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Phonon confinement effects in the Raman spectrum of nanodiamond
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Nanodiamonds (ND) exhibit unique properties due to their small size and high surface-to-volume ratio
compared to bulk diamonds. A reduction in crystal size also affects ND Raman spectra. The confinement of
optical phonons in nanocrystals (<10 nm) results in asymmetrically broadened Raman lines, which are shifted
toward lower wavenumbers. The phonon confinement model (PCM) relates the observed changes in the Raman
spectra to the crystal size and can be used for size characterization at the nanoscale. While the PCM was
successfully applied to a variety of materials including Si and BN, results remained unsatisfactory in the case
of ND. In order to improve the agreement between the predictions of the model and experimental Raman
spectra of ND, effects such as crystal size distribution, lattice defects, and the energy dispersion of the phonon
modes were taken into consideration and incorporated into the PCM. This work has shown that phonon wave
vectors from small vibrational domains lead to a broad shoulder peak at ~1250 cm™, that is often observed

in the Raman spectrum of ND.
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I. INTRODUCTION

Since the discovery of fullerenes in 1985, researchers
have put much effort into studying carbon nanoparticles at
the nanometer scale. Today, nanostructured carbons are
available in various forms such as powders, colloids, thin
films, and composites.! Raman spectroscopy has become a
powerful tool to analyze carbon nanomaterials including
nanotubes, fullerenes, nanodiamond (ND), carbon onions,
and graphene.” It provides information on structure, compo-
sition, and homogeneity of a material, and identifies bonding
and surface functionalities.>* It can also be used to estimate
temperature and stress in the samples.’> Carbon allotropes
such as graphite®’ or diamond®® show unique Raman sig-
nals, thus allowing a fast and straightforward identification.
The interpretation of Raman spectra of nanostructures is,
however, more complex.? As the dimensions of a material
are reduced, the increasing surface/volume ratio can result in
dramatic changes in properties, especially when entering the
lower nanometer range. A significant decrease in crystal size
also affects lattice vibrations and leads to changes in the
Raman spectrum. While numerous and thorough studies have
been conducted on all kinds of graphitic carbons, Raman
spectra of ND are still not completely understood. For ex-
ample, only recently the ~1140 cm™! peak in the spectrum
of chemically vapor deposited (CVD) ND was assigned to
polyacetylene vibrations'? and the ~1640 ¢cm™! peak in the
spectrum of detonation ND was associated with hydroxyl
group OH bend vibrations.!!

The crystal structure of diamond consists of two interpen-
etrating face-centered cubic sublattices with eight atoms per
unit cell, leading to three optical and three acoustic phonon
modes.'? The phonons propagate into the crystal lattice with
an energy that depends on their associated wave vectors in
the Brillouin zone (BZ). As a consequence of momentum
conservation and because the BZ of an infinite perfect crystal
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is much larger (Jkgz/=10% cm™') than the largest possible
scattering vector using conventional Raman spectroscopy in
backscattering geometry (Jkg|=6-10* cm™' for 325 nm ex-
citation), only phonon modes from the center of the BZ
(|g|=|kg|/|kgz| =0) can contribute to the first-order Raman
spectrum.>'3 However, phonons are confined by defects or
grain boundaries in finite crystals and the g=0 selection rule
is released. The resulting changes in the Raman spectra can
be used to estimate the crystal dimensions of nanostructures.

Size measurements using Raman spectroscopy are based
on the analysis of the Raman frequency and Raman peak
shape. Unfortunately, a precise ab initio determination of the
vibration dynamics in nanostructures is currently restricted to
crystals below 1 nm due to computational power require-
ments. Therefore, several semiempirical models have been
developed in order to relate the observed changes in the Ra-
man spectrum to the crystal size including the phonon con-
finement model'*!> (PCM) and the elastic sphere model'®!”
(ESM). A review of existing confinement models was re-
cently given by Arora et al.'®

A. Phonon confinement model

Richter et al.'® and Nemanich et al.'* independently in-
vestigated how the uncertainty of the wave vector will affect
the Raman lines and suggested a PCM that correlates the
observed changes with the crystal size. A plane-wave-like
phonon cannot exist within a nanocrystal because the phonon
cannot propagate beyond the boundary. Therefore, the wave
function of the phonon must decay to a very small value at
the crystal boundary. A weighting function (confinement
function) accounts for decay of the wave function and con-
tributions from phonons away from the center of the BZ. The
wave vector uncertainty associated with a vibration is given
by Ag=m/L, where g=|q| and L is the crystal size. It should
be mentioned that this approximation becomes less valid for
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strongly confined phonons.'® The size of BZ boundary wave
vector is |kgy|=m/a, where a is the lattice constant of the
crystal. For example, a 20 nm diamond crystal (a
=0.3567 nm) would cause an uncertainty of Ag=~2% with
respect to the phonon wave vector of the zone-center vibra-
tion and the size of the BZ.

