tions it has been possible to increase the in-plane thermal conductivity of the

polycrystalline diamond film for a given thickness. Besides, the in-plane ther-

mal conductivity has been found strongly inhomogeneous across the diamond

films, being also possible to control this inhomogeneity by the growth condi-

tions. The experimental results has been explained through a combined effect

of the phonon mean free path confinement due the grain size and the quality

of the grain/grain interfaces, showing that both effects evolve with the grain

expansion and are dependant on the diamond growth conditions. This analysis

shows how the thermal transport in the near nucleation region of polycrystalline

diamond can be controlled, which ultimately opens the door to create ultra-thin

layers with a engineered thermal conductivity, ranging from a few W/mK to a

few hundreds of W/mK.
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1. Introduction:

Recently, the integration of diamond with high power AlGaN/GaN high

mobility electron devices (HEMTs) was demonstrated to be a very promising

solution to optimize their heat management,[1, 2, 3, 4, 5, 6, 7, 8, 9, 10] which

enables handling much higher operational electrical power densities.[1] To take5

full advantage of the high thermal conductivity of diamond, reaching up to 3000

W/mK for single crystalline high quality diamond, the diamond heat dissipa-

tion layer should be located as close as possible to the heat source, ie the device

channel.[4, 8] This is achieved by directly growing diamond films on the de-

vices, which results in polycrystalline diamond films rather than single crystal10

diamond. However, while the thermal conductivity of polycrystalline diamond

may reach values close to that of the single crystal diamond,[11] the thermal

transport near its near nucleation site may be much lower due the small grain

size and the accumulation of defects in this region.[12, 13] Two strategies for

combining diamond with the devices using the direct growth approach have15

emerged in the recent years, , namely, either by substituting the SiC or Si

substrate,[1, 3, 4, 5] or by growing the diamond films on top of the device pas-

sivation layer.[6, 7, 8, 9, 10] However, in both strategies the heat has to diffuse

across the nucleation region of the diamond film, and therefore knowing how the

heat is spread in the first microns of the polycrystalline diamond is fundamental20

in order to optimize their thermal resistance and thus improve their lifetime and

reduce its energy consumption. A few inconsistent results are available in the

literature about the in-plane thermal transport in the first microns of polycrys-

talline diamond showing values ranging from a few W/mK up to 800 W/mK for

layers thicknesses below 2 µm.[13, 14, 15, 16, 17, 18, 19, 20, 21, 22, 23, 24] Also25

a strong inhomogeneity of the in-plane thermal conductivity through the dia-

mond films has been reported,[11, 12, 21, 22, 24] although mostly for films larger
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than a few micrometer thickness, due to challenges in measuring the thermal

properties of very thin diamond films. Therefore a clear description of the heat

transport in the complex near nucleation region of polycrystalline diamond is30

still lacking. In this paper, we study the in-plane thermal transport in the near

nucleation region of polycrystalline diamond, which consist on nanocrystalline

diamond (NCD), through a set of controlled ultrathin diamond films of differ-

ent thickness, grain sizes and growth methods, with its thermal conductivity

being determined with a direct steady-state technique developed recently. [24]35

This enables the correlation between the lateral heat transport and the physical

properties of the samples, namely thickness and grain sizes. The results can

be explained through a theoretical model which takes into account the effect of

the grain size in terms of shortening of the phonon mean free path and also the

temperature gradients in the defective grain boundaries. This analysis allows40

the characterization of the quality of the grain/grain interfaces and also ex-

plains the inhomogeneous in-plane thermal conductivity observed in ultra-thin

diamond films.

