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Abstract

We report the first experimental observation of high-efficient phonon-mode coherent excitation
using stimulated low-frequency Raman scattering (SLFRS) in submicron diamond-graphite—diamond
heterostructure films with an ion-beam-induced graphitized layer. We show that the SLFRS process
in submicron diamond heterostructures has a frequency shift in the gigahertz range and estimate
experimentally the SLFRS conversion efficiency and threshold.

Keywords: phonon-mode excitation, stimulated low-frequency Raman scattering, ion-implanted dia-
mond, graphitized layer.

1. Introduction

Rapid development of technologies based on tunable lasers [1] demands discovery of new nonlinear
optical materials for coherent generation of electromagnetic waves in the infrared and terahertz ranges [2].
It is well known that the efficiency of nonlinear processes in crystals increases with the input power but, at
the same time, it is limited by low laser-damage thresholds of such crystals [3]. Higher damage thresholds
and conversion efficiencies can be obtained by coating the crystals with appropriate films [4].

Extendedly high thermal conductivity and thermal stress parameters of diamond make this material
tolerant to laser damage [5]; it is one of the best candidates for efficient nonlinear generation. For this
reason and due to optical transparency, thermal and environmental stability, and other complimentary
characteristics that are orders of magnitude higher than those in other laser materials, diamond films are
actively used for optical windows [6] as well for a variety of optical coatings [7] and surface acoustic wave
devices [8].
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The importance of diamond for nonlinear optics is hardly overestimated. Unique physical properties
of single-crystal diamond make this structure an irreplaceable material in optoelectronic circuits and
micro- and nano-electromechanical systems (see, e.g., [9,10]). Biocompatible diamond-based platforms are
intensively developed for the controlled delivery of different therapeutic compounds and other applications
in biology and nanoscale medicine [11].

Using a basic design strategy, synthetic diamonds can be employed as nano-mechanical resonators,
optical waveguides, and microdisk cavities [10,12]. Continuous progress in diamond synthesis [13,14] has
made possible many achievements in nanophotonics and quantum information processing [15, 16]. Ion
implantation in combination with high-temperature annealing is used in the lift-off technique to obtain
free-standing diamond plates with opto-acoustic and thermo-conductive characteristics that are specific
for bulk single crystals [13,17,18].

Nowadays, the challenge in diamond technology is high-quality free-standing ultrathin diamond
films [16] and their integration into complex systems [6, 10,13, 15]. Fragile ultrathin 30-100 nm mem-
branes are hardly operated independently of the substrate. At the same time, in the case of comparable
thicknesses of the Raman active media and wavelengths of pumping laser radiation, it is reasonable to
expect efficient Raman generation and photon up-conversion. From the experimental point of view, treat-
ment of submicron SCD membranes is a question of compromise between high laser-damage thresholds
and short lengths of interaction.

The other problem is unavoidable defects in synthetic diamonds [19], which necessarily change the
picture of subsurface stress distribution and subsequently affect Raman scattering and luminescent spec-
tra, as well as the refractive index of synthesized samples [20]. Nevertheless, recently observed stimulated
Raman scattering (SRS) in CVD diamonds [21] attests to the great potential of synthetic diamonds for
nonlinear optics. This success shows the necessity of further investigations of diamond thin films in the
pursuit of a highly-efficient second-order nonlinearity.

In this paper, we present a method to utilize ultra-thin SCD films for effective nonlinear scattering
in the stimulated regime in a nondestructive manner using all the advantages of extremely high Young’s
modulus together with a relatively wide Raman frequency shift and high values of the refractive index
and thermal conductivity of diamond. As proof of concept, we use the methodology elaborated for
effective generation of acoustic modes and stimulated Raman scattering in submicron SCD films restored
in diamond—graphite-diamond heterostructures.

As is well known, low-frequency Raman scattering is employed as an effective method for studying
nanoscaled systems, since it has been experimentally observed for the first time in the spontaneous
regime [22]. The SLFRS, in contrast to the SRS, is a result of light interaction with nanoscale systems; its
frequency shifts are much smaller than that for SRS and lie in the gigahertz and terahertz ranges [23-26].

2. Preparation and Characterization of Samples

2.1. Preparation of Samples

As the initial samples for ion implantation and annealing, we used polished plates of natural diamond
with nitrogen impurity content less than 5-10'® ¢cm™3. The diamond samples were cut from natural single
crystals parallel to the {110} crystallographic plane (see Fig. 1). There is anisotropy of elastic modulus
in the diamond in these directions. Some nonlinear properties of natural diamond ®*'C are presented in
the Table 1.
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Table 1. Some Physical Properties and Nonlinear Characteristics of Diamond of Natural Isotopic
Composition " C at Room Temperature and A\ = 0.6943 pm.