Assuming one-phonon zone-center Raman scattering, the
first-order Raman line can be constructed by superposition of
Lorentzian peaks centered at the frequency w and weighted
by the uncertainty of the wave vector (see Ref. 15)

|C(g0.9) 3
[w- (@] - (Ty2)*

where C(q,.q) are the Fourier transform coefficients of the
confinement function,'”> and w(q) and T, are the phonon-
dispersion relation and the natural line width of the zone-
center Raman line, respectively. g is the wave vector of a
phonon in an infinite crystal. The predicted Raman line is
asymmetrically broadened and shifted to lower wavenum-
bers as crystal size decreases. Equation (1) accurately de-
scribes confinement effects in Si,'92! BN, and GaAs.?>2

I(w) =

(1)

B. Raman spectrum of nanodiamond powders

The first-order Raman spectrum of a perfect bulk single-
crystal diamond displays one triple-degenerated Raman line
at 1332 cm™! with a full-width at half-maximum (FWHM)
of ~1-2 cm™'.? ND films and powders show additional
peaks that result from grain boundaries, structural defects,
surface-related contributions, and impurities (e.g., amor-
phous and graphitic carbon).?* As a consequence, Raman
spectra of ND become quite complex and depend on synthe-
sis technique, structure, surface chemistry, and purity of the
samples.

Position, intensity, and number of Raman peaks change
with changing sp®/sp® ratio [Fig. 1(a)]. The Raman spectra
of ND powders with low-sp? and high-sp?> UD50 carbon con-
tent are dominated by the D and G bands of graphitic carbon
and exhibit only a weak or no diamond signal. With increas-
ing sp? content, the intensity of the diamond peak increases,
while the D band weakens. The diamond peak is broadened
(FWHM>30 cm™!) and down-shifted (~1326 cm™') with
respect to bulk diamond, with a shoulder at
~1250 cm™'.22 Spectral features between 1500 and
1800 cm™' are more complex and three peaks at ~1590,
~1640, and ~1740 cm™' have recently been assigned to sp?
carbon, O-H, and C=0 groups, respectively.!! It should be
noted that shape and intensity of the Raman peaks also
change for different excitation wavelengths, due to different
resonance conditions of sp? and sp® carbon.?*

Ager et al.? tried to relate confinement-induced changes
in the Raman spectrum of diamond to the crystal size. Fol-
lowing the approach of Richter et al.,'> they estimated the
crystal size by reducing the three-dimensional integration in
Eq. (1) to a one-dimensional (1D) integration over a spheri-
cal BZ using an averaged one-dimensional dispersion curve
of the form w(g)=A+B-cos(qm), where A=1241.25 cm™!
and B=91.25 cm™'. Assuming a Gaussian confinement func-
tion, they calculated the Raman intensity according to:
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FIG. 1. (Color online) (a) Raman spectra of different ND pow-
ders with increasing sp? contents from less than 30% in the top (UD
50) spectrum to more than 95% in the lower spectrum (UD90 oxi-
dized for 6h). Intensities were normalized to the G band intensity at
1590 cm™!. (b) Diamond Raman peak recorded after H, annealing
and oxidation in air for 2 and 42 h, measured in water. All spectra
were recorded using the 325-nm laser excitation.
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However, their results showed a rather poor agreement with
experimental Raman spectra. In contradiction to the PCM,
they observed an up-shift in the diamond peak with decreas-
ing crystal size, suggesting other mechanisms, such as stress,
affecting the Raman line.33' Mismatch of the crystal lattices
of CVD diamond and the substrate leads to changes in line
shape and position as a function of the stress direction.3>33
Phonon confinement and stress simultaneously affect the Ra-
man spectrum of ND films, thus making size measurements
using the PCM difficult.?*33

Yoshikawa et al.3* focused their analysis on ND powders
synthesized by detonation of explosives. Using the approach
of Ager et al. they modeled the Raman line of a 5.5-nm
diamond particle (average crystal size in detonation ND).
Although their results are in better agreement with the ex-
perimental data compared to ND films, the accuracy was still
unsatisfactory.