2. Experimental Details:

NCD films were grown on single crystal Si<100> wafers using two different45

strategies, hot filament chemical vapor deposition (HF-NCD) and microwave

plasma chemical vapor deposition (MW-NCD). The deposition of the NCD film

on a foreign substrate is a 2 steps process consisting on a nucleation phase,

followed by an overgrowth stage. The HF-NCD samples were nucleated under

similar conditions to the ones described in ref [25] by bias enhanced nucleation50

(BEN) performed in-situ in the same reactor used for the overgrowth, resulting

in crystallite densities of more than 1010 cm2. For the MW-NCD samples the

seeding process described in ref [26] was used to form the nucleation layer. For

this, Si wafers were first sonicated in a nanodiamond-ethanol solution for 30

minutes; and then in pure ethanol to remove all non-adherent diamond seeds.55

The seeding solution is a suspension of detonation nanodiamond, with an av-
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erage grain size of 4-6nm. Next, wafers are placed in a spin tool where they

are spray-rinsed and dried. This seeding method typically achieves uniform nu-

cleation with a density exceeding 1012 cm−2. After the nucleation, the grain

evolution of diamond may be controlled during the overgrowth phase by varying60

the concentration of methane in the hydrogen carrier gas (CH4/H2), the temper-

ature of the substrate (Tsubs) and the pressure of the CVD chamber. [27, 28, 29]

Two sets of growth conditions at 1.5 kPa were used to grow the HF-NCD films

of different thicknesses: 470, 680 and 1000 nm using 0.4% CH4/H2, and a Tsubs

of 750 oC (recipe A) and 480, 860, 980 and 1500 nm with 0.2% CH4/H2, and65

Tsubs=825oC (recipe B). The two growth conditions were chosen to produce

a different lateral grain evolution, resulting in different grain sizes for a given

thickness, illustrated in the scanning electron microscopy (SEM) micrographs

in Fig. 1 a). Note that samples grown with Recipe B exhibit faster lateral grain

expansion (see Fig.1). The average in-plane grain size on the top of the diamond70

films was determined from the SEM micrographs using the three-circle proce-

dure proposed by Abrams for polycrystalline materials, [30] with the results

shown in Fig. 1-b). Note that for the two HF-NCD recipes the lateral grain

size follows a linear relationship with thickness, with the slope for the recipe B

faster than the one for recipe A. This lateral expansion holds within the first75

1000nm, while thereafter the grain size lateral expansion is lowered (see Fig 1-b.

sketch). To test the general applicability of the results and model obtained here

through HF-diamond in a broader field, the results were compared to similar

MW-diamond grown at a substrate temperature of 750 oC with a CH4/H2 ratio

of 0.5 and 0.33 for recipes 1 and 2, respectively. Such conditions yield a similar80

lateral grain size at 1µm as the HF-NCD recipes A and B respectively (Fig 1

b).

For measuring the in-plane thermal conductivity of these ultra-thin NCD

films, we applied a technique described in reference [24] which is based on Ra-

man thermography assisted by Silicon nanowires acting as surface nano ther-85

mometers. For measuring Raman spectra a Renishaw InVia spectrometer with

an Ar+ 488 nm laser line was used. A lateral resolution better than 1 µm
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was obtained by using the confocal mode with a 50 X 0.65 NA objective. Free

standing membranes were created in the samples by selectively etching away

the silicon substrate underneath the diamond. Etching of the Si substrate was90

accomplished both by a wet-etch (MW-NCD) and by a dry-etch process (HF

NCD). In the former, the etching was performed by dipping the sample into

a KOH solution while for the dry-etch process, etching was performed in a in-

ductively coupled plasma (ICP) reactor by means of SF6/C4F8 gases; for this

a etch-mask of 300 nm thick Al film was used. On top of the freestanding95

membranes, 5 µm wide thin metal stripe (Ti/Au) was deposited in the center

of the freestanding membrane to act as a heating source. When a current flows

through the metal stripe, the Joule heating results in heat which flows into the

diamond and laterally along the membrane, and ultimately into the Si substrate.

Silicon NWs were also deposited on top of the membranes and metal surface100

providing an accurate local peak temperature measurement. From the temper-

ature profiles measured from the heater to the edge of the substrate, lateral

thermal conductivity can be extracted by solving the Heat equation. Temper-

ature was measured in the diamond membrane and from the silicon NWs by

means of Raman thermography, based on the phonon frequency shift as function105

of temperature as described in reference [24].

