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ABSTRACT

This work examines the effect of using low-ionic strength zwitterionic buffer and post-deposition thermal
annealing on the microstructure and thermal conductivity of continuous nanocrystalline diamond films
that are deposited via the directed covalent assembly of detonation nanodiamonds. Variation of the
zwitterionic buffer pH was found to tune the surface coverage, film thickness, thermal conductivity, and
film morphology as quantified by apparent porosity and pore size distribution. The sequential annealing
of these films up to 400 °C, showed the anticipated severance of amide bonds holding the nanodiamonds
together, followed by the detrimental aggregation of the nanodiamonds to segregated islands, losing film
continuity and increasing apparent porosity. The change in thermal conductivity with annealing was
subjective to buffer pH, suggesting that the morphology changes associated with annealing may have a
complex relationship with thermal conductivity. The thermal conductivity data were further analyzed
using a phonon hopping model to quantify the degree of phonon movement across boundaries. Overall,
the results demonstrate a way to achieving porous, low-cost nanocrystalline diamond thin films with
tunable film morphology and thermal conductivity.



1. INTRODUCTION

Polycrystalline diamond thin films are ideal for applications in microelectromechanical systems to reduce
wear[1-3], stiction, and thermal expansion [4], in harsh environments to prevent corrosion [5-7], or in
medical implants such as the artificial heart or the bionic eye to improve biocompatibility [8-10]. These
films are most commonly grown via chemical vapor deposition, which restricts the growth substrates to
those that can resist melting, or reaction with process gases, and carbon dissolution above 350 °C [11,
12]. Further, the requirement of specialized growth chambers, vacuum conditions, precursor gases, and
large power impede the reduction of cost and thus wide-scale adoption. In our prior work, we
demonstrated polycrystalline diamond film preparation in the solution phase using carboxylated
detonation nanodiamonds (ND-COOH) as shown in Figure 1 [13]. The process requires the surface to be
amine-terminated, which is usually achieved through hydroxylation and reaction with 2-
aminopropyltriethoxy silane vapors. The resulting amine-terminated surface when cyclically reacted with
carbodiimide-activated ND-COOH and a diamine linker (ethylene diamine in this case) led to the growth
of a nanocrystalline diamond thin film. Concurrently, the unreacted ND-COOH in the solution can be
regenerated and reactivated for use in the subsequent deposition cycle. The assembly process was
demonstrated in the solution phase as well as via spin coating, both resulting in films of similar
morphology and apparent porosity (Qapp = 0.3-0.37). The thermal conductivity measured via the 3w
method ranged between 1-15 W m™ K, with a potential to achieve 20 W m™* K with the elimination of
porosity or even greater values with improved interfacial transmission of thermal energy.
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Figure 1. Process scheme for directed covalent assembly of nanodiamonds. (a) The process starts with an
amine-terminated surface that was formed via the reaction of 2-aminopropyltriethoxy silane vapors with



a hydroxylated silicon dioxide surface (piranha clean, RCA-l, and RCA-II clean). (b) The amine-terminated
surface was then reacted with the active acylisourea ester form of ND-COOH,; this form was obtained using
EDC in solution. The unreacted ester groups on the surface-tethered ND-COOH were then reacted with
ethylene diamine, leaving the surface amine-terminated. (c) After each reaction cycle, the active ester
form of ND-COOH in solution was hydrolyzed and regenerated by adjusting the pH, and centrifuging (RCF
=720 x g, 5 min). The ND-COOH were then suspended in fresh solution media using horn sonication (750
W, 20 kHz, 60 min). (d) Consecutive cyclic deposition of ND-COOH on the surface in this manner results in
complete surface coverage, followed by an increase in film thickness.