In most of the former studies, only individual ND samples
were analyzed and compared to microcrystalline or bulk dia-
mond. However, in order to verify the confinement-related
changes in the Raman spectra and to improve the reliability
of the model, studies on samples with different crystal sizes
below L=20 nm, where confinement effects are significant
and easier to observe, are required.

Another crucial factor is the excitation wavelength used in
Raman analysis of ND samples. Raman spectra recorded
from ND samples using visible laser excitation are often
dominated by the features of nondiamond species. Visible
light may produce strong fluorescence which overlaps with
the Raman spectra, requiring extensive base-line corrections
or background subtraction. In both cases, an exact determi-
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nation of the diamond peak shape, position, and width is
difficult if not impossible.

The importance of adopting Raman spectroscopy for size
measurements of nanostructures is emphasized by the fact
that common techniques such as dynamic light scattering or
gas sorption, used for measuring the particle size of powders,
cannot provide reliable data on ND crystal size due to strong
agglomeration typically observed for nanomaterials. Al-
though high-resolution transmission electron microscopy
(HRTEM) directly probes the actual crystal size, it is expen-
sive and lacks statistical reliability, because of the very small
sample volume being studied.*> Crystal size derived from
x-ray diffraction (XRD) is based on constructive interference
and can become inaccurate for samples that contain both
large and small crystals.3>36

Currently, Raman spectroscopy cannot be used to quanti-
tatively measure the average crystal size in ND powders.
However, with a better understanding of phonon confinement
effects in the Raman spectra, Raman spectroscopy may be
adopted to measure crystal size and changes in the size dis-
tribution. In this study, we investigate the effects of crystal
size, defect concentration, and crystal size distribution on the
ultraviolet (UV) Raman spectra of ND and modify the PCM
in order to account for these contributions.

II. EXPERIMENTAL
A. Materials

ND powders of UD50, UD90, and UD98 grades were
supplied by NanoBlox, Inc. (USA). Black UD50 is the raw
detonation soot and UD90 and UD98 were produced by acid
purification. Oxidative purification of UD90 (in air) was con-
ducted under isothermal conditions (420 °C) in a rotating
tube furnace.”’” The ND powders used for crystal size mea-
surement were produced from UD90 by oxidation in air for
2, 6, 17, 26, and 42 h at 430 °C.3 High-temperature hydro-
genation (2 h at 800 °C) was done with “ultrahigh-purity”
hydrogen supplied by Air Gas (USA).?’

B. Characterization

UV Raman analysis was performed in backscattering ge-
ometry using a Renishaw 2000 Raman microspectrometer
equipped with a high-sensitivity ultralow noise RenCam
charge-coupled device (CCD) detector. Spectra were re-
corded using a 325-nm HeCd laser (1300 W/cm?), 2400
I/mm grating, 15X /40X objective, and a 100 cm™' cutoff
notch filter. UV laser excitation minimizes contributions
from nondiamond species to the Raman spectra and allows
an unadulterated characterization of the diamond line. While
UV laser excitation provides strong enhancement of the dia-
mond signal, it can damage the sample and change the com-
position by laser-induced burn-off. Our experiments showed
that a laser power as low as 0.4 mW (514-nm excitation
wavelength), focused to a spot size of ~20 um (50X objec-
tive), can heat a carbon sample instantaneously up to
350 °C, which is within the range of oxidation temperatures
of amorphous sp? carbon.?’3%3% Such high temperatures are
the result of a poor heat transfer between nanoparticles.*’
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Even if the laser heating is not enough to induce oxidation,
changes in the position and shape of the Raman lines are
expected to occur,® interfering with confinement effects. To
minimize heating and avoid laser-induced changes in the
sample, all Raman measurements were performed in water.
Although O-H groups were found to contribute to the Raman
spectrum of ND,!! they do not affect the Raman intensity in
the range 1100—1400 cm™' [Fig. 1(b)].