3. Experimental Results:

Fig. 2 shows an example of a temperature profile obtained from the dia-

mond membranes for the 470 nm thick HF-NCD of recipe B, and corresponding

temperature profiles are obtained for the other investigated samples. The de-110

termined in-plane thermal conductivity of each as-grown NCD layer is shown

in Fig. 3. The thermal conductivity values are in general one to two orders of

magnitude below the thermal conductivities reported for bulk CVD diamond

for all the investigated samples.[11] Both families of HF NCD samples show a

linear correlation with its layer thickness (see Fig 3 A).We also noted that the115

slope of the temperature profiles used to determine the thermal conductivity
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can be fitted assuming a temperature independent in-plane thermal conductiv-

ity. In bulk diamond, and above room temperature, it is well known that the

thermal conductivity decreases with temperature due to the 3 phonon scatter-

ing mechanism,[31] being this decay well reproduced by a power law given as120

k(T ) = k300K(T/300K)−1.25 extracted from the fitting to the experimental data

of reference. [32] However, when such temperature dependence is assumed for

the NCD membranes it is not possible to simultaneously reproduce the exper-

imental temperature profiles for different powers dissipated in the heater (see

Fig. 2). This deviation from the bulk behavior of the phonon transport indi-125

cates that the in-grain phonon phonon scattering in the near nucleation site of

the NCD membranes is not the dominant phonon scattering mechanism in these

samples from room temperature and above, being the dominant phonon scat-

tering mechanism either due to the phonon scattering at the grain boundaries

or the phonon scattering due defects/impurities in the lattice.130

The thermal conductivity of samples of recipe B are higher than those sam-

ples grown with recipe A, due to the different evolution of the grain size (Fig

1-b). The results obtained for the MW NCD samples are consistent with the

HF-NCD. The importance of the grain size for thermal conductivity is high-

lighted in Fig 3-b, where the in-plane thermal conductivity as function of the135

average grain size measured at the surface of the diamond films is displayed.

Independent of growth recipe, thickness and growth method a nearly linear cor-

relation between the in-plane thermal conductivity and the average grain size

is observed. These results illustrate that as a thumb rule the as-grown NCD

samples with a faster lateral grain size evolution will achieve a higher lateral140

thermal conductivity for a given thickness than NCD films with lower grain size

evolution rate. This ultimately opens a door to manipulate the thermal prop-

erties of the near nucleation region of polycrystalline diamond by acting on the

grain evolution through the growth conditions.

To gain insight into the changes in thermal conductivity through the layer145

thickness, we took advantage of the stepwise growth of the HF-NCD series of

samples by analyzing the results through a recursive multilayer model.[24] For
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this we started with a layer with a thickness dn, corresponding to the thinnest

sample available in the set, with kn its experimentally determined thermal con-

ductivity. On top of this layer, and assuming continuity as boundary condition,150

a second layer of thickness d′ is considered to match the total thickness of the

next sample of the set. Therefore the temperature profile experimentally mea-

sured in this sample should be reproduced by a two layer model in which the only

unknown parameter is the thermal conductivity of the top layer, kn−1. This can

be done recursively for as many layers as samples are available, and provides an155

evaluation of how the in-plane thermal conductivity changes through the layer

thickness. The results of the recursive multilayer model for the HF NCD are

summarized in Fig 4, showing that the thermal conductivity is strongly inhomo-

geneous across the layer thickness, varying up to a factor 3 between the first 500

nm (near the nucleation layer) and the top part of the film. It is worth noting160

that the depth-dependence of the in-plane thermal conductivity is stronger in

the sample grown with the recipe A, which is not consistent with a simple grain

size dependence and indicates that the lateral grain size is not the only factor in

the reduction of the in-plane thermal conductivity observed in the NCD films.

To extend the validity of the stepwise experimental approach, membranes165

were etched from the nucleation site to remove the first 420 nm of diamond.

