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Two-photon fluorescence spectroscopy of negatively charged nitrogen-vacancy [(N-V)-] centers in type Ib
diamond single crystals have been studied with a picosecond (7.5 ps) mode-locked Nd:YVO4 laser operating
at 1064 nm. The (N-V)- centers were produced by radiation damage of diamond using a 3 MeV proton
beam, followed by thermal annealing at 800°C. Prior to the irradiation treatment, infrared spectroscopy of
the C-N vibrational modes at 1344 cm-1 suggested a nitrogen content of 109( 10 ppm. Irradiation and
annealing of the specimen led to the emergence of a new absorption band peaking at∼560 nm. From a
measurement of the integrated absorption intensity of the sharp zero-phonon line (637 nm) at liquid nitrogen
temperature, we determined a (N-V)- density of (4.5( 1.1) × 1018 centers/cm3 (or 25 ( 6 ppm) for the
substrate irradiated at a dose of 1× 1016 H+/cm2. Such a high defect density allowed us to observe two-
photon excited fluorescence and measure the corresponding fluorescence decay time. No significant difference
in the spectral feature and fluorescence lifetime was observed between one-photon and two-photon excitations.
Assuming that the fluorescence quantum yields are the same for both processes, a two-photon absorption
cross section ofσTPA ) (0.45 ( 0.23) × 10-50 cm4‚s/photon at 1064 nm was determined for the (N-V)-

center based on its one-photon absorption cross section ofσOPA ) (3.1 ( 0.8) × 10-17 cm2 at 532 nm. The
material is highly photostable and shows no sign of photobleaching even under continuous two-photon excitation
at a peak power density of 3 GW/cm2 for 5 min.

Introduction

Diamonds, prevailing as jewels and industrial grinding
materials, find a stage in modern biotechnology.1-3 The material
is biocompatible, nontoxic, chemically inert, and environmen-
tally benign.4,5 Moreover, the surfaces of nanoscale diamond
particles can be easily derivatized with functional groups such
as carboxyl and amino moieties.6,7 They can carry desired
biomolecules for applications in targeted delivery and gene
therapies. While many other carriers usually require additional
labeling with organic dye molecules or fluorescent proteins in
order to be probed optically, some specially fabricated nano-
diamonds themselves are capable of fluorescing without photo-
bleaching and blinking for facile detection with optical micros-
copy.4,8 These fluorescent nanodiamonds (FNDs) bear the
common feature of containing nitrogen-vacancy (N-V) defect
centers, which can be produced by high-energy electron (or ion)
irradiation of type Ib diamond crystallites followed by thermal
annealing.9,10An experiment on single-particle tracking of FNDs
in living cells has been recently demonstrated,8 highlighting the
superb photophysical and biochemical properties of this novel

nanomaterial. A combination of these unique properties includ-
ing chemical inertness, low cytotoxicity, high fluorescence
brightness, absence of photobleaching and blinking, and easiness
of surface functionalization endows FND with great attraction
to be used as biological fluorescent probes and as drug, protein,
and gene carriers.

Of many vacancy-related defect centers in type Ib diamond,
(N-V)- is most noteworthy. The center, carrying a negative
charge,11 is the dominant end product of thermal annealing of
radiation-damaged diamond at temperatures above 800°C.9,10

It exhibits a sharp zero-phonon line at 637 nm for the3A f 3E
electronic transition,12 along with a broad phonon sideband
peaking at∼560 nm. Its emission occurs at 600-800 nm, a
region well suited for biomedical imaging. Our previous studies8

have shown that one-photon excited fluorescence of the (N-
V)- center can be readily detected at the single-particle level
for 35 nm FNDs in biological cells using a confocal fluorescence
microscope equipped with a cw 532 nm laser. While the
emission has a long penetration depth through biological samples
such as tissues and cells,13 the excitation light does not. Two-
photon excitation becomes an obvious choice,14-16 which offers
additional advantages such as point-like excitation, suppression
of out-of-focus noises, effective elimination of background
scattered light, and so forth. A fundamental understanding of
the two-photon absorption and emission processes associated
with (N-V)- is thus desired. The understanding should help us
to choose the optimal laser wavelength and relevant experi-
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mental conditions for high-sensitivity monitoring of FNDs in
tissues and body fluids with two-photon fluorescence micros-
copy.