High-resolution transmission electron microscopy images
of ND powders were produced with JEOL 2010F at acceler-
ating voltage of 100 and 200 kV. HRTEM samples were
prepared by dispersing ND powders in isopropyl alcohol
over a copper grid coated with a lacy carbon film.

C. Computations

The best-fit parameters of Eq. (2) for experimental Raman
spectra of ND powders with different particle size distribu-
tions were found by nonlinear multivariable constrained op-
timization procedure implemented as a MATLAB code.

III. RESULTS AND DISCUSSION
A. Raman spectra of oxidized nanodiamond

In order to study phonon confinement effects and better
understand size-related changes in the Raman spectra of ND,
we produced ND powders with different average crystal
sizes using oxidation for 2, 6, 17, 26, and 42 h at 430 °C in
air. The corresponding average crystal sizes have been de-
termined by x-ray diffraction using the Williamson-Hall
analysis and were 4.8, 5.2, 5.5, 6.5, and 7.0 nm,
respectively.?

We first measured the ND crystal size of the oxidized
powders using the models of Ager et al.*® and Yoshikawa et
al.** The Raman spectra were calculated following Eq. (2).
The approach of Yoshikawa et al. accounts for size-related
changes in the phonon lifetime (I'>1), leading to larger
downshift and higher-peak asymmetry compared to Ager et
al. [Fig. 2(a)]. Although differences between the models are
small for larger crystals, they become significant for crystal
sizes below 10 nm and are therefore important for size char-
acterization of ND powders [Fig. 2(a)]. The confinement-
induced asymmetry of the Raman peak decreases with in-
creasing oxidation time, leading to a narrower diamond line
[Fig. 1(b)]. It is important to note that the intensity of the
shoulder around ~1250 cm™ also decreases with oxidation
time. This shoulder results directly from the ND crystals and
their confined size and does not depend on surface chemistry
of ND [Fig. 1(b)].»

B. Size measurements using Raman spectroscopy

Since both models do not account for the shoulder at
~1250 cm™!, we only fit experimental data in the range of
1290-1360 cm™! [circles in Fig. 2(b)]. The fits and the cor-
responding crystal sizes for the ND powder oxidized for 2 h
at 430 °C, referred to as ND(2h), are shown in Fig. 2(b).
Although both models lead to crystal sizes comparable to
that obtained from XRD in the 3—5 nm range, the agreement
between calculated and recorded Raman spectra is unsatis-
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FIG. 2. (Color online) (a) Raman spectra for 3-, 5-, and 10-nm diamond crystals calculated using the approach of Ager et al. and
Yoshikawa et al. (b) Raman spectrum of ND powder oxidized for 2 h at 430 °C in air and the corresponding peak fit. Data used for peak
fitting are indicated by the circles. (¢) Calculated crystal size for ND powders oxidized for 2, 6, 17, 26, and 42 h at 430 °C. X-ray diffraction

data is shown for comparison.

factory. The calculated crystal sizes of all oxidized powders
are presented in Fig. 2(c), in comparison to XRD results.
While Ager’s model leads to slightly smaller sizes, both
models show an increase in crystal size with increasing oxi-
dation time, in agreement with XRD data. Crystal sizes cal-
culated using Yoshikawa’s model closely match the values
obtained from XRD analysis for 2, 6, and 17 h [Fig. 2(c)],
but are lower for longer oxidation times (>20 h). Changes
in crystal size L (in nm) with increasing oxidation time ¢ (in
h), as measured by Raman spectroscopy, can be fit using a
second-order polynomial

L=C,-*+C,-t+Cs, (3)
where C;=-5.0-10"* nm/h?, C,=0.04 nm/h, and Cj
=4.94 nm for Yoshikawa’s, and C,=-3.4-10" nm/h2, C,
=0.03 nm/h, and C3=3.68 nm for Ager’s model, respec-
tively.

It should be noted that the measured sizes represent aver-
age values. HRTEM characterization of the oxidized ND
powders revealed a broad size distribution, showing ND
crystals of 3-20 nm or larger (see Ref. 35). Faster oxidation
of small ND crystals leads to an up-shift in the average crys-
tal size after oxidation. The discrepancies between the sizes
measured by XRD and Raman spectroscopy observed for
longer oxidation times (>20 h) may result from the differ-
ence in the effective scattering cross section of both tech-
niques with respect to the increasing contribution of larger

ND crystals. The sensitivity toward defects and changes in
lattice spacing is also expected to be different for these tech-
niques.