This enabled a direct measurement of the in-plane thermal conductivity of the

top part of the diamond film, in this case of the MW NCD layers for which no

stepwise set of samples were available. The temperature profile measured in the

thinned membranes, when the same power was dissipated into the metal heaters,170

was found equivalent to the original thicker as-grown membranes. Given that

the power density inside the NCD layer is almost doubled due the thinning of the

sample, this indicates a clear improvement in the measured thermal conductivity

after the etching (see Fig. 5-a). In-plane thermal conductivities of 120±5 W/mK

for sample 1 (80W/mK before etching) and 175±5 W/mK for sample 2 (135175

W/mK before etching) were measured from the etched samples. Using the

same recursive model described before, but in a reverse direction, the thermal

conductivity of the near nucleation etched part was also extracted, shown in
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Fig. 5-b. MW NCD and HF NCD equivalent membranes show a very similar

variation of the in-plane thermal conductivity across the layer, consistent with a180

similar grain evolution for both sets of samples even with the different processes

used to grown each set of samples.

4. Discussion:

Modeling the thermal transport of complex NCD is a challenging task in-

volving the evaluation of the different thermal resistances in the diamond lat-185

tice, namely the thermal resistance inside the grains and the thermal resistance

between grains. The intrinsic thermal conductivity for dielectrics and semicon-

ductors can be modeled by solving the Boltzmann transport equation for the

phonons in the lattice (BTE).[33] However, here the approach given by Call-

away was used to circumvent the exact solution of the complex multidimensional190

BTE for phonons.[34, 35, 36] This formalism was derived as a phenomenological

model for low temperatures where the three phonon scattering events which con-

serve the wave vector (Normal process) and those who do not (resistive phonon

scattering processes) contribute to the total thermal resistance and it has been

extended to the full temperature range by considering the different acoustic195

phonon polarizations and accurate scattering relaxation times.[35, 36, 37, 38]

Following this formalism the thermal conductivity can be modeled as follows:

k =
T 3K4

B

8π3h̄3

∑
i

1

vi
[Ii1 + βi × Ii2] (1)

where the thermal conductivity of the first term Ii1 is equivalent to diffusive

phonon thermal transport and the second term Ii2, modified by the relaxation

time βi takes into account the drift in the phonon distribution introduced by200

the Normal 3-phonon scattering processes.[36, 39] The different polarizations of

the phonons,i, were taken into account by using the Holland modification to the

Callaway model.[35, 36] The two termsIi1 and Ii2 are described by:
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Ii1 =

∫ 2π

0

∫ π

0

∫ θi/T

0

τ iC ×
x4ex

(ex − 1)2
cos2 θ sin θdxdθdφ ,

Ii2 =

∫ 2π

0

∫ π

0

∫ θi/T

0

τ iC
τ iN
× x4ex

(ex − 1)2
cos2 θ sin θdxdθdφ

(2)

with θi being the temperature cut-off of each phonon branch i, τ iN the Normal

3-phonon scattering relaxation time and τ iC = ( 1
τ i
N

+ 1
τ i
R

)−1 a combination of205

the Normal ans resistive scattering processes.[34] Here the Normal 3-phonon

processes are assumed to behave following the relaxation times given by Asen-

Palmer:[37]

τLN =
1

CLNω
2T 3

τTN =
1

CTNωT
4

(3)

For the resistive processes, which are given as a combined relaxation time

following a Mathiesen rule, being the umklapp 3 phonon processes given as: [38]210

τ iU =
1

CiUω
2Teθi/3T

(4)

and the scattering introduced by the impurities/isotopes is given in the Kle-

mens formalism as: [40]

τ iI =
1

CiIω
4Γ

(5)

The constants Cij appearing in (3) (4) and (5) depend only on the properties

of the material and are fully described for diamond by Morelli et al. in Ref [[38]].