The (N-V)- center in diamond has no center of symmetry,
and therefore, its one-photon-allowed transition is not forbidden
by selection rules in the two-photon absorption (TPA), which
is a third-order nonlinear optical process.17,18 To delineate the
two-photon excited fluorescence properties of this center,
knowing the strengths of both TPA and TPE (two-photon
emission) is essential. However, because only a small fraction
of excitation photons is absorbed in the nonlinear process, direct
measurement of the TPA cross section (σTPA) is difficult. A
more feasible approach is to measure the relative strength of
TPE to that of OPE (one-photon emission) under identical
experimental conditions.19 Mathematically, the relative emission
strength can be expressed as

whereI is the observed fluorescence intensity,A is the excitation
area,t is the probed sample thickness,σ is the excitation cross
section,P is the excitation power density (or photon irradiance),
andQ is the fluorescence quantum yield. For an excitation that
relaxes rapidly to the bottom of the potential well of the excited
state, it is reasonable to assume that both OPE and TPE have
the same fluorescence quantum yields, that is,QTPE/QOPE ) 1.
The ratio of the excitation volume (i.e.,ATP‚tTP/AOP‚tOP), on the
other hand, can be determined by careful calibration of the
experimental setup with molecular fluorophores (such as
rhodamine B and fluorescein) of known absorption cross
sections,19,20 from which the value ofσTPA can be obtained if
the corresponding one-photon absorption cross section (σOPA)
has also been measured experimentally.

This work was aimed to characterize the nonlinear photo-
physical properties of FNDs produced by proton irradiation.
However, due to the high refractive index of diamond,n )
2.42,21 strong scattering of the light from diamond-air interfaces
makes it very difficult (if not impossible) to observe even OPA
spectra of FNDs. A type Ib diamond single crystal was thus
used to facilitate the spectroscopic characterization process. Use
of the single crystals has allowed us not only to quantify the
concentration of (N-V)- centers created by the proton irradiation
but also to assess the efficacy of the irradiation (and subsequent
thermal annealing) process with both infrared and UV-visible
absorption spectroscopies. The result serves as an important
guidance for our future optimization of the fluorescence
brightness of FNDs produced with an ion beam in general. By
using a picosecond mode-locked Nd:YVO4 laser operating at
1064 nm as the light source and a high numerical aperture
objective to collect two-photon excited fluorescence, we have
been able to obtain the TPE spectra of the (N-V)- centers. The
associated absorption cross section and fluorescence lifetime
were also determined for the first time.

Experimental Section

Synthetic type Ib diamond single crystals of two different
crystallographic orientations ([100] and [111]) were obtained
from Element Six. They were golden yellow in color and
contained typically 100 ppm of nitrogen atoms. The as-received
diamond flake (typically 0.8 mm in thickness) was irradiated
by a 3 MeV proton beam from a NEC tandem accelerator
(9SDH-2, National Electrostatics Corporation) at a dose of 1
× 1016 H+/cm2. The typical current of the proton beam was

0.1µA, with a spatially averaged beam flux of 6× 1011 protons/
cm2‚s at the sample target. After∼5 h of continuous irradiation
at room temperature to create vacancies, (N-V)- centers formed
upon annealing the sample in vacuum at 800°C for 2 h in a
quartz tube. A UV-vis spectrophotometer (U-3310, Hitachi)
operating at an instrumental resolution of 1 nm and a Fourier-
transform infrared (FTIR) spectrometer (MB-154, BOMEM)
operating at an instrumental resolution of 1 cm-1 characterized
the absorption spectra of the diamond substrates before and after
the irradiation/annealing treatment. The corresponding fluores-
cence images were obtained using a laser scanning confocal
fluorescence microscope (C-1, Nikon) equipped with a 5 mW
543 nm He-Ne laser and a long-pass filter set for collection of
fluorescence at the wavelength ofλ > 590 nm. Both the laser
excitation and fluorescence collection were made through a 60×
oil-immersion objective with a numerical aperture (NA) of 1.4.
A photo showing the bright red emission from a proton-
irradiated [100]-oriented diamond crystal illuminated by the
green light from the fluorescence microscope is exhibited in
Figure 1.