Here, we examine the effect of the reaction medium and post-assembly annealing on the film morphology
and thermal conductivity. The motivation to study thermal conduction implications of these processing
variables are two-fold. First, there is a desire following our initial work to investigate if the thermal
conductivity might be improved via changes in processing-induced changes in film morphology and
particle-particle interfaces. Second, we seek to use thermal conductivity measurements as a means of
comparing the strength of particle-particle interactions across processing variables even if the net result
is a lowered thermal conductivity for a given case. Our prior work was performed using deionized water
or 1 mM KCl as the reaction medium. As shown in Figure 2, when the carbodiimide cross-linker (EDC) is
added to a horn-sonicated ND-COOH suspension in deionized water, the hydrochloride content of EDC
lowers the pH and leads to particle agglomeration. This is expected to result in films with higher porosity
and less mechanical integrity compared to a completely covalently bound film. Further, the size
distribution of the ND-COOH in DI water changes with each regeneration, and the addition of EDC results
in a different particle size distribution. Here, we chose a zwitterionic 2-ethanesulfonic acid (MES) buffer
because (a) it has a strong buffering capacity in the pH range (5.5 - 8) where ND-COOH may form a stable
suspension, (b) contains no free amines that interfere with the EDC cross-linker chemistry and (c) its
protonation and deprotonation should not alter the ionic strength significantly. But, the use of higher
ionic strength would promote particle aggregation, hence, the buffer strength was fixed at 10 mM in this
study, so that the resulting ionic strength stays between 1 — 6 mM even with pH variation between 5.5
and 7. Figure 2 shows a preliminary analysis of nanodiamond agglomerate size distribution 30 min after
the addition of EDC, and after regeneration in MES buffers of pH 5.5 — 7. The MES buffers of pH 6.5 and 7
show comparatively less aggregation upon addition of EDC and after two regenerations, when compared
to the MES buffers of pH 5.5 and 6. Thus we restricted our study to films assembled in the MES buffers of
pH 6, 6.5,and 7.
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Figure 2. The shift in nanodiamond agglomerate size distribution over three consecutive assembly and
regeneration cycles in MES buffer (pH 5.5, 6, 6.5, or 7) and DI water. Measurement was taken using
dynamic light scattering. (a-c) Agglomerate size distribution after 1 h of horn sonication, and before
activating it to an acylisourea ester form. (d-f) Agglomerate size distribution was taken 30 min after adding
EDC. The % Channel indicates the intensity.

2. MATERIALS AND METHODS

2.1 Materials. Carboxylated nanodiamond aggregates (ND-COOH, 99% purity) with an average diameter
of 30 nm and consisting of 3-4 nm particles were purchased from Addmas Nanotechnologies. Premium
grade 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide (EDC), a water-soluble carbodiimide crosslinker
was used for small-length conjugation of carboxyl groups on ND-COOH to the amine group on ethylene
diamine. EDC was purchased from Thermo Scientific Pierce. Ethylenediamine (EDA, 99% purity) was
purchased from Alfa Aesar. Acetone (CMOS grade), 2-propanol (CMOS grade), (3-aminopropyl)
triethoxysilane (99%, ACROS Organics), potassium chloride (ACS grade), ammonium hydroxide (ACS Plus),
and sodium hydroxide (ACS grade) were obtained from Fisher Scientific. Solutions of 30 % hydrogen
peroxide, 96 % sulfuric acid, or hydrochloric acid (ACS Plus grade) were obtained from J.T Baker Avantor.
Deionized water (DI) with a minimum conductivity of 18 MQ-cm was obtained using a Millipore
deionization system.



2.2 Nanodiamond film deposition by incubation was performed on a 1.4 x 1.4 cm silicon chip. This chip
size allowed us to carry out the deposition in a wide-mouth (1.6 cm) scintillation vial and perform
characterizations reported here. Substrates were cleaned via Piranha, RCA-l, and RCA-Il protocols
followed by a DI water rinse and air drying. The surface was immediately reacted with (3-aminopropyl)
triethoxysilane vapors in a vacuum desiccator for about 30 min at room temperature. The silane covered
substrates were then soaked in DI water for 5 min and heated at 90 °C for 5 min to crosslink the silane
layer. The amine-reactive O-acylisourea ester form of ND-COOH was prepared by horn sonicating 1 mg
ND-COOH per ml of 10 mM MES buffer (pH 6, 6.5, or 7) for 1 h at room temperature, and mixing 1 mg/ml
EDC. The amino-silane coated substrates were then reacted with the solution containing active ND-COOH
for 30 min at room temperature. Then the substrates were rinsed in DI water for 5 min to wash off
nanodiamonds (ND) not tethered covalently. Following, the substrates were dipped in EDA for 30 min,
then soaked in DI water for 5 min and air-dried. The substrates were then either exposed to a solution
containing an active form of either fresh or regenerated ND-COOH for the subsequent deposition cycle.