Here to simplify the model, we encompassed the effect of the different factors215

descriving the quality of the lattice (different isotopes, vacancies, impurities and

extended defects) in the parameter Γ whitout distinction, which is a sensible

approach since from room temperature and above all these mechanisms can be

descrived by (5).[40] Finally, the effect of the finite size of the lattice might be

introduced into τ iR through a simple time constant proportional to the phonon220
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sound velocity of each branch and the effective length of the boundary,Leff :

[33]

τ iB/GB =
Leff
vi

(6)

With this model, the thermal conductivity of bulk single crystal natural

diamond has been reproduced with high accuracy in a wide range of tempera-

tures in the past. [38] Furthermore, it has been successfully applied to describe225

the thermal conductivity of polycrystalline dielectrics by simply assuming Leff

as the lateral dimension of the grains [11, 41, 42, 43, 44], and thus consider-

ing a near the Casimir limit for the mean free path of the phonons.[33] This

holds for diamond since its acoustic phonons carrying the energy have very

long phonon mean free paths (MFP), being half of the heat carried by phonons230

with MFPs above 1 µm at room temperature.[45] Therefore, when the dimen-

sions of the grains are reduced below few microns, the phonons are affected by

τ iB/GB and the thermal conductivity is reduced. However, it is worth noting

that in polycrystalline diamond, the fast lateral growing of the grains, and the

competition process between them, can distort the homogenous arrangement of235

the atoms at the grain boundaries.[46] This ultimately promote the accumula-

tion of vacancy clusters, and other impurities like hydrogen atoms forming C-H

bonds,[28, 46, 47, 48, 49, 50] which has been correlated with a reduction in the

thermal conductivity of the polycrystalline diamond.[51] The thickness of this

defective region between grains depends on the details of the growth,[46] and240

here a conversion of the propagative acoustic phonon modes in optical modes

acting as a energy reservoir can take place.[52] All this together lead to a lo-

calized ∆T between grains for which the aforementioned Callaway like model

cannot account for.To include the full role played by the grain boundaries, we

consider here two different sources of thermal resistance: first the one originat-245

ing from the reduction of the phonon mean free path due the phonon phonon

interactions, impurities in the lattice and the size of the grains, which is de-

scribed by the Callaway-like model, and secondly a thermal resistance arising
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from the localized accumulation of defects at the grain boundaries, in which

the heat transference is characterized by a thermal conductance G. This is250

therefore equivalent to the effective thermal conductivity (ETC) model recently

proposed by Dong et al.,[53] but here the size-effect in the intra grain thermal

conductivity is described by τ iB/GB inside the Callaway like model instead from

the phenomenological approach of the original ETC model.[53] Under this ap-

proach the model describing the thermal transport in polycrystalline diamond255

is given as:

kKC(G,Γ, Leff , T ) =
k(Γ, Leff , T )

1 + k(Γ,Leff ,T )
Leff×G

(7)

where k(G,Γ, Leff , T ) is the thermal conductivity calculated with the Callaway-

like model including the size effects through τ iB/GB and G takes account of

the extra thermal resistance between grains due the defect accumulation at

the boundary between grains. It is worth noting that in a more detailed pic-260

ture of the phonon transport, bothτ iB/GB and G are likely to have a frequency

dependence.[54] However, this frequency dependence is important mainly at low

temperatures in which the heat is carried mainly by phonons with long wave-

lengths, which are more affected by the grain/grain interfaces.[55] Therefore,

for room temperature and above, assuming a frequency independent behav-265

ior for both τ iB/GB and G is a sensible approach which enables to quantify

the effect of the grain/grain interfaces in the thermal transport of nanocrys-

talline diamond. The model described here compares well with ab-initio pre-

dictions made by molecular dynamics for nanocrystalline diamond, and also

with the ones from the phenomenological ETC model of Ref [[53]] (Fig 6-270

a). However, the analytical description of the in-grain thermal conductivity

introduced here also includes the effect of the lattice defects and the tem-

perature dependence of the thermal conductivity, contributions which are ne-

glected in the original ETC model in the analysis of the thermal transport

of polycrystalline materials. To better illustrate the relative importance of275

the grain size and the quality of the lattice on the in-plane thermal conduc-
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tivity of polycrystalline diamond, we show in Fig 6-b a summary of exper-

imental in-plane thermal conductivities versus grain size from the literature

(room temperature thermal conductivity and grain size measured from the

surface).[11, 13, 14, 15, 16, 17, 56, 57, 58, 59, 60, 61, 62, 63, 64, 65, 66, 67, 68]280