C. Changes in phonon lifetime

In their model, Yoshikawa et al.*' assumed the line width

I' (FWHM) of the diamond peak, representing the phonon
lifetime, to be dependent on the crystal-size L. Their experi-
ments on microcrystalline diamond revealed a broadening of
the diamond peak with decreasing crystal size
B

F=A+ I (4)
where I" and L are the FWHM (in cm™') and ND crystal size
(in nm), respectively. The parameter B is material specific
and related to the size dependency of the FWHM. The pa-
rameter A represents the FWHM of bulk diamond, but in-
cludes the spectrometer-related line broadening. The param-
eters determined by Yoshikawa et al.*! are A=2.990 cm™!
and B=145.74. Sun et al. used a similar approach and found
A=9.45 cm~! and B=275.73.42 However, these results were
obtained by using microcrystalline diamond and might not
hold at the nanoscale. In order to test the reliability of the
reported size dependency, we set I' as fitting parameter, in
addition to the crystal-size L. The obtained results are pre-
sented in Fig. 3. It can be seen that optimization of both L
and I leads to a better agreement between the calculated and
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FIG. 3. (Color online) (a) Raman spectrum of oxidized ND (2 h at 430 °C) fitted using peak width I' (FWHM) and crystal size L as
fitting parameters. Similar fits were used for all oxidized ND powders to determine (b) changes in I' and L as a function of oxidation time

and (c) the relationship between both parameters.
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FIG. 4. (Color online) Calculated Raman spectra for different
ND crystal sizes in comparison to that of a sample containing a
bimodal size distribution.

the measured Raman spectra, in particular at higher frequen-
cies [compare Figs. 2(b) and 3(a)]. The values of L and I" of
all oxidized ND powders are shown in Fig. 3(b). As ex-
pected, L increases with increasing oxidation time. The time
dependency of L (in nm) is well described by Eq. (3) with
coefficients C;=-1.1-1073 nm/h?> C,=0.08 nm/h, and Cj
=5.74 nm. The FWHM (in cm™') decreases linearly with
oxidation time

F:Dl't+D2, (5)

where D, and D, are —0.08 cm~!/h and 27.8 cm™, respec-
tively. The resulting relationship between L and I' is shown
in Fig. 3(c). The data was fitted using Eq. (4), according to
the approach suggested by Yoshikawa et al.*' and Sun et al.*?
The parameter A was set to 11.0 cm™'. This value corre-
sponds to the FWHM measured for bulk diamond and in-
cludes the spectrometer-related line broadening. B was ob-
tained from the fit and found to be 99.66, which is smaller
than the values reported by Yoshikawa et al. (145.74) (Ref.
41) or Sun et al. (275.73).*? The difference may be explained
by the fact that their results were obtained for microcrystal-
line rather than nanocrystalline diamond. However, although
consideration of changes in the phonon lifetime of nanocrys-
tals leads to a better agreement between theoretical and ex-
perimental Raman data [Fig. 3(a)], the discrepancies remain
fairly large.
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D. Size distribution in nanodiamond powders

The ND powders analyzed in this study contain diamond
crystals with sizes ranging from 3 to 30 nm.> While the
majority of the nanocrystals were between 4 and 5 nm, the
Raman scattering cross section is proportional to the crystal
volume and is thus much larger for larger crystals. On the
other hand, confinement effects, such as the asymmetric peak
broadening, are more distinct for small crystals (<10 nm).
Therefore, experimentally obtained Raman spectra are ex-
pected to contain Raman features from both small and large
ND crystals. Their simultaneous contribution to the total Ra-
man intensity leads to a complex shape that cannot be fitted
using a single peak in the PCM.