2.3 Regeneration of spent ND-COOH solution was carried out by adding 1 mM HCl in 1:500 (v/v) ratio and
centrifuging at 720 rcf or 3000 rpm for 5 min. The supernatant was replaced with 10 mM MES buffer (pH
6, 6.5, or 7) and horn sonicated for 1 h before adding EDC for the next deposition cycle.

2.4 Particle size and zeta potential measurements were carried out using dynamic light scattering
spectroscopy (DLS) with a laser wavelength of 780 nm on a Zetatrac (Microtrac Inc.). The average particle
size distribution was averaged over 8 measurements, 30 s each. The zeta potential calculations were
performed using Henry’s formula for mobility to calculate the potential difference between the dispersion
medium and the stationary layer of charge attached to the particle. Smoluchowski approximation was
used to present results here. The use of the Huckel approximation did not change the trend seen in the
zeta potential measurements. All calculation was based on properties of water at room temperature
(viscosity of 0.890 cP, a dielectric constant of 79.63).

2.5 Scanning electron microscopy (SEM) was performed with a Hitachi S-4800 field-emission microscope
using an accelerating voltage of 3-5kV at a magnification of 3.5k-35k to reduce artifacts from specimen
charging and obtain a balance between electrical charging and resolution.

2.6 Atomic force microscopy (AFM) images were recorded on an Agilent 5420 microscope using a
tapping-mode silicon probe (Budget Sensors SHR75, f, = 75 kHz, k = 3 N/m) with a diamond-like carbon
spike (radius ~1 nm, length ~100-200 nm). Scanning rate and resolution were set to 0.07 lines/s and 1024
x 1024, respectively.

2.7 Film thickness measurement was performed by surface wear technique with an AFM. An array of
scratches were performed on the film in contact mode using a standard AFM silicon probe (NanoWorld
Arrow FMR, f, = 75 kHz, k = 2.8 N/m). Following, the scratches were imaged in tapping mode at 90° to
avoid the scratched debris.

2.8 Annealing of films was carried out using a 2” quartz tube mounted on a single-zone split tube furnace
(MTI OTF-1200) and connected to a vacuum pump, a mass flow controller, and a tank containing reducing
gas (2.5 % H, and 97.5 % Ar). The quartz tube was evacuated to <50 mTorr after loading the nanodiamond
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film-coated substrates and then brought back to atmospheric pressure with a 100 sccm flow of reducing
gas for 30 min, before ramping the furnace to the desired temperature (200 °C, 300 °C, 400 °C) within 45

min. The annealing was carried out at the desired temperature for 4 h with reducing gas flowing at 20
sccm. The substrates were cooled to room temperature under continuous flow (~1 h) before examining
them under the SEM and AFM.

2.9 Thermal conductivity measurements in the cross-plane direction of the thin films were performed
using the 3w method. Given that these films are comprised of nanoparticles arranged without perceivable
ordering, it is expected that thermal conduction would be isotropic and that cross-plane thermal
conductivity values are representative of all directions. Previously, the 3m method has been used to
measure the thermal conductivity of nano-diamond thin films produced by CVD by various groups [14-
16]. This work utilizes the same experimental procedure, data reduction methodology, compensation for
interfacial thermal resistances, validation against literature results, and uncertainty analysis outlined in
our previous work on thermal transport in ultrananocrystalline diamond (UNCD) thin films [13], in which
full details can be found. Briefly, a standard, straight four-probe line that functions as both a heater and
thermometer of 50 um width was patterned on the UNCD film using photolithography in accordance with
the widely utilized 3w heater/thermometer structure design [14-16]. The total length of the four-probe
line was 1800 micrometers, while the length of the inner four-probe region was 900 micrometers.
Following this, 10 nm chromium and 200 nm gold were deposited using electron beam evaporation and
once the features obtained from photolithography are confirmed under an optical microscope, a lift-off
process was performed which resulted in a 3w line and four contact pads. This device was then placed in
a 16-pin microchip commercial carrier and wire-bonding was used to make connections between the
sample and chip carrier. The remaining experimental setup and data acquisition details follow those
conventionally used for a 3m measurement and are given in Ref. [13].