Note that for crystal sizes below a few tens of nanometers the thermal conduc-

tivity decreases up to 3 orders of magnitude from the bulk values, as illustrated

in Fig 6-a. Also, it is clear that the data shown in Fig 6-b cannot be ex-

plained only with the grain size of the samples. Using only the Callaway like

model (thus G=∞ on (7)), the thermal conductivity of the CVD diamond with285

grains above one micron can be reproduced fairly well only by adjusting the

strength of the impurity scattering Γ; however an equivalent of 2500 ppm of

carbon vacancies in the lattice would be needed in order to cover the full range

of reported thermal conductivities with grains above 1 µm (assuming a Ratsi-

faritana Klemens behavior for carbon vacancy in Γ [69]). Below this grain size,290

the strength of Γ should be increased even further to unrealistic values (up to

an equivalent of more than 1-2% of carbon vacancies in the lattice) to explain

the low thermal conductivity observed for diamond, suggesting that the qual-

ity of the lattice is not enough to explain the thermal conductivity observed in

nanocrystalline diamond. Only when the thermal resistance between grain is295

included, the in-plane thermal conductivity of the samples shown in Fig 6-b can

be better described, especially the sub 1 µm region which is more sensitive to

the grain/grain thermal barrier than to the in grain lattice quality. It is worth

noting that for grains bigger than 1 µm the thermal conductivity becomes more

sensitive to the quality of the in-grain lattice than by the grain/grain ther-300

mal barriers (see Fig 6). And therefore, for the grain size region of the herein

investigated samples, which is between 100 nm and 250 nm, the in-plane ther-

mal conductivity will be dominated by the quality of the grain/grain interfaces

and the lateral grain size dimensions rather than for the quality of the lat-

tice. Besides, both HF NCD and MW NCD samples showed no signature of305

non-diamond phases on the Raman spectra, showing also a high transparency

(see Fig 2). Typically the optical transparency and thermal conductivity are
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correlated, being opaque samples prone to accumulate a high density of point

defects in the diamond lattice.[70] Also low thermal conductivities due poor lat-

tice quality has been correlated with theCH4/H2 ratio; typically samples grown310

with more than 1%CH4/H2 show a strong reduction of the thermal conductiv-

ity with the CH4/H2 ratio. [13, 71, 72, 73] Since the samples analyzed here are

grown with much lowerCH4/H2 ratio than this limit, and their transparency and

Raman spectra characteristics, nothing indicates the high point defects needed

to impact the thermal conductivity in the grain size range shown by the herein315

analyzed samples.

For evaluating the in-plane thermal conductivity of the different samples

analyzed in this work, the lateral grain size value Leff was estimated from the

grain evolution shown in Fig.2 taking advantage of the linear behavior shown

in the first micron from nucleation to the surface. For the thicker HF-NCD320

sample of set B for which the top 500 nm are beyond the linear grain evolution,

the lateral grain size of the first micron with the subsequent constant lateral

grain size of the top 500 nm of the membrane was averaged. By introducing

this effective grain size in the model, a reasonable good agreement with the

experimental data is achieved when the grain/grain thermal conductance G is325

within the 1 GW/m2K to 2 GW/m2K range (see Fig 7-A). These values are

lower than those reported for NCD from molecular dynamics simulations (7-8

GW/m2K), however in those simulations the grain/grain interface is created

with perfect arrangements of carbon atoms, resulting in an underestimation of

the thermal resistances of real samples. The temperature dependence of the330

in-plane thermal conductivity predicted for this samples is also shown in Fig.

7 (inset). The strong decrease of the thermal conductivity with the tempera-

ture which is characteristic of phonon-phonon scattering is suppressed here as a

result of the dominant role played by the grain boundaries, yielding an almost

constant thermal conductivity above room temperature as we observed in the335

experimental results (see Fig 2). From Fig. 7, it is also clear that samples show-

ing the fastest grain size expansion (both for HF and MW-NCD) show higher

values for G, being all the data contained in the 1.5-2 GW/m2K range, while the
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samples grown with slower grain evolution lie within a 0.5-1 GW/m2K band.