Figure 4 shows the calculated diamond Raman peaks
(normalized intensities) of 3-, 3.3-, and 7-nm ND crystals, in
comparison to a sample that contains a mixture of 3- and
7-nm crystals (ratio 12:1, average crystal size is 3.3 nm),
each contributing equally to the overall intensity. The Raman
signal of a 3-nm crystal is more than 12 times weaker than
that of a 7-nm ND crystal due to the volume dependence of
the Raman intensity. Thus, although the relative amount of
large ND crystals in the sample is small, their contributions
to the overall Raman intensity cannot be neglected. The su-
perposition of the Raman intensities of small and large crys-
tals leads to a Raman peak different from that computed for
the average crystal size (3.3 nm). In order to account for the
complex peak shape resulting from simultaneous contribu-
tions of different crystal sizes, we fitted the Raman spectra of
the oxidized powders using two separate peaks, with Peak 1
and Peak 2 representing smaller and larger ND crystals, re-
spectively [Fig. 5(a)]. Changes in L and I" upon oxidation are
shown in Fig. 5(b). Both Raman peaks indicate a nonlinear
increase in L with increasing oxidation time following
Eq. (3). The corresponding parameters are C,=
-9.0-107* nm/h?, C,=0.07 nm/h, and C;=4.5 nm for
Peak 1 and C;=-2.1-10"3 nm/h?, C,=0.16 nm/h, and C;
=9.4 nm for Peak 2.

I' decreases linearly and can be approximated by Eq. (5),
where D, and D, were found to be —0.08 cm™'/h and
32.2 cm™! for Peak 1, and —0.04 cm~'/h and 15.0 cm™! for
Peak 2. The relationship between L and I' is plotted in Fig.
5(c). It can be seen that Eq. (4) (Fit 1), used for the fit in Fig.
3, results in a rather poor agreement with the computed data.
A better agreement (Fit 2) is achieved using the relation
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FIG. 5. (Color online) (a) Raman spectrum of oxidized ND (2 h at 430 °C) fitted using two peaks in order to account for small and large
ND crystals. A similar fitting procedure was used for all oxidized ND powders in order to determine (b) changes in I' and L as a function
of oxidation time and (c) the relationship between both fitting parameters.
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FIG. 6. (Color online) Raman spectra of ND oxidized for 2 h (a) and 42 h (b) fitted using three individual peaks. The size distribution
(c) was determined by correcting the Raman intensity of the individual crystal sizes for differences in crystal volume.

B
F=A+E. (6)

The parameter A was set to 11.0 cm™'. The value of B was
found as 491.25 cm™! nm?.

Therefore, accounting for the broad size distribution of
ND powders leads to a better agreement between the calcu-
lated and experimental Raman data [compare Figs. 2(b) and
5(a)]. Considering the volume dependence of the Raman in-
tensity, one can potentially estimate the contribution of vari-
ous crystal sizes to the total Raman intensity and determine
the size distribution in the ND powders. Figures 6(a) and
6(b) show the Raman spectra of ND oxidized for 2 and 42 h,
respectively. Both spectra were fitted using three individual
peaks. The corresponding crystal sizes were 4.3, 8.5, and
10.1 nm for ND(2h) and 5.3, 13.4, and 22.1 nm for ND(42h).
The relative number of ND crystals was determined by cor-
recting the Raman intensity of each peak for the crystal vol-
ume. The resulting size distribution is shown in Fig. 6(c). It
can be seen that the size distribution broadens with increas-
ing oxidation time and the average crystal size is shifted
toward higher values, in agreement with the results obtained
from HRTEM and XRD studies.?

E. Phonon dispersion and lattice defects

Previous studies on phonon confinement in nanocrystals
did not account for possible contributions from lattice de-
fects. However, L represents the coherence length and is
therefore a measure of the distance between dislocations,
twin boundaries, stacking faults, vacancies, interstitials, im-
purities, and other defects within the crystal lattice. The as-
sumption that L represents the crystal size is only valid for
defect-free crystals, where the surface limits the propagation

FIG. 7. HRTEM images of ND crystals. Detonation ND crystals
exhibit lattice defects such as twins and dislocations which affect
phonon propagation.

of the phonons. This assumption does not hold for imperfect
crystals produced by detonation methods, which contain
twins and other defects as shown in Fig. 7. As a conse-
quence, the coherence length L becomes significantly smaller
than the actual ND crystal size.