Figure 2 shows an optical layout of the experimental setup
used to measure the two-photon fluorescence spectra and decay
lifetimes. One-photon excitation experiments were also con-
ducted using the same setup with two manual switches to change
optics and guide the desired light beams. The excitation source
consisted of a diode-pumped mode-locked Nd:YVO4 laser (IC-
400-ps, High Q Laser), which provided both 532 and 1064 nm
light pulses with widths of 7.5 ps at a repetition rate of 50 MHz.
The two laser beams were first separated spatially, collimated
independently, and then recombined after proper energy attenu-
ation. Depending on the fluorescence intensity, they were
focused by either an air objective (40×, NA 0.6) or an oil-
immersion objective (100×, NA 1.4) mounted on a piezoelectric
nanopositioner (NanoF100, Mad City Laboratory) for fine
adjustment. The beam collimation, together with the confocal
configuration, ensured good spatial overlap of the two laser
beams on the same sample spot. Spectra of both the one-photon
and the two-photon excited fluorescence, after passing through
two 532 nm Raman filters (538AELP, Omega Optical, and
LP03-532RU, Semrock) and an 800 nm short-pass filter
(E800SP, Chroma), were acquired using a monochromator

ITPE

IOPE
)

ATP‚tTP‚σTPA‚PTP
2 ‚QTPE

AOP‚tOP‚σOPA‚POP‚QOPE
(1) Figure 1. A photo showing the bright-red emission from a proton-

irradiated type Ib diamond single crystal illuminated by green light
from an inverted fluorescence microscope. The image after filtering
out the green scattered light is shown in the upper right corner. The
proton beam energy used to create the N-V centers in this sample was
3 MeV.
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(SP500i, Acton Research) equipped with a liquid-nitrogen-
cooled CCD camera (LN/CCD-Spec10-100B, Princeton Instru-
ments). To measure the fluorescence intensities and associated
decay lifetimes, the emission was detected with an APD
(avalanche photodiode) single-photon counting module (SPCM-
AQR-14-FC, Perkin-Elmer) or a time-correlated single-photon
counting module (SPC-830, Becker and Hickl) at an interval
of 4.8 ps/channel. The typical average laser power used in the
OPE and TPE measurements was 0.2µW and 40 mW,
respectively.

An essence of using the proton beam to produce (N-V)-

centers in diamond is to lower the ion energy to a level of less
than 100 keV so that production of FNDs can be carried out
routinely and safely in general research laboratories. However,
concerns with the efficacy of the medium-energy ion irradiation
exist.22 To test the applicability of this method, a preliminary
experiment using a 40 keV ion beam was conducted. The beam,
without any mass discrimination, was composed of∼95% H+

and∼5% H3
+. It was generated by discharge of pure H2 in a

positive rf ion source (National Electrostatics Corporation) and
guided by a high-voltage acceleration tube in a vacuum chamber
(base pressure∼ 2 × 10-7 Torr) built in house. The output
current of the unfocused proton beam emanating from this ion
source was constantly∼100µA, which was nearly 3 orders of
magnitude higher than that of the 3 MeV protons. The spatially
averaged beam flux at the target sample was∼6 × 1013 H+/
cm2‚s. The typical irradiation dose used in this experiment was
6 × 1014 H+/cm2.