Physical characteristics Value Reference
Biaxial elastic moduli, GPa Migo = 1170 Miy10 = 1320 [27]
Longitudinal (1) and transverse () vhog = 17.5 [28]
wave velocity, km/s viby = vi2, = v, = 12.8
vl =183, 2, =116
Nonlinearity type x® (3]
Frequency of the SRS-active mode, cm ™! Awsgrg ~ 1332.5 £ 0.5 [29]
Refractive index (Sellmeier equation) n ~ 2.435 [30]
Raman linewidth, cm™! 2.04 [31]*
SRS generation threshold, GW - cm ™2 1.2 [31]
Constant energy transmission coefficient threshold, GW - cm ™2 < 3.6 (at 0.532 pm) 3]
Raman gain coefficient, cm - GW ! g0y = 6.9 [31]
Two-photon absorption coefficient, cm - GW ™1 < 0.26 (at 0.53 pm) (3]
Laser damage threshold, J - cm ™2 ~ 65 — 95 (at 1.064 pm) [32]*
Breakdown field, MV - cm ™! > 10 [5]

*For type Ila diamond.

A thin submicron ion-beam-induced graphitized layer was fabricated in each sample of submicron
SCD film (see Fig. 1, where we present a schematic profile view of typical diamond—graphite-diamond
heterostructure used in our experiment).

<110 > e SUIfaCE "Swelling”

e - . Layer Depth, h Fig. 1. Schematic image (profile view) of SCD films
........ i ' with ion-beam-induced graphitized layer. The graphi-

. v _Buried tized layer is buried on depth h (see Table 2) and has

. Graphitized Layer boundaries with roughness of about 7 nm (A and B)

. {110} \ “Natural SCD with a bulk SCD (thickness 300 pym). Surface swelling

- ranges from 20 to 100 nm in different samples.

Buried graphitized layers were fabricated in bulk natural diamond by light ion implantation. Ion
implantation always leads to the radiation damage of material, so annealing of heavily damaged diamond
leads to the formation of a graphitized layer in the region of maximum radiation damage, in which carbon
atoms are bound by sp? bonds [33]. As a result of such treatment, the graphitized layer is covered by
restored submicron single-crystal diamond [34]. For radiation damage, the polished samples have been
bombarded at room temperature by '2C*, *He™ ions with energy 50-350 keV (see Table 2).

All implanted samples have been annealed for 1 h at temperatures 1,480 °C in vacuum at 10~3 Pa in
a graphite wall furnace. The thin graphite surface layer (as thin as 1 nm according to optical absorption
data) that appeared after high-vacuum annealing was etched out in a HoSO4 + KoCroO7 solution at a
temperature of about 180 °C.
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Table 2. Ion Implantation Regimes for Pristine Samples of Natural Diamonds and Parameters of
Buried Graphitized Layer Calculated by the Monte Carlo Technique.

Sample | Type Ton Annealing | Implantation Restored Graphitized
name | of ion | energy | temperature dose SCD layer depth | layer thickness
keV °C 10'6 ¢cm—2 h, nm nm
#1 iHet | 180 1480 4 450 80
#2 4Het 50 1480 2.5 185 84
#3 12+ 350 1480 0.4 365 100

2.2. Depth of Graphitization Layer

The actual thickness of the restored diamond layer covering the graphitized layer was defined by the
depth of the buried graphitized layer in a bulk material and controlled by type, energy of bombarding
ions, and implantation dose. We estimated the position and thickness of the graphitized layer considering
the level of radiation damage distributed in the profile of the sample (see Fig. 2).

P?E 57 #
o0 1 ‘He' 180 keV
o 4
- *7]
& Fig. 2. Concentrations of vacancies in the SDC sam-
S 3 S%egtfgegr ple implanted with *He™ ions at an energy of 180 keV
g Depthy to a dose of 4 - 10'® cm™2 (sample #1) calculated by
% > the Monte Carlo technique. The horizontal line on the
O 2 ] graph (~ 7-10% ¢cm™3) corresponds to the critical ra-
o diation damage. The peak on the graph determines the
© 1 A depth of maximum vacancy concentration. The shaded
? ] el B area corresponds to buried graphitized layer, and the dis-
8 M tance AB is the graphitized layer thickness.
T 04— ——— e ——————————————— 1
> 0 100 200 300 400 500

Depth, nm

A typical profile of the vacancy concentration with depth for an experimental sample is shown in
Fig. 2, where the graph is calculated using the model Monte Carlo simulation in SRIM software and
shows the calculation of defect concentrations induced by radiation damage of specified energy and ion
type in the initial structure. The constant (horizontal line, ~ 7 - 10?2 cm~3) on the graph corresponds
to the level of graphitization, i.e., the level of critical damage at which the subsequent annealing cannot
recover the diamond structure of the material and, hence, leads to the formation of a graphitized layer
in the region of maximum radiation damage.