Therefore, while the results above were produced assum-
ing the ND crystal to be larger than 3 nm (L>3 nm), we
now allow vibrational domains (coherence lengths) with L
<3 nm to contribute to the Raman spectrum. In addition,
the frequency range used for fitting is extended to
1100-1400 cm™'. The fitting results for ND(2h) are shown
in Fig. 8(a). Two peaks have been used for the analysis. It
can be seen that the agreement between calculated and mea-
sured Raman spectra is significantly improved and the broad
shoulder (<1300 cm™') can now be well fitted using this
approach [Fig. 8(a)]. The corresponding L (and I') for Peak 1
and Peak 2 are 6.45 nm (15.6 cm™') and 2.67 nm
(84.8 cm™'), respectively. Changes in L and I' upon oxida-
tion are shown in Fig. 8(b). Peak 1 corresponds to L values
in the range 6—8 nm and may be assigned to defect-free 6—8
nm ND crystals or to defective larger ND crystals
(>8 nm). The L values obtained from Peak 2 are signifi-
cantly smaller and range between 2.6 and 3.7 nm. Assuming
the majority of the ND crystals to be 4-8 nm in size, a
coherence length of 2—4 nm may suggest one to two defects
per ND crystal. While this is in good agreement with HR-
TEM studies, the reported numbers merely represent the av-
erage values. Defect-free ND crystals of similar size and
crystals with three or more defects have also been observed.

Ager et al.?® and Yoshikawa et al.*! estimated the crystal
size using an averaged one-dimensional dispersion curve.

a) b)
o Fitted data, ND(2h) _ 8 < a 7120
— [--- Peak1 . 1 . l4co
£ |--- Peak2 = i T =
S [—— Combined fit -~ 6 180 =
g E = Peak 1 T
< = 5 A Peak2 60 5
.
& % 120 7
5 . | 3
= 3] Tk eTe s
A
sl : agst b 2 . i i . i 10
1100 1200 1300 1400 0 10 20 30 40 50

Wavenumber (cm™) Oxidation Time (h)

FIG. 8. (Color online) (a) Raman spectrum of oxidized ND (2 h
at 430 °C) fitted using two peaks. (b) Changes in L and I' with
increasing oxidation time.
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FIG. 9. (Color online) Energy dispersion of phonon modes in
diamond after Pavone ef al. (see Ref. 43).

However, while this approximation is justified for small pho-
non wave vectors ¢ <0.1, it oversimplifies the energy disper-
sion of the phonon modes for larger g. A coherence length of
2.6 nm would allow phonons with ¢>0.1 to contribute to the
Raman signal. As Ag=/L, an average crystal size of 4 nm
leads to a phonon wave vector uncertainty of approximately
Ag=0.09 with respect to the size of the BZ. Therefore,
while the dispersion relation of Yoshikawa et al.*! can be
used for L=4 nm, coherence lengths below 3 nm require a
more accurate description of the energy dispersion of the
individual phonon branches, in particular for ¢ >0.1. More-
over, it should be noted that the relation Ag=1/L underesti-
mates the uncertainty for strongly confined phonons and
phonons with larger g values may contribute to the Raman
spectra, requiring a more accurate consideration of the pho-
non energy dispersion relations.

In this study, we used the calculated dispersion relations
from Pavone et al.** (Fig. 9), which are in good agreement
with the experimental data obtained so far. The optical pho-
non branches of the [110], [001], and [111] direction are
referred to as X, A, and A, respectively, following the nota-
tion of Warren et al.*** and plotted in Fig. 9. The individual
phonon branches were fitted using polynomial functions of
the type

o(q)=A+B-q+C-¢*+D-¢*+E-¢*+F-¢°. (7)

The corresponding coefficients A-F are shown in Table I. It
is important to mention that the absolute values for ¢ vary for
the 3, A, and A directions. The size of the BZ depends on

PHYSICAL REVIEW B 80, 075419 (2009)

o Fitted data, ND(2h)
Combined fitted

- --- Individual peaks

Intensity (arb. units)

1200
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FIG. 10. (Color online) Raman spectrum of oxidized ND (2 h at
430 °C) fitted using seven peaks, each representing the contribution
of one dispersion relation.

the lattice spacing and is therefore different for the [110],
[100], and [111] directions.