3. RESULTS AND DISCUSSION

3.1 Morphology of films as-deposited

|
|
|
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Figure 3. Film morphology observed using scanning electron microscopy at different magnifications when
directed covalent assembly of ND-COOH was carried out 20 times in MES buffer of (a-c) pH 6, (d-f) pH 6.5,
and (g-i) pH 7. Samples were not sputter coated to reduce charging. This allowed viewing the films
unaltered.

The SEM images of as-deposited films shown in Figure 3 and Supporting Information Figure S1-3 were
taken to investigate the film uniformity and surface coverage at the micron scale. After 20 deposition
cycles in MES buffer pH 6, the films showed uniform surface coverage at 3.5k and 10k magnification, but
incomplete surface coverage and non-uniform dispersion of nanodiamonds at 35k magnification. SEM
images of the films deposited at pH 6.5 and pH 7 showed complete surface coverage at magnifications
down to 35k. The films deposited at pH 6.5 showed lower surface roughness and thickness compared to
the films deposited at pH 7. To compare these films to those from our prior work, we also prepared films
using DI water-based sol using either bath sonication or horn sonication, as shown in Supporting
Information Figure S4. The SEM images of nanodiamond films assembled using DI-water based sol
prepared by horn sonication showed higher surface coverage and increased density compared to the films
formed by bath sonication. However, the films assembled with MES buffer pH 7 (also horn sonicated)
were much thicker than those obtained using DI water.
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Figure 4. Film morphology observed using atomic force microscopy. (a-c) The topography of nanodiamond
films obtained after 20 deposition cycles in MES buffer of pH 6, 6.5, and 7. The adjacent color scale
indicates the relative height value. The root-mean-squared (RMS) surface roughness (Rg) values
correspond to the average and standard deviation recorded on three chips. (d-f) The pore size distribution
at different image sectioning height (mean height, mean height plus the RMS roughness, or mean height
minus the RMS roughness), and the apparent porosity (®.pp) as observed for the nanodiamond films
deposited at pH 6, 6.5, and 7.

The AFM images obtained using a super-sharp probe were analyzed for quantifying surface roughness and
film morphology (examples shown in Figure 4a-c and more furnished in Supporting Information Figure
S5). The films deposited at pH 6.5 and pH 7 showed complete surface coverage and denser films compared
to the films deposited at pH 6. The surface roughness of the films deposited at pH 7 was on the higher
side compared to that of films deposited at pH 6.5. The comparison of film morphology was made using
the apparent porosity (Dapp) and the pore size distribution obtained by sectioning the AFM image at
different heights.

The @,pp Was calculated as follows using high resolution (pixel size <5 nm) AFM images that were leveled
by mean plane subtraction, aligned rows with the median method, corrected for horizontal scars, and had
minimum data value shifted to zero.

Total grain volume after rejecting spikes in the data

D

(1)

app = © 7 Total volume of the image after rejecting spikes in the data

To reject spikes in the data, image pixels exceeding mean height plus R.M.S. roughness (Hmean + Rq) Were
capped. The mean height after spike rejection (Hcorrected mean) Was then used to calculate apparent porosity
as follows.
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The @5, was found to be higher for films deposited at pH 6, whereas the @,y was similar for films
deposited at pH 6.5 and 7. The pore-size distribution was obtained by watershed segmentation of AFM
images that were cross-sectioned at either (Hmean + Rg), Hmean, O (Hmean — Rq). The area and perimeter
values of the segmented pores were then used to generate the frequency distribution of the pore radius
(=2*area/perimeter) as shown in Figure 4d-f. Supporting Information Figure S6 shows that the images
obtained with 5 nm resolution enabled analysis striking a balance between imaging resolution and imaging
noise. At Hmean — Rq, the analysis represented the apparent deep pores. The average pore radius at Hmean
— Rq for films deposited at pH 6, 6.5, and 7 were 31 + 11, 39 + 11 nm, and 29 + 9 nm although their pore
size distribution shows a peak at 20 nm, 20 nm, and 30 nm, respectively. This shows that the films
deposited at pH 6.5 showed a slightly wider pore radius compared to the film deposited at pH 6 and 7. A
similar observation was also made when cross-sectioning the AFM images at Hmean, and Hmean + Rg. The
average pore radius at Hmean for films deposited at pH 6, 6.5, and 7 were 45 £ 20, 52 + 22 nm, and 38 + 15
nm, and their pore size distribution shows a peak at 20/40/60 nm, 40/70/90 nm, and 30/50 nm,
respectively. Further, a small amount of left shift in pore size distribution for the pH 7 films when
sectioning along Hmean + Rg, Hmean, and Hmean — Ry indicates that the pores have a higher aspect ratio.