The Monte Carlo calculations performed for diamond implanted with 180 keV “He* ions (sample #1,
see Fig. 2 and Table 2) show that vacancies are predominantly concentrated (40% of the total amount)
in the ~80 nm thick layer at a depth of ~450 nm; for 50 keV *He™ implanted diamonds, at a depth of
~185 nm (sample #2); and for 350 keV 2CT implanted diamond, at a depth of ~365 nm (sample #3);
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see Table 2. The thickness of the graphitized layer for every sample is defined by points of intersection
(A and B in Fig. 2) of the vacancy concentration curve and constant line of the critical damage level (see
Table 2). Point A corresponds to the first diamond-graphite boundary (upper surface of graphite layer),
and point B corresponds to the second graphite-diamond boundary (lower surface of graphite layer) (see
Figs. 1 and 2).

The error of the presented method is about 10%. For more precise measurements of the buried
graphitized layer depth and, hence, the thickness of the restored diamond layer, an additional research
such as ellipsometric analysis could be done [35]. Moreover, the high quality and uniform thickness of the
restored diamond layer allows one to use methods based on interferometry. Characterization of radiation
damage and graphitization of diamonds could also be done by methods of optical spectroscopy (optical
absorption) and measurements of “swelling” volume (see Fig. 1) [33].

60

2.3. Surface of the Samples

We studied the film surface (shown in Fig. 3)
from the initial surface side by atomic force micro- ™~

50

scopy (AFM). Measurements were performed using

o (=}
a Solver Pro (NT-MDT Co.) microscope in the g __ » c
contact mode of surface scanning. According to the __* i
AFM data, the root-mean-square roughness of the -8 1 "IN

film was 1.18 nm.

As we can see in the AFM image, nanoscale
grooves that remained after treatment can be ~
clearly observed on the ultrathin film surface. The "
wave-type grooves of plastic deformation is evidence
of the well-done mechanical polishing of the surface.
The microscale defect that can be clearly seen in the
center of the AFM image is a chip and is the un-
avoidable result of peculiarities of mechanical treat-
ment.

20

10

0 1 2 3 4

5 6
X, hm
Fig. 3. A 9.5%x9.5 um AFM image of the surface of
the submicron single-crystal diamond films implanted
with “He* ions at an energy of 50 keV to a dose of
2.5 x 1016 cm~2 (sample #2) in two-dimensional view.
Horizontal and vertical axes are given in pum, and the

3. Experlmental gradient scale, in nm.

The experimental setup for investigating the nonlinear optical properties of submicron diamond films
is shown in Fig. 4. The source of excitation was a nanosecond pulsed Cr3:AlyO3 (ruby) laser (wavelength
694.3 nm, pulse duration 20 ns, maximum energy 0.3 J, spectral width 0.015 cm~!). Plane polarized
radiation was emitted in a nearly single axial mode (divergence 3.5 - 10~ rad). Good repeatability of
the single laser pulse was achieved by laser operation at constant power near the threshold at regular
intervals with the ruby rod at a constant temperature.

The laser beam was focused by lenses with different focal lengths (from 3 to 10 cm) on the surface
of the sample (family of crystallographic planes (110) in diamond). The angle of incidence changed from
30° to 60°. Scattered light was registered at the mirror angle. All experiments were performed under
the laser-damage threshold conditions. During the experiments, we measured the spectral and intensity
characteristics of the scattered light beam.
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Laser-Pulse E1l Mirror
Measurement
System

Gl NG2 63

lp—-694.3 nm
T,~20 ns FPI1 SRS
Eavg~ 0.3 Spectrometer

Cl

Fig. 4. Experimental setup with ruby laser, glass plates G1, G2, G3, and G4, calibrated photodiodes for scattered
light energy measurements E1 and E2, reflecting mirror, Fabry—Pérot interferometers for spectral measurements
FPI1 and FPI2, CCD cameras C1 and C2, lenses LL1 and L2, diamond film — submicron single crystal diamond
film sample, and a SRS spectrometer consisting of an FSD-8 minispectrometer with a fiber-optic input, and a

measurement system of laser-light parameters.

A Fabry-Pérot interferometer (FPI) with a
range of dispersion 0.7143 cm™! was used for fine
spectral structure registration (see Fig. 4). The fine
structure of the radiation reflected from the sample
at the angle of incidence and propagating towards
the pump beam (in the backward direction) was
measured simultaneously. Under the experimental
conditions, in the backward directions no additional
spectral components were registered. For the light
reflected at mirror angle, additional spectral com-
ponents appeared when a certain threshold value
was exceeded. The pump threshold of registration
was defined as 0.01 GW/cm?. The maximum con-

version efficiency of the laser light into SLFRS was
40%. The high conversion efficiency and stimulated
character of the scattering is direct evidence of ef-
ficient phonon-mode excitation.