Results and Discussion

Proton Beam Irradiation and Penetration Depth. Con-
ventionally, the (N-V)- centers in diamond were produced via
bombardment of the sample with high-energy (typically 2 MeV)
electrons generated from a van der Graaff accelerator, followed
by thermal annealing at elevated temperatures (typically 800

°C).9,10 The requirement for such highly specialized equipment
prevents the possibility of mass production of FNDs. A beam
of low-mass ions (such as H+ and He+) is a promising
alternative since the threshold energy of the radiation damage
by these ions is lower than 1 keV, in contrast to the corre-
sponding 180 keV for the electron.23,24According to the SRIM
Monte Carlo simulations,25 a 3 MeV proton beam incident along
the [100] direction can penetrate diamond with a depth of 50
µm (Figure 3a), assuming a displacement energy of 37.5 eV
for the carbon atoms.24 The penetration depth reduces to 0.23
µm at the beam energy of 40 keV (Figure 3b), and the number
of vacancies created per proton decreases from 13 to 4,
accordingly.26 We have previously demonstrated that bright
FNDs can indeed be produced by the 3 MeV proton irradiation.4

For type Ib diamond crystallites as an example, exposure of
the specimen to the 3 MeV protons at a dose of 1× 1016 H+/
cm2 is expected to produce (N-V)- centers (after thermal
annealing) with a concentration in the range of∼1 × 107

centers/µm3, assuming little vacancy annihilation,27 divacancy
formation, and irradiation overdose.28 This high defect concen-
tration alternatively suggests that each 10 nm diamond particle
can contain up to 10 (N-V)- centers in its crystal lattice. These
particles are anticipated to have a fluorescence brightness
comparable to that of semiconductor quantum dots such as CdTe
emitting light in the similar wavelength region (i.e., 700 nm).

To understand how protons interact with diamond, one of
the previous studies29,30used Raman spectroscopy to probe the
crystalline integrity of diamond substrates damaged by 600 keV
protons. In that study,30 the specimen was analyzed without
thermal annealing in order to observe the resulting microstruc-
tural changes based on the Raman signatures pertinent to
graphitic carbons. The authors demonstrated that SRIM can
accurately predict the maximal penetration depth of the proton
within an error of∼1 µm out of 5µm. Figure 4a shows a side
view of the diamond substrate prepared in this work with the 3

Figure 2. An optical layout of the experimental setup for both one-photon and two-photon excited fluorescence measurements using a 7.5 ps
Nd:YVO4 laser. See text for further details.
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MeV proton irradiation followed by 800°C annealing. A dark,
reddish band can be clearly identified near the substrate’s front
surface (i.e., thexy plane in the figure). It has a thickness of 50
µm, in very good agreement with the range of the vacancy
production predicted by the SRIM simulation (Figure 3a). The
corresponding fluorescence image, on the other hand, can be
obtained by using laser scanning confocal fluorescence micros-
copy. Operating the fluorescence microscope in the confocal
mode allowed us to map out the (N-V)- distribution profile as
a function of the target sample depth (i.e., thez axis) with a
spatial resolution of∼300 nm.31 Shown in Figure 4b is a two-
dimensional scan of the specimen in thexzplane. As seen, the
fluorescence spreads over a distance of∼50 µm along thez
axis near the air-diamond interface (z ) 0). Since the
fluorescence was collected at the diamond edge, whose surface
is corrugated and fractured, the image obtained here is very
likely distorted due to the large refractive index difference
between diamond and air. Therefore, the observed intensity
profile as given in Figure 4c may not represent the true
distribution of the (N-V)- centers in the crystal lattice.
Nevertheless, there is an evident drop of the fluorescence
intensity to the background level in the profile atz ≈ 50 µm.
The result is in good accord with the observation of a clear
border that separates regions with and without proton irradiation
at z ≈ 50 µm in Figure 4a.

For samples prepared with the 40 keV protons, the vacancy-
associated visible absorption band is too thin to be identified
in the bright-field image (Figure 5a). Applying the confocal

imaging technique, however, reveals a dim and irregular red
emission layer near the air-diamond interface (Figure 5b). The
layer has a thickness of 630 nm, most probably limited by the
resolution of the confocal fluorescence microscope scanning
along the rough edge surface. A comparison of the fluorescence
intensities between Figures 4c and 5c suggests that the
concentration of the N-V centers created by the 40 keV protons
is about a factor of 2 lower than that produced by the 3 MeV
photons. Overall, the enhancement of the fluorescence intensity
due to the proton irradiation and thermal annealing treatment
is more than 4 orders of magnitude.