This indicate that apart from a larger lateral grain size, those HF and MW340

NCD films exhibiting a faster lateral grain size expansion also have a better

grain/grain interface, which ultimately contributes to achieve a higher in-plane

thermal conductivity.

The relative contribution of the grain size and grain/grain thermal conduc-

tance in the total thermal conductivity of nanocrystalline diamond is shown in345

Fig-8a. Note Even with the thermal conductance extracted for clean boundaries

from ab-initio molecular dynamics (∼ 7GW/m2K ), the in-plane thermal con-

ductivity of polycrystalline diamond with crystal sizes below 100 nm is bounded

to 250 W/mK. On the other hand, even for relatively big crystals (>250 nanome-

ters), the thermal conductivity can drop below 100 W/mK if the grain/grain350

interfaces accumulates enough defects or disorder. Finally, to analyze the depth

dependence of the in-plane thermal conductivity through the layer thickness ob-

served in the investigated samples, instead of assuming only one average grain

size for each membrane, an effective lateral grain size for each region shown in

Figs. 4 and 5 may be defined. This again can be approximated from a linear355

interpolation of the grain evolution data shown in Fig. 2. These results are

summarized in Fig 8-b, in which a linear trend is observed for the experimental

in-plane thermal conductivities. However this trend is not compatible with a

constant value of G across the diamond thickness, suggesting that the thermal

conductance between grain/grain interfaces evolves from 0.5 GW/m2K in the360

first nanometers up to 3 GW/m2K above 1 micron diamond growth. There-

fore, the distortion of the heat flux because of the grain/grain interface in the

first hundreds of nanometers corresponding to the coalescence region is stronger

than in the columnar region in which the grains are more homogeneous. This

kind of behavior has been shown before in ultrananocrystalline diamond [15],365

and attributed to the accumulation of defects in the grain/grain boundaries.

[15, 50, 68] On the other hand, samples showing slower growth expansion have

the worst grain/grain thermal conductance in the near nucleation region, indi-

cating that the growth conditions play a major role in order to achieve a good

14



in-plane thermal conductivity in the near nucleation region. This can be the370

result of a higher accumulation of defects for the slower diamond growing con-

ditions, but also might be the result of an accumulation of smaller grains than

predicted from the linear grain evolution observed above this thickness (see fig

8-a). In any case the strong inhomogeneity observed in the in-plane thermal

conductivity across the nanocrystalline membranes is important for the integra-375

tion of ultra thin diamond layers as a heat spreader, especially if the dimensions

of the heat source are much smaller than the thickness of the membrane, or if

the frequency of the heating is very high.[6, 8] In those cases the real thermal

resistance might be higher than the one expected from the average values deter-

mined for the full layer. Also this effect should be considered when the thermal380

conductivity is measured through transient measurements, being possible to

measure difference values for the thermal conductivity of the nanocrystalline

diamond when different frequencies, and thus penetration depths, are used for

the modulation of the heat source as has been recently experimentally observed

by Bozorg-Grayeli et al.[20]385

5. Summary:

The thermal conductivity of nanocrystalline diamond on a set of ultrathin

diamond membranes was measured. The results illustrate not only that the in-

plane thermal conductivity is significantly lower than diamond bulk values, but

also that this property can be controlled through its granular nanostructure,390

being the grain size expansion the key parameter in the process. Thermal con-

ductivity depth profiles were determined with different methods, demonstrating

the strong inhomogeneity of the lateral thermal conductivity at different depths

inside the NCD diamond; the in-plane thermal conductivity of the first hundreds

of nm is much lower than the values achieved in the subsequent columnar region395

