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Observation of stimulated Raman scattering in CVD-diamond
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We report the first experimental observation of nonlinear laser effect — stimulated Raman scattering (SRS)
in the man-made diamond grown from the gaseous phase by chemical vapor deposition (CVD) technique. The
multiple Stokes and anti-Stokes generation in the visible and near-IR was excited under nanosecond and pi-
cosecond pumping in a 350 p thick plate. All the registered Raman induced lasing wavelengths were identified.
We classify the CVD-diamond as a promising x (®)-active material for Raman laser converters in a record wide

spectral range.

PACS: 42.65.Dr, 42.70.—a, 81.05.U

1. In the last decade the use of the stimulated Raman
scattering (SRS) phenomenon in crystalline materials to
shift the wavelengths of laser emission is becoming more
widespread in solid-state laser physics (see, e.g. [1-
4]). The SRS process allows to compress laser pulses,
it can also improve the spatial quality of laser beams,
etc. Modern laser applications require crystals providing
a large Raman frequency shifts, considerably more than
1000cm ™. For the list of these SRS-active materials see
Table 1. Natural diamonds are also included in the list.
Recently, a big progress is achieved in synthesis of large
area diamonds at low pressure using a chemical vapor
deposition (CVD) technique [5]. The material is essen-
tially polycrystalline with arbitrary oriented grains. In
many respects the quality of CVD diamonds approaches
to that of most pure natural diamonds. In contrast to
natural stones the impurity and defect content in CVD
diamond is quite reproducible and of low level.

This letter is devoted to reporting on the results of
the first experimental observation of x(3)-nonlinear laser
effect, namely the high-order Stokes and anti-Stokes gen-
eration in CVD diamond thin plates under nano- and
picosecond excitation in the visible and near IR.

2. Diamond belongs to the O}, cubic space group with
eight atoms per unit cell (two per primitive cell) giving
to six phonon branches in the dispersion relation. At
the center of Brillouin zone (k = 0), the three optical
branches are triply degenerate and the corresponding
phonons belong to the Fb, irreducible representation.
The first-order Raman spectrum contains one peak cor-
responding to the excitation of these optical phonons.
Diamond consists of light mass of the C-atoms held to-
gether by strong covalent bonding and this combination
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produces many remarkable properties for laser physics,
e.g. high thermal conductivity and relatively large en-
ergy of Raman-active mode ~ 1332.5cm~1, which are
promoting for SRS lasing. Some physical properties of
natural and man-made diamonds that are known for us
are listed in Table 2.

3. In the present work the transparent diamond
film of =~ 450 p thickness was grown on a Si substrate
in a microwave plasma assisted CVD reactor using
CH4/H> mixture as a source gas [6]. After the sub-
strate has been etched off in acid, the film was laser
cut to 6 x 8mm? samples, and mechanically polished to
get plane parallel plates of 350y thickness. The major
impurities were 75ppm hydrogen and 1ppm nitrogen
(lppm = 1.76 - 1017 cm™3) as determined from IR and
UV absorption spectra, respectively [7]. Upon growth
the grains, being chaotically oriented in the film plane,
form columns with their axes directed perpendicular to
surface. The columns with lateral size of about 40-100
are predominantly (110) oriented.

4. The SRS experiments with CVD diamond
plate were performed at 300K using a cavity-free
single-pass excitation scheme and nano- and picosec-
ond Nd3t:Y3Al;015 lasers with an =~ 30% efficient
external frequency doublers as a pumping sources
(see, e.g. [17,18]). Their generation with Gaussian
beam profile at fundamental Af; = 1.06415p (pump
pulse duration 7,7 =~ 15ns and =~ 110ps, respec-
tively) or SHG at Ao = 0.53207p (7p1 =~ 15ns and
~ 80ps, respectively) wavelength was focused onto
the diamond plate by a lens with focal distance ad-
justed so that the SRS-lasing was maximum while
avoiding the surface and volume optical damage of
the sample. This was achieved when the waist beam
diameter into diamond plate was 100-160u. These
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Table 1
Crystall) | Space group | Nonlinearity (class) | wsgrs (cm™1) 2) | References
Inorganic crystals
LiHCOO-H20 cy, x® + x® (polar) ~ 1372 [8]
Natural diamond 3) o] x® ~ 1332 [9,10]
CVD-diamond %) o] x® 1332.5 £+ 0.8 this work
CaCOj3 (calcite) DS, x® ~ 1086 [9,11,12]
Sr(NO3)2 e x® ~ 1057 [13]
Y(HCOO); - 2H,0 D} x® +x® ~ 1395, ~ 1377, ~ 2895 [14]
Ba(NOs3)2 e x® ~ 1049 [15,16]
Organic crystals
C12H22011 (sugar, sucrose) c2 x® + x® (polar) ~ 2960 [17]
C15H19N302 (AANP) cg, x® + x3 (polar) ~ 1280 (18]
C16H15N304 (MNBA) ct x®) + x® (polar) ~ 1587 [19]
Metal-organic crystal
C14H26NgO13%r (GuZn-III) | D | x® +x® | ~ 1008, ~ 2940 | [20]
DSome of these crystal are already commercial materials.
2)Room-tempelrauture data.
3)Natural diamond crystals of type IIA with a thickness of about 2mm.
4)Man-made polycrystalline diamond.
Table 2

Space group

O — Fm3d (No.227)

Unit cell parameter (A) a, = 3.56676
Site symmetry of atoms Ci

Formula units per cell Z=8"
Density (g.cm—3) d = 3.51
Melting point (°C) > 3400
Debye temperature (K) ~ 1860
Band gap (eV) ~ 5.4

Optical transparency range (u)

~ 0.225—3.8; 5.5—oc0 (Till radio frequencies.)