3.2 Effect of annealing on film morphology

MES pH 6

MES pH 6.5

MESPH 7

Figure 5. Effect of thermal annealing on the morphology of nanodiamond film as observed using SEM. The
nanodiamond films were deposited at either pH 6 (a-d), 6.5 (e-h), or 7 (i-l), and annealed to either 200 °C
(b, f, j), 300 °C (c, g, k), or 400 °C (d, h, ) for 4 h in 2.5 % H,/ 97.5 % Ar. The scale bar in each image
represents 1 pum.



The nanodiamond films assembled in MES buffer of pH 6, 6.5, and 7 were annealed sequentially at 200,
300, and 400 °C for 4 h accompanied with SEM and AFM examination after each anneal. Figure 5 and
Supporting Information Figure S7-8 compare the surface morphology of nanodiamond films before and
after annealing. The films deposited at pH 6 showed the spreading of nanodiamonds and an increase in
surface coverage upon annealing 200 °C, but annealing at 300 °C showed signs of nanodiamond
agglomeration. Noticeable agglomeration was seen in films deposited at pH 6.5 only after annealing at
400 °C, while the pH 7 samples showed agglomeration after annealing at 300 °C. Overall, the films
deposited at either pH showed a noticeable agglomeration of the nanodiamonds when annealed at 400
°C, leading to a reduction in film uniformity and surface coverage. We hypothesize that the amides bonds
were severed at temperatures exceeding 200 °C similar to that observed in microporous organic
polymers,[17] followed by their self-assembly into larger nanodiamond agglomerates.[18]
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Figure 6. Effect of thermal annealing on the morphology of nanodiamond films as observed using 5 um x
5 um AFM images (1024 x 1024). The films were deposited at either pH 6 (a-d), 6.5 (e-h), or 7 (i-l), and
annealed to either 200 °C (b, f, j), 300 °C (c, g, k), or 400 °C (d, h, |) for 4 h in 2.5 % H,/ 97.5 % Avr.

Like the SEM results, AFM images in Figure 6 and Supporting Information Figures S9-10 confirm a change
in surface morphology and aggregation upon annealing. Supporting Figure 11 shows the pore size
distribution and @, obtained after annealing the films assembled at pH 6, 6.5, and 7. The ®,,, Was seen
to increase as a result of annealing for either film, especially annealing at 400 °C led to the highest ®ap, of
0.51, 0.38, and 0.46 for films assembled at pH 6, 6.5, and 7, respectively. For all the nanodiamond films,
as the nanodiamonds aggregated with annealing, more of the substrate were revealed and the Hmean Was
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found to decrease in areas imaged for pore analysis. The average pore radius at Hmean after annealing the
pH 6, 6.5, and 7 films at 400 °C (4 h) were 58.9+28.4 nm, 37.7£9.8 nm, and 41.1+19 nm, respectively, while
66.3129.5nm, 48.2+15 nm, and 53.9+19.9 nm were recorded was at Hmean+rq, and 34.9+11 nm, 33.9+7.5
nm and 28.8+£7.4 nm at Hmean-rq, respectively. This showed that pores remained conical in shaped despite
the nanodiamond aggregation on thermal annealing.
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Figure 7. (a) An example 5 um x 5 um square scratched in the nanodiamond film. (b) An example cross-
section profile was obtained from the square. (c) The average film thickness obtained for the
nanodiamond films deposited with MES buffer of pH 6, 6.5, and 7 before annealing and after annealing at
400 °C. The error bar indicates the average surface roughness of the films. The film thickness was
calculated as the average height of the points on either side of the square minus the average height of
the points inside the square.