of the diamond film. These results have been explained through a model for

the thermal conductivity of polycrystalline materials which takes into account

the effect of grain boundary scattering and defect accumulation at the bound-

15



aries. An extra thermal resistance in the grain boundaries attributed to defect

incorporation in these regions has been established, showing that the thermal400

transport is better in the columnar region in which the grains are more homo-

geneous in size and worse in the first hundreds of nanometers corresponding to

the coalescence region. Given that nowadays it is not known how to grow single

crystal ultra-thin CVD diamond layers, the effects described in this work cannot

be avoided, and therefore they should be taken into account when diamond is405

grown as a heat spreader. Furthermore, it has been demonstrated here how

the in-plane thermal transport in the near nucleation region of polycrystalline

diamond can be controlled, which ultimately opens the door to create thin lay-

ers with a desired thermal conductivity, ranging from a few W/mK to a few

hundreds of W/mK.410
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[22] H. Verhoeven, A. Flöter, H. Reiß, R. Zachai, D. Wittorf, W. Jäger, Influ-500
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Figure 1: a) Scanning electron microscopy micrographs showing the grain evolution of the

HF-NCD. For the same thickness, samples grown with the recipe B show bigger grains than

those grown with recipe A. b) Lateral grain size as a function of the thickness for the different

NCD films under study. The grain size was extracted by means of the Abrams method[30].

The inset shows a sketch of the typical columnar grain structure of the samples.
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Figure 2: a)-Electron microscopy and optical micrograph of the free standing membranes

created for measuring the in-plane thermal conductivity of the diamond films. Note the clear

transparency of the diamond films. b) Temperature profiles extracted for the 470 nm thick

sample (set B) from the NCD (open symbols) and Si NW (filled circles and triangles) with

two different electrical powers dissipated in the heater (142 mW and 46 mW)
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Figure 3: Lateral thermal conductivity measured in the different NCD membranes repre-

sented as a function of their layer thickness (a) and lateral grain size at surface (b). Dashed

lines corresponds to the least squares linear fitting and dotted lines mark the 90% confidence

intervals.
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Figure 4: Average thermal conductivity as a function of the depth for the thickest sample of

each set (1µ set A and 1.5µm set B) of HF diamond extracted by fitting a multilayer recursive

model. The grey bands show the average thermal conductivity measured for the 1µm set A

and 1.5µm set B membranes.
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Figure 5: a) Temperature profiles measured in the MW NCD membrane (recipe 1) before

and after etching the near nucleation region with the same power dissipated in the heater

(temperature measured in the diamond open symbols, Si NW solid symbols). The solid grey

curve shows the expected temperature profile assuming that the in-plane thermal conductivity

of the etched sample is the same than the one measured in the as-grown sample. b) In-plane

thermal conductivity at different depths extracted for the MW-NCD membranes.
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Figure 6: a) Comparison of the KC-model used here and ETC model from [[53]] assuming

the same thermal conductance between grains (7 GW/m2K) and bulk thermal conductivity

(1250 W/mK). Results from ab initio molecular dynamics[53] are also shown for comparison.

b) Experimental thermal conductivity data versus grain sizes from the literature.[11, 13, 14,

15, 16, 17, 56, 57, 58, 59, 60, 61, 62, 63, 64, 65, 66, 67, 68] Solid curves show the predictions

with G=∞ considering natural diamond parameters (black) and lower quality diamond (grey,

Γ equivalent to 2500 ppm of C-vacancies). Note that the curves comprise all the data above

1 µm but cannot reproduce the data below 1 µm. By including the thermal barrier between

grains the data below 1 µm can be explained (dotted lines).
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Figure 7: Experimentally in-plane thermal conductivity as a function of the effective grain size

determined for each sample. The lines are the result of the model for different values ofG. Inset

shows the temperature dependence predicted for HF-NCD (recipe B) as an example (G=1.75

GW/m2K ). Note the weak temperature dependence of the in-plane thermal conductivity at

room temperature and above.
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Figure 8: a) Contour plot showing the relative effect of the grain size and G in the thermal

conductivity of nanocrystalline diamond. b) Experimentally in-plane thermal conductivity as

a function of the effective grain size determined for each region of the films (vertical dashed

lines are guides to the eye). The lines are results of the model with the thermal conductance

between grains indicated in the graph.
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