N-V Concentration and OPA Cross Section.One of the
advantages of using diamond single crystals in this experiment
is that it allows observation of the infrared spectra of C-N
vibrations and the OPA spectra of the3A f 3E electronic
transition of the (N-V)- center. Thanks to the increased accuracy
in the calibrations that link the concentrations of vacancy-related
centers with the strengths of their characteristic absorption

Figure 3. Spatial distribution of vacancies produced in diamond as a
function of target depth at a proton irradiation energy of (a) 3 MeV
and (b) 40 keV as predicted by SRIM Monte Carlo simulations. The
number of damage events used in both simulations is 9999.

Figure 4. Characterization of a diamond substrate irradiated by 3 MeV
protons and annealed at 800°C with confocal fluorescence microscopy;
(a) bright field and (b) confocal fluorescence images of the substrate
near one of its surface edges. A typical fluorescence intensity profile
along thez axis is shown in (c).
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bands,32 quantitative understanding of the atomic nitrogen atoms
and these centers in diamond has been possible. Figure 6a shows
a typical infrared absorption spectrum of the as-received type
Ib diamond single crystal in the defect-induced one-phonon
region, that is, 900-1500 cm-1. Two prominent features were
observed at 1130 and 1344 cm-1, and they have been attributed
to the localized vibrational modes of C-N bonds in type Ib
diamond.33,34 The sharp peak at 1344 cm-1 has a full-width at
half-maximum (fwhm) of only 1.8 cm-1, well suited for
quantification purpose. On the basis of the relation derived by
Lawson and co-workers35

where [N0] is the concentration (in ppm) of atomic nitrogen in
its neutral form andµ1344 is the absorption coefficient (in cm-1)
of the peak at 1344 cm-1, we determined [N0] ) 109 ( 10

ppm. Alternatively, the nitrogen concentration can be determined
from the absorption coefficient of the broader but more
prominent feature at 1130 cm-1 as33,34

In both cases (and also in relation 4 that follows), the absorption
coefficient here is defined asµ )A/L log e, whereA is the
measured absorbance at the wavenumber of interest andL is
the sample thickness (in cm).

Figure 6b shows a UV-visible OPA spectrum of the same
sample characterized by IR spectroscopy in Figure 6a. No
distinct feature was observed in the visible region, except for a
smooth increase of the absorption starting at 550 nm due to the
presence of isolated nitrogen atoms. The crystal became
essentially opaque at the wavelength ofλ < 450 nm, giving
rise to an amber color. Exposure of the sample to the 3 MeV
proton beam and subsequent annealing at 800°C led to the
emergence of a new absorption band centering at∼560 nm with
a fwhm of more than 100 nm. A zero-phonon line (ZPL) could
be readily identified at 637 nm (1.945 eV), which is charac-
teristic of the (N-V)- center, and it sharpened up when the
sample was cooled with liquid nitrogen. The width of this line
decreased from 4.6 nm (or 14.2 meV) at room temperature to

Figure 5. Characterization of a diamond substrate irradiated by 40
keV protons and annealed at 800°C with confocal fluorescence
microscopy; (a) bright field and (b) confocal fluorescence images of
the substrate near one of its surface edges. A typical fluorescence
intensity profile along thez axis is shown in (c).

[N0] ) 37.5µ1344 (2)

Figure 6. Spectroscopic characterization of type Ib diamond; (a) IR
absorption spectrum of an as-received diamond single crystal and (b)
UV-visible absorption spectra of the same crystal before (black curve)
and after (red and blue curves) the proton irradiation and thermal
annealing treatment. The UV-visible spectrum recorded at liquid
nitrogen temperature is shifted vertically for clarity. The [100]-oriented
diamond substrate used in this study has a thickness of 0.87 mm.

[N0] ) (25 ( 2)µ1130 (3)
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2.0 nm (or 6.2 meV) at∼80 K. Similar to the previous study,10

the ZPL of an unassigned nitrogen-related defect center could
be found at 594 nm in the spectrum as well.