To perform the film thickness measurement, the scanner was fixed in a position and a tapping mode 10
um x 10 um image was taken, followed by scratching (10 times) a 5 um x 5 um area within the imaged
area, causing the removal of the nanodiamond film as shown in Figure 7a-b. The film thickness was
measured by leveling the data by fitting a plane in the scratched portion, shifting the minimum value to
zero, and measuring the averaged difference in the height value for the area inside and outside the
scratched area. Thus, obtained film thickness values over three distinct areas (Figure 7c) show increasing
film thickness with the pH of MES buffer. The as-deposited samples showed an average film thickness of
24 £ 16.6 nm. 49.1 = 13.3 nm and 63 + 12.5 nm for pH 6, 6.5, and 7, respectively. The corresponding
average film thickness after annealing was found to be higher but statistically indifferent; pH 6, pH 6.5,
and pH 7 samples showed 38.8 £ 10.4 nm, 61.5 + 8.7 nm, and 81.9 + 32.2 nm film thickness, respectively.
The observed higher average film thickness is believed to occur as a result of increasing aggregation and
porosity of the film.

3.3 Thermal Characterization

Figure 8 shows the temperature-dependent thermal conductivity values obtained from the 3w method
for nanodiamond films, with porosity and the thermal resistances at the heater-film and film-substrate
interfaces compensated for as detailed in Ref. [13]. For unannealed samples, as shown in Figure 8a, the
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thermal conductivity of the films deposited at pH 6 and pH 6.5 showed an increase with temperature,
similar to that observed previously [13] above 300 K for very thin nanodiamond films with significant
variations in film thickness. This trend, along with the sizable increase in thermal conductivity near 340 K
for the pH 6 sample, may be related to improved interparticle phonon transmission occurring as stage
temperature was increased. The pH 7 sample showed the largest thermal conductivity value measured at
310 K, and subsequent measurements at higher temperatures resulted in temperature differences across
the thin film sample that were too small to be reliably used in determining thermal conductivity and were
thus omitted. The pH 7 sample’s thermal conductivity was found to be comparable to the upper range of
values previously reported for similarly assembled nanodiamond films [13].
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Figure 8. Thermal conductivity of UNCD thin films realized through different pH for (a) unannealed and
(b) annealed samples.

The same thermal conductivity measurements were performed for thin films created at varying pH values
with annealing at 400 °C as described above, with results given in Figure 8b. The thermal conductivity
values of all the annealed samples were comparable near room temperature regardless of deposition pH.
However, the observed temperature-dependence deviates for the pH 6 sample compared to pH 6.5 and
pH 7. Both types of trends were observed in our previous measurements on UNCD thin films [13]. The pH
6 sample demonstrated a slight decrease in thermal conductivity with increasing temperature but within
experimental uncertainty. In contrast, the pH 6.5 and pH 7 samples exhibited a general increase in thermal
conductivity with increasing temperature, though this trend is likewise comparable to the span of the
point-to-point uncertainty level such that this cannot be said with certainty.

From the structural characterization performed on annealed samples, it was shown that annealing does
induce film morphology changes, specifically an increase in aggregation and porosity compared to the
unannealed films. Here, we observe an improvement in thermal conductivity near room temperature for
the pH 6 and 6.5 samples, and a decrease for the pH 7 sample compared to the unannealed cases,
respectively. This suggests that the morphology changes associated with annealing may have a complex
relationship with thermal conductivity. Specifically, substantial changes in aggregation can lead to
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significant void space or uneven films (negative effect), or else improve interparticle phonon transmission
(positive effect). The net result in terms of thermal conductivity magnitude would depend then on the
relative magnitude of these effects and the efficacy of interparticle phonon transmission within the film
before annealing. Overall, for the annealed samples the thermal conductivity values approach those
previously reported of the thinnest samples, i.e. 10 cycle films, tested in [13] where the value of thermal
conductivity for thinnest film lies in the range 2.5 W m1K?*—-10 W m1K™.

To quantify and compare inter-particle phonon transmission within the measured thin films, the thermal
conductivity data was analyzed using the phonon hopping model originally developed by Braginsky et al.
[18] and previously utilized by Shamsa et al. [14] for nanocrystalline diamond films. The model assumes
that the phonon hopping follows bulk-like scattering rules within each particle but the phonon hopping
from one grain to another is governed by a semi-empirical boundary transparency parameter t. This
parameter simply describes the probability that a phonon will hop to a neighboring particle, with a larger
value of t indicating a greater degree of phonon movement across boundaries. The model’s prediction for
the thin film thermal conductivity xis calculated using:

KiF(x)tS¢
flkB_llCiazd+k36DF(x)t§¢

p
K =kgT [T dx (3)

where,
P =3(0) ) @

Here, &b is the Debye temperature, a is the lattice constant and d is the average particle size, S(= d?) is
the mean area of the interparticle boundary, # is the Planck constant, kg is the Boltzmann’s constant, ¢is
the size fluctuation factor, and x; is the intrinsic bulk-like thermal conductivity associated with the inner
portions of each particle. Here, we utilize the following values for the nanodiamond thin films based on
either literature values as indicated or experimentally determined morphology: ¢ = 0.87 [19], 6> = 1860 K
[20], K=2200 W mt K 1[21, 22], @ =0.357 nm [23], and d = 30 nm for the average aggregate diameter as
discussed above. The experimentally measured thermal conductivity values for each film were then used
to extract values of the boundary transparency parameter t for each sample. The boundary transparency
parameter values for both unannealed and annealed samples are plotted in Figure 9.
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Figure 9. Extracted boundary transparency parameters for (a) unannealed and (b) annealed
nanodiamond film samples.

In Figure 9a it can be seen that the boundary parameter t generally scales with thermal conductivity as
expected, with the high thermal conductivity for pH 7 being facilitated by a higher degree of phonon
transport across interparticle boundaries and a relatively wide span of values for t across samples. When
this same model is applied to the annealed data (Figure 9b), the boundary parameter shows much less
variation across samples, again similar to the thermal conductivity. This would seem to suggest that
annealing works to homogenize interfaces within the films and reduce sample-to-sample variation. This
homogenization may come at the expense of potentially less efficient phonon transmission across
interfaces as seen for the pH 7 sample. Further work with a greater number of samples would be needed
to conclusively determine if these hypotheses are correct. However, if confirmed this could make diamond
nanoparticle thin films a convenient material system through which to study fundamental phonon-
interface dynamics. In addition, this would further strengthen the need to tightly control interfacial
quality in nanoparticle-based materials.

Here demonstrated nanodiamond films with improved thermal conductivity hold potential for cooling
silicon and non-silicon electronic devices as effective heat spreading dielectrics and reducing overall
power consumption. Thermal management is further a big issue in flexible electronics where the flexible
polymeric substrates have thermal conductivity less than 1 W/m-K. The nanodiamond films demonstrated
here have > 1 W/m-K and can be deposited on flexible substrates where the conventional chemical vapor
deposition methods have failed due to substrate incompatability. Thus, the nanodiamond films hold
potential as thermally conducting dielectric coatings in flexible electronics to provide effective thermal
management, which further has implications in improving user comfort in wearable devices. The tuning
of the film morphology (e.g. porosity) holds potential to aid bio-integration, integration of electronics with
biological tissues for implanted electronics.
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4. CONCLUSIONS

In summary, we have examined the effect of using 10 mM MES buffer as a placement for deionized water
or 10 mM KCl in the directed covalent assembly of detonation nanodiamonds. It was shown that the buffer
pH can be varied to tune the surface coverage, film thickness, film apparent porosity, pore size
distribution, and thermal conductivity. As seen via SEM and AFM, a pH 6.5 or pH 7 buffer leads to a
continuous surface coverage and a similar apparent porosity (~30%), while a pH 6 buffer leads to
discontinuous films and more porous films (~65%). Further, the films deposited at pH 7 showed smaller
pore sizes and a higher thermal conductivity in comparison to films deposited at pH 6.5. The as-deposited
films at pH 7 showed a thermal conductivity as high as 12 + 2.5 W m* K™ at 310 K, which is comparable to
that obtained for UNCD films obtained via chemical vapor deposition. However, sequential thermal
annealing of the nanodiamond films at temperatures up to 400 °C led to the aggregation of nanodiamond
to segregated islands, loss of surface coverage, and increase in porosity. The thermal conductivity of all
the annealed samples was comparable near room temperature regardless of deposition pH. The pH 6.5
and pH 7 samples exhibited a general increase in thermal conductivity with increasing temperature, while
pH 6 samples exhibited statistically similar thermal conductivity with increasing temperature. The use of
a phonon hopping model to deduce the phonon transfer at the grain-grain boundary indicates that
annealing works to homogenize interfaces within the films and reduce sample-to-sample variation but it
comes at the expense of less efficient phonon transmission across interfaces. Overall, the results
demonstrate a way to achieving porous, low-cost nanocrystalline diamond thin films with tunable film
morphology and thermal conductivity for electronics and biomedical applications.
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