Fig. 5. Fabry-Pérot spectrum of the radiation scat-
tered on the submicron single-crystal diamond film im-
planted with light ions (dispersion range 0.7143 cm™1!).
The depth of the upper boundary of the graphitized layer

. ) of the sample is 365 nm (sample #3).
In Fig. 5, we show the SLFRS spectrum of light

scattered on the submicron single crystal diamond film implanted with 350 keV 2C* ions.

We registered SLFRS in samples #2 and #3. The line width and divergence of SLFRS were near
to the corresponding values of the exciting laser light. The SLFRS frequency shift was changed from
9 GHz for a graphitized layer with a thickness of 84 nm and a burial depth of 185 nm in sample #2 to
7.8 GHz for a graphitized layer with a thickness of 100 nm and a burial depth of 365 nm in sample #3
(see Table 3).

Phonon mode frequency is defined by the morphology of the sample consisting of the buried graphi-
tized and diamond layers. The value of the SLFRS spectral shift (which corresponds to the excited
phonon-mode frequency) decreases with increase in the structure thickness.
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Table 3. SLFRS Frequencies Observed in the Submicron Diamond-Graphite-Diamond Films and
Related Geometric Parameters of Experimental Samples.

Sample | Restored SCD layer | Graphitized layer | SLFRS frequency | SLFRS frequency
depth A, nm thickness AB, nm shift, cm ™! shift, GHz
#2 185 84 0.30£0.03 9

#3 365 100 0.26+0.03 7.8

For all samples investigated, the 694 3
spectral measurements were realized in |
a wide spectral range (from 400 to |
900 nm) for radiation reflected from the 10
sample at the angle of incidence and
propagating towards the pump beam.
For sample #1, we registered stimu-
lated Raman scattering (SRS spec-
trometer in Fig. 4).  The typical
SRS spectrum observed in a submicron
single-crystal diamond film implanted
with 180 keV “He™ ions (sample #1)
is shown in Fig. 6. The frequency shift
of the first Stokes and anti-Stokes com-
ponents was 1,332 cm ™. 400 500 600 700 800 900

The pump threshold for SRS was Wavelength, nm
determined as 0.01 GW/cm?. The ’
maximum conversion efficiency of the
exciting radiation into the scattered
wave at given experimental conditions
was close to 7%. The absence of SRS
for samples #2 and #3 under the experimental conditions of excitation can be explained by the larger
thickness of sample #1 and, thus, by the larger amplification.

_ 765

| 635 l

SRS Intensity, a.u.

T, 1
01 Aw ' ~1332cm’  Ae.~1332 cm

Fig. 6. Stimulated Raman scattering spectrum of the submicron
single-crystal diamond film implanted with 180 keV *He™ ions (sample
#1). The depth of the upper boundary of the graphitized layer of the
sample is 450 nm.

4. Results and Discussion

In the present experiments, we studied stimulated Raman scattering and low-frequency Raman scat-
tering in the stimulated regime in a set of samples of diamond-graphite-diamond heterostructures with
different depths of the restored SCD layer (185-365 nm) and a graphitized layer thickness of 84-100 nm.

The excitation of the coherent phonon mode at a frequency of several GHz is a result of nonlinear
interaction of high-power nanosecond laser pulses with samples of SCD films with a built-in graphitized
layer. Coherent phonon generation has been observed earlier in similar heterostructures (submicron
SCD film implanted with 350 keV '2C? ions) with a single graphitized layer under picosecond laser
excitation and was treated as a thermoelastic response to photoexcitation arising in the buried graphitized
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layer [36,37]. The physical mechanism of the observed phenomena can be considered as the scattering of
a high-power laser light wave on the eigenvibration of an elastic graphitized layer in a solid SCD medium.
A specific feature of the sp?-carbon structure is the arrangement of atoms in the absence of long-range
order [34]. The contrast in elastic properties and sound velocity in the diamond and the graphitized
layer leads to the strictional absorption in the soft graphitized structure with further re-emitting on the
shifted SLFRS frequency. Due to the optically smooth SCD diamond-graphitized layer boundary, the
diamond-graphite-diamond heterostructure works as a resonator on longitudinal acoustic modes.

5. Summary

Our experiments demonstrated the availability of submicron SCD films with a built-in graphitized
layer for purposes of nonlinear optics, namely, for effective generation of stimulated Raman and low
frequency Raman scattering. Highly-efficient coherent phonon generation takes place under its excitation
with nanosecond laser pulses.

Ton implantation of submicron single-crystal diamond films together with subsequent annealing al-
lowed us to produce graphitized buried layers and high quality single- crystal diamond layers of specific
nanosize thickness, matching the criteria of compatibility and scalable reproductive technology. Submi-
cron single-crystal diamond films with a built-in graphitized layer can be used as Raman active media
for spectroscopic and environmental applications.
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