Observing the sharp ZPL at liquid nitrogen temperature offers
a means to determine the (N-V)- concentration.35,36 We
calculated this concentration (centers/cm3) based on the relation
derived by Lawson et al.35 and refined by Davies32 as

whereA637 (in meV‚cm-1) is the integrated absorption strength
of the ZPL (637 nm or 1.945 eV) measured at∼80 K. In
diamond, one ppm corresponds to 1.76× 1017 atoms/cm3.
Taking L ) 50 µm as derived from the confocal fluorescence
measurement for the sample thickness, we determined a
concentration of [(N-V)-] ) 25 ( 6 ppm for the specimen
irradiated by the 3 MeV protons at a dose of 1× 1016 H+/cm2.
This concentration suggests that in each cubic volume of 100
nm or 35 nm on a side, there exist 4400 or 190 (N-V)- defect
centers in the crystal lattice, respectively. The latter is in line
with our previous studies, indicating that a single 35 nm FND
particle can contain up to 100 (N-V)- centers.8 Assuming that
these centers are uniformly distributed in the diamond lattice,
the nearest neighbors are approximately separated by 5 nm.

It is of interest to compare our findings with the result of
Lawson et al.35 who used 1.9 MeV electrons for radiation
damage of diamond. They estimated a concentration of 3.4 ppm
for the (N-V)- centers produced by the electron irradiation at a
dose of 2× 1018 e-/cm2. In their experiment, 10 electrons
produced 1 vacancy, and the subatomic particle penetrated∼2
mm of diamond. In contrast to the electron, a 3 MeV proton
can produce∼13 vacancies when incident in the [100] direction
(or ∼10 vacancies in the [111] direction), although the penetra-
tion depth decreases to 50µm.26 Therefore, it would require a
100 times less dose of the protons to achieve the same vacancy
concentration in the damaged region. The present experiment
was conducted at a dose of 1× 1016 H+/cm2, which is expected
to produce 1.3× 1017 vacancies/cm2 (or 1.0× 1017 vacancies/
cm2 in the [111] direction). Taking 50µm as the effective
sample thickness, we calculated that a vacancy concentration
of 150 ppm (or 110 ppm in the [111] direction) resulted from
the 3 MeV proton irradiation. This concentration is com-
mensurate with the typical nitrogen concentration of the samples
used in this experiment, and thus, overdosage was avoided.
Compared to [N0] ) 109 ppm, our measurement of [(N-V)-]
) 25 ppm suggests that more than 23% of the N0 atoms in the
proton-damaged region had been converted to the (N-V)-

centers after thermal annealing. This percentage compares
favorably with the fraction of 0.30 as determined by Lawson et
al.35 in their experiments using 1.9 MeV electrons.37 The
agreement reflects the consistency between these two sets of
measurements.

Containing more than 20 ppm of the (N-V)- centers, the
proton-irradiated diamond substrate exhibits a discernible
phonon sideband centering at∼560 nm above a continuous
absorption background (Figure 6b). At room temperature, the
ZPL appears only as a weak shoulder-like feature at 637 nm
due to the thermal effect. UsingL ) 50 µm and [(N-V)-] ) 25
ppm, we determined an OPA cross section ofσOPA ) (3.1 (
0.8) × 10-17 cm2 at 532 nm for this center. Note that this
measured cross section is only about one-fifth that of rhodamine
B in methanol.38 However, the difference in the integrated
absorption cross section between these two fluorophores is
reduced to a factor of∼2 since the width of this absorption
band is twice larger than that of rhodamine B at room

temperature. The result is consistent with the fluorescence decay
time measurements for the (N-V)- center, which shows a
lifetime in the range of∼10 ns,39,40 nearly twice longer than
the ∼4 ns of rhodamine B.