Figure 9 suggests that only A5(O) and 2,(O) branches
with ¢~0.4, and 25(0) and A;(O) branches with ¢~0.6
exhibit phonon frequencies that can contribute to the broad
shoulder around 1200—1300 cm™'. The crystal sizes needed
to provide the required uncertainty in the phonon wave vec-
tor are smaller than the actual ND crystals (L>4 nm, ¢
<0.1). However, as discussed above, L may be significantly
smaller than the actual crystal size. In order to account for
defect contributions and the energy dispersion of the phonon
branches we fitted the Raman spectrum of ND(2h) using
seven peaks, each attributed to one of the individual phonon
branches in Fig. 9. The peak parameters were computed us-
ing the approach of Yoshikawa et al.*' and the dispersion
relations from Table I. The results are shown in Fig. 10. A
good agreement between calculated and measured Raman
data suggests that phonon wave vectors from small vibra-
tional domains can indeed be responsible for the broad
shoulder at 1250 cm™' typically observed in the Raman
spectra of ND powders. The corresponding L values are
shown in Table II. It should be noted that since the size of the
BZ depends on the crystalline direction, the lattice-constant a
for the A, X, and A directions is given by 0.357, 0.252, and
0.206 nm, respectively. In the computations above, each L is
only represented by one phonon branch for simplicity rea-
sons. Adding the contributions of the remaining six phonon

TABLE 1. Coefficients of the polynomial fitting functions used to describe the energy dispersion of the

individual phonon branches.

A B C D E F
(cm™) (cm™) (cm™) (cm™) (cm™) (cm™)
Ay 1332.41 -48.68 52.92 820.93 —1940.67 1057.13
Aj 1332.69 15.89 -774.82 1478.03 —1238.23 415.97
A, 1332.48 —113.54 873.49 —1700.98 1290.34 —449.49
As 1332.81 51.63 —1381.23 3135.02 -3670.5 1626.12
PN 1332.13 —184.58 1382.08 -2935.51 1424.39 0
3 1332.02 13.66 -892.48 1639.97 -838.27 0
p 1332.19 -35.25 -393.37 33.21 175.23 0
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TABLE II. Calculated coherence lengths for the phonon
branches shown in Fig. 9.

L L
(in units of a) (in nm)
A 54.7 11.3
As 12.3 2.5
A, 48.9 17.4
As 52 1.9
3, 73 1.8
3, 115 2.9
pI 15.5 3.9

branches for each L value leads to a further improvement of
the fit. Although these peaks would have a physical meaning,
computations using all 49 peaks are more time consuming,
and lead only to a slight improvement.

Although the described approach appears to be more com-
plex compared to Ager’s and Yoshikawa’s, it provides an
explanation for the broad shoulder centered at 1250 cm™
and may also give an estimate on the number of defects in
the ND crystals. Moreover, once coded, the model can be
easily incorporated into standard spectroscopy software and
used by an operator routinely.

F. Limitations of the PCM

Although the agreement between experimentally obtained
and calculated Raman spectra has been significantly im-
proved by taking in consideration the crystal size distribution
and presence of lattice defects, some limitations remain. The
arguably most significant oversimplification of the PCM
stems from the assumption that nanocrystals of 3-20 nm in
size, showing extensive surface reconstruction and lattice de-
fects, are assumed to have the phonon density of states of
bulk diamond. Moreover, further research will be required to
measure strain and understand its effects on the Raman spec-
tra of individual nanocrystals. Changes in lattice constants,

PHYSICAL REVIEW B 80, 075419 (2009)

as a consequence of confinement and minimization of Gibbs
free energy, have also been reported for nanocrystals. How-
ever, their effect on vibrational frequencies and phonon life-
times still remains underexplored.

IV. CONCLUSIONS

Confinement-related changes in the Raman spectra of ND
were used to estimate the crystal size in different ND pow-
ders with average crystal sizes in the range 4—7 nm. While
the PCM was successfully used to accurately measure the
size of Si and GaAs nanocrystals, quantitative size character-
ization remains a challenge in the case of ND powders due to
the complexity of their Raman spectra. However, using a
computational approach and taking into consideration lattice
defects, and size distributions, good agreement between the
theoretical predictions of the PCM and experimental Raman
data has been achieved. HRTEM and XRD were used as
complementary techniques in order to correctly interpret Ra-
man data and to support the obtained results. While the
modified PCM can be incorporated in Raman analysis soft-
ware, allowing for a fast and straightforward size character-
ization of nanodiamond powders, further research is needed
to improve the reliability of the model. In particular, a better
understanding of the phonon density of states of highly com-
plex structures such as nanodiamond crystals is required for
accurate quantitative Raman characterization.
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