Dielectric constant

€ ~ 5.7 (For f =up to 10! Hz.)

(For our polycrystalline CVD-diamond.)

N . . . 4.3356)7 0.3306)\2
Refractive index (Sellmeier equation) () in p) n2=1+ 32 —0.0256 T A% — 0.030625
dn/dT(1079K~1) ~ 10 (For A = 0.587 p.)

Nonlinear refractive index (1013 cm3 . erg). n? x 7.2
(At XA = 0.545 p and laser pulse duration 7, = 4ns.)
Thermal conductivity (W -cm=2K™") ~ 18

Thermal expansion coefficient (1076 K—1)

&1

Elastic constants (10'! N m?)

C11 = 10.40; C12 = 1.70; Cag = 5.50

Elastooptic coefficients. (At A = 0.540—0.589 p.)

p11 = —0.278; p12 = 0.123; pga = —0.161;
P11 —pi12 = —0.385

Energy of SRS-active vibration mode (cm™1)

wsrs = 1332.5 £ 0.8

Linewidth (FWHM) of the Raman-shifted line in first-order
spontaneous Raman scattering spectra (cm™!)

Avg =~ 2.5 (For our polycrystalline CVD-diamond.)

Avg for natural diamonds ranges
from 1.65 to 2.7 (see, e.g. [21,22]).

Phonon spectrum extension (cm~1) 2)

~ 1333

DPrimitive (Bravais) cell contains two formula units NB* = 2.
2)From first-order spontaneous Raman scattering spectra.

excitation conditions provided well the steady-state
x(®-generation regime, because, for the studied CVD
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diamond 7, > T> = 1/mAvg = 4.2ps (here T> and
Avg are the phonon relaxation time and the linewidth
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Table 3

Nanosecond pumping Picosecond pumping Line attribution
Wavelength (u) | Line | Wavelength (u) | Line
Pumping at Ay; = 1.06415 p

0.7466 ASt3 | wf1 +3wsrs

0.8290 ASty | wr1 +2wsrs
0.9320 ASt; | 0.9320 ASt: | wf1 +wsrs
1.06415 (2 1.3) D | Az | 1.06415 (2 2.5) D | A1 | wps
1.2400 Sty 1.2400 Sty Wf1 — WSRS
1.4854 Sta ws1 — 2WsRS
Pumping at Afs = 0.53207 p

0.4660 ASto ws2 + 2wsRrs
0.4968 ASt; | 0.4968 ASt1 | wfs +wsrs
0.53207 (= 0.3) ) | Apa | 0.53207 (R 0.7) V) | Apa | wya
0.5727 Sty 0.5727 Sty Wf2 — WSRS

0.6200 Sto wf2 — 2WSRS

DPump power density (in parentheses) given in GW cm 2.

of corresponding peak in spontaneous Raman scattering
spectrum, respectively. The spectral composition of
Stokes and anti-Stokes lasing in the visible and near-IR
under maximum possible pump density power was
measured with grating monochromators equipped with
appropriate detectors (Si-CCD, InSb-diode, ets.). The
generated SRS wavelengths observed are summarized
in Table 3, which contains room-temperature Stokes
and anti-Stokes generation wavelengths in CVD-
diamond (350 thick plate) with natural abundance
of isotopic (carbon) composition connected with its
SRS-active vibration mode wsrs = 1332.5cm ! under
nano- and picosecond Nd3t:Y3Al;0q5-laser excita-
tion at Apy = 1.06415u and Ay = 0.53207p (SHG)
fundamental wavelengths.

5. For rough estimation of the steady-state Raman
gain coefficient gfj}% in the near-IR we applied a sim-
ple comparative method using the well known relation
(see, e.g- [23]) gf:}%IthrlgRs = 25-30 (where Iy, is
the threshold pump intensity lsgs, is the SRS-active
length of sample) and based on a measurement of the
pumping threshold for the first Stokes generation com-
ponent in our = 350 4 CVD diamond (As¢; = 1.2400 ,
see Table 3) and in a reference ~ 500y C15H;9N305
(AANP) crystal (As¢r = 1.2320 pm [18]) under the same
excitation conditions. We observed that the threshold
for the first Stokes nanosecond lasing of the diamond
thresold was about 40% less than for the AANP plate.
This means that the coefficient 935:}2 is no less than
8cm-GW . The SRS conversion efficiency into all
Stokes and anti-Stokes components in the examined di-
amond sample, even grown in not optimized conditions,
reached the value of about 30% at pump power density

of approximately 2.5 GW - ¢cm ™2 under picosecond exci-
tation at Aps = 0.53207 um wavelength.

6. In conclusion, we have discovered x()-nonlinear
laser potential for CVD diamonds. Due to continuous
progress in CVD diamond technology large size (diam-
eter > 100mm, thickness > 2mm), and even ultra-
pure CVD diamond single crystal [24] become available.
From these considerations we believe that new genera-
tion of CVD diamonds in near future can hold a leading
position among all known x(®)-active crystalline materi-
als for Raman laser converters.
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