Two-Photon Fluorescence Spectra and Decay Lifetimes.
Figure 7 displays the emission spectra of the (N-V)- centers
excited by 532 and 1064 nm laser pulses at room temperature
for a sample prepared with the 3 MeV proton irradiation. Both
spectra were collected at an excitation time of 4 s using a 40×
microscope objective with an incident laser power of 0.08µW
and 4.6 mW for the one-photon and two-photon excitations,
respectively. In addition to the ZPL of the (N-V)- center at
637 nm, a sharp ZPL derived from the (N-V)0 center can be
found at 575 nm (2.156 eV) in both spectra. Interestingly, this
center cannot be identified in the absorption spectrum even at
80 K (Figure 6b) but reveals itself clearly in the emission profile.
The revelation of the (N-V)0 center is more complete in the
two-photon excitation, where a relatively more intensive ZPL
band at 575 nm and its phonon sideband peaking at∼620 nm
were detected.41 Other than this marked difference, the one-
photon and two-photon excited emission spectra are essentially
identical, suggesting that the same states of the (N-V)- center
are reached regardless of the mode of the excitation. Since it
has been known that (N-V)0 is the major contributor to the
cathodoluminescence emitted by all diamonds,41 the observation
of this center in Figure 7 seems to imply that charge-transfer
processes take place more efficiently during the two-photon
excitation.

To confirm that the 1064 nm excitation is indeed a two-photon
process, a power-dependence measurement of the fluorescence
intensity yielded a slope of 1.98( 0.02 in the logarithmic plot
(inset in Figure 7). No significant change in the fluorescence
spectrum was observed over the intensity range of 1-13 GW/
cm2, and additionally, the difference in the fluorescence decay
time between one-photon and two-photon excitations was within
the limit of our experimental error, 6.3( 0.7 ns (Figure 8). It
should be noted that the presently measured fluorescence decay
lifetimes are substantially shorter than the literature value of
11.6 ns first reported by Collins et al.39 for synthetic type Ib
diamond. However, it is in closer agreement with the lifetime
of 8.0 ns as recorded by Hanzawa et al.40 for diamond substrates

[(N-V)-] ) (7.1( 1.8)× 1015A637 (4)

Figure 7. Comparison of one-photon and two-photon excited fluo-
rescence spectra of nitrogen-vacancy centers in type Ib diamond treated
with 3 MeV proton irradiation. Inset: Dependence of the fluorescence
intensity on the incident energy of the 1064 nm excitation laser. Fitting
the data to the relationI ∝ Pn shows a two-photon process.
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containing a high concentration (up to 50 ppm) of (N-V)- defect
centers produced by neutron irradiation and probed with a 20
ps laser.

Figure 9 shows the TPE spectra of a sample prepared with
the 40 keV proton irradiation at room temperature. Both spectra
were collected at an excitation time of 5 s using a 100×
microscope objective with an incident laser power of 0.08µW
and 15.6 mW for one-photon and two-photon excitations,
respectively. Time domain analysis of the fluorescence revealed
that the (N-V)- centers are photostable even under intensive
excitation at a peak power density of 3 GW/cm2 with the ps
1064 nm laser. The fluorescence intensity stayed essentially the
same after several minutes of continuous excitation. From the
power-dependence measurement over the intensity range of
0.3-3 GW/cm2, a two-photon process with a slope of 2.01(
0.02 in the logarithmic plot was confirmed (inset in Figure 9).
No significant change of the fluorescence spectrum was
observed through differentz-position scans. Of importance to
remark here is that in this sample, the proton-beam-created N-V

centers were confined within a small region (∼0.23 µm
thickness) near the diamond surface. Since the excitation laser
was focused to a spot of∼1 µm in diameter, the volume probed
was estimated to be∼2 × 108 nm3. This small volume suggests
that we were equivalently probing∼400 FND particles with a
diameter of 100 nm in this experiment, given a volume of∼5
× 105 nm3 for the 100 nm sphere. Judging from the high signal-
to-noise ratio of the dispersed fluorescence spectrum as shown
in Figure 9, imaging of the individual 100 nm (or even 35 nm)
FNDs isolated on a glass substrate or in a living cell with the
two-photon fluorescence technique using a femtosecond laser
is deemed practical.

Finally, in determining the two-photon absorption cross
section of the (N-V)- center, we first calibrated our optical
systems against rhodamine B, whose one-photon and two-photon
absorption cross sections have been well characterized.19,20 To
simulate the situation that the (N-V)- centers are embedded in
the diamond lattice and confined in a thin layer, the dye
molecules were dispersed in a poly(methyl methacrylate)
(PMMA) polymer matrix spin-coated on a microscope cover
slide. The matrix so prepared had a thickness of∼100 nm,42

comparable to the thickness of the diamond sample treated with
the 40 keV protons. Since both sample thicknesses were smaller
than the focal depth (∼1 µm) of the microscope objective used
in this experiment, complications arising from the use of a high
NA objective could be avoided. For instance, aberrations due
to the difference in refractive index between these two samples
were minimized, and uniform illumination of the specimen along
the vertical axis was ensured. To achieve high precision of this
measurement, the vertical position of the microscope objective
was carefully adjusted by a piezoelectric nanopositioner and
kept at a site where the fluorescence intensity was maximal. A
ratio of

was obtained between TPE and OPE processes. Assuming that
the absorption cross sections of rhodamine B dispersed in the
PMMA matrix and in methanol solution are the same, that is,
σRhB,OPA ) 1.4 × 10-16 cm2 at 532 nm andσRhB,TPA ) (14 (
7) × 10-50 cm4‚s/photon at 1064 nm,20 we determinedσNV,TPA

) (0.45 ( 0.23)× 10-50 cm4‚s/photon based on the value of
σNV,OPA ) (3.1 ( 0.8) × 10-17 cm2 for the (N-V)- center.
Notably, this measured two-photon absorption cross section is
about 30 times smaller than that of rhodamine B but is twice
as large as that (σTPA ) 0.23 × 10-50 cm4‚s/photon) of
fluorescein at 1050 nm.19 Our previous experiment has shown
that a single 35 nm FND can contain up to 100 (N-V)- centers.8

These particles (and smaller ones) can then compete with
rhodamine B (and other dye molecules) in terms of their TPA
cross sections.

Conclusions

The interaction of protons with type Ib bulk diamond has
been investigated with IR/UV-visible absorption spectroscopies
and confocal fluorescence microscopy. The investigation was
motivated by the development of an economic method for
production of high-brightness FNDs using a medium-energy
proton beam for wide biological applications. This work
demonstrates that a (N-V)- concentration of more than 10 ppm

Figure 8. Comparison of one-photon and two-photon excited fluo-
rescence decays of nitrogen-vacancy centers in type Ib diamond treated
with 3 MeV proton irradiation. Both decays have the same lifetime of
6.3 ( 0.7 ns.

Figure 9. Comparison of one-photon and two-photon excited fluo-
rescence spectra of nitrogen-vacancy centers in type Ib diamond treated
with 40 keV proton irradiation. Inset: Dependence of the fluorescence
intensity on the incident energy of the 1064 nm excitation laser. Fitting
the data to the relationI ∝ Pn shows a two-photon process.
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can be readily achieved by exposing a diamond single crystal
to 40 keV protons at a dose of 6× 1014 H+/cm2. It leads to the
suggestion that each type Ib diamond nanocrystallite of a size
of 35 nm can contain up to 100 photostable (N-V)- centers if
they are treated under the same conditions. We anticipate that
after proper selection of the ion sources, optimization of the
beam irradiation conditions, and increase of the nitrogen
contents, the fluorescence brightness of the individual FNDs
can be further enhanced by 1 order of magnitude.

When using FND as an optical probe, it is desirable to take
advantage of two-photon fluorescence microscopy, which has
opened up many new possibilities for biomedical imaging and
diagnosis.15 Ultrafast lasers operating in the near-infrared (∼1
µm) region are well suited for this purpose. We have systemati-
cally measured in this work both the one-photon and two-photon
absorption cross sections of the (N-V)- centers in type Ib
diamond to beσOPA ) 3.1× 10-17 cm2 at 532 nm andσTPA )
0.45× 10-50 cm4‚s/photon at 1064 nm. While the latter is∼30
times smaller than that of rhodamine B, the deficit can be easily
compensated by using particles containing multiple defect
centers. The present study, focused on the nonlinear photo-
physical properties of the (N-V)- centers in bulk diamond, has
lent promise to the two-photon fluorescence imaging and
tracking of the individual FNDs in living cells. Further improve-
ment of the sensitivity of this method, conceivably by more
than 3 orders of magnitude, can be achieved with the use of
femtosecond lasers. Such experiments are currently being
performed in our laboratories.
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