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SPECTRAL PROPERTIES OF SINGLE CRYSTALS OF
SYNTHETIC DIAMOND
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The half-width of the spectrum of Raman scattering (RS of the first order of a diamond single crystal
grown in a nickel-free system containing nitrogen getters is identical to all growth sectors (1.69 *
0.02 cm'l). The sectorial inhomogeneity is not reflected in the transmission spectra and birefringence
of this crystal. The nitrogen concentration is 40 cm . For different growth sectors of the diamond
crystal grown in the Ni-Fe-C system, the half-width of the Raman line varies from 1.74 to 2.08 cm L,
differences in the transmission spectra and birefringence are observed, and photoluminescence is re-
vealed. The concentration of nitrogen in the growth sectors {001} is 1.6[10"° cm™, the content of
nickel is estimated to be at a level of 10*° cm ™3, and the content of nitrogen in the {11} sectors is
410" em>,
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The past decade has been characterized by significant advances in the technology of the synthesis of
diamond: we have succeeded in coming close to the possibility of growing large single crystals of instrumen-
tal qudity [1, 2]. The introduction into industry of the synthesis of high-quality crystals with a controlled
impurity composition and uniform distribution of doping agents and background impurities offers the future
prospect of solving the problem of a shortage of natural diamond raw material in optics and electronics.

Synthetic diamonds are grown in high-pressure "belt"-type apparatuses based on high-power hydraulic
presses [3] or apparatuses of the "split sphere” type without presses [4]. The structure and impurity composi-
tion of the synthetic diamond single crystals obtained in a "belt"-type high-pressure apparatus have been stud-
ied rather thoroughly [3-8], unlike the crystals obtained in a high-pressure apparatus of the second type.
Along with the optical and gemological properties which are common to all synthetic diamonds, the speci-
mens grown in the apparatuses of different types can have a number of essential differences [9, 10].

The purpose of the present work is to study the birefringence, absorption, and RS spectra of synthetic
diamonds grown using various systems of metals-solvents in a "split sphere’-type high-pressure apparatus.

Experimental Objects and Procedures. The only technique alowing large crystals of diamond to be
grown is the temperature-gradient method [11, 12]. Crystals were grown under the conditions of thermody-
namic stability of diamond (P = 5.2-6.0 GPa, T = 1400-1600°C) by recrystallizing, onto a diamond seed, a
source carbon dissolved in a molten metal. The crystals were synthesized at the Adamas Research and Pro-
duction Enterprise. The pressure in the high-pressure apparatus was calibrated in a cold state against phase
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Fig. 1. Photographs of plates 1 (a) and 2 (c) in crossed polarizers; the
scheme of sectoria structure of plates 1 (b) and 2 (d).

trangitions in chalcogenides. The temperature in the reaction zone was controlled by a TPP thermocouple,
whose junction was positioned near the carbon source. Absolute temperatures were determined allowing for
pressure [13].

Two synthetic diamond single crystals with a mass of 0.7-0.8 ct were the objects of study. Crystal 1
was grown in the Ni-Fe-C system at P = 54 GPa and T = 1450°C. The seed was oriented to the {111}
plane. In shape the crystal is a cuboidal octahedron truncated along the L; symmetry axis with minor faces
{110} and {113}. There were no inclusions that would be visible to the unaided eye in the bulk of the crys-
tal. Crystal 2 was grown in the Fe-Al-C system at P = 5.5 GPa and T = 1500°C; aluminum had been intro-
duced as a gettering additive for nitrogen fixation [12]. The seed was oriented to the {001} plane. In shape
the crystal is a cuboidal octahedron truncated along the L, symmetry axis with minor faces {110} and {113}.
Two large (up to 1 mm) and some fine inclusions of the metal-solvent were observed in the near-seed region
(lower part of the crystal). Plane-pardlel plates with a thickness of about 1 mm (hereinafter plates 1 and 2)
were cut out of these crystals and their properties were studied. During machining (polishing), plate 2 split
into two parts.

The birefringence in the plates was studied with the aid of an R-113 polarization microscope coupled
with a videocamera and a computer. Transmission spectra were recorded on a two-beam Specord M40 or
one-beam Solar PV1251a spectrophotometer. Sections of the specimens for study of transmission were iso-
lated by a 0.5-mm-hole diaphragm.

The Raman spectra were recorded at room temperature with the aid of a Spex 1403 Raman spec-
trometer with a system of thermostabilization of a monochromator. In the spectral region of about 500 nm the
resolution achieved with this spectrometer is 0.15 cm™. The spectra were recorded by a backscattering
scheme. The excitation was provided by radiation of an Ar* laser (488 or 514.5 nm). The radiation power on
a specimen was 0.3-0.4 W, the exciting beam was about 10 pum in diameter, and the spectral half-width of
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Fig. 2. Transmission spectra of the growth sector {111} of plate 1 (1),
the sector {001} of plate 1 (2), the sector {111} of plates 1 (3) and 2

(4).

the dlits of the spectrometer was 0.3 cm L. The haf-width and the position of the peak of the RS band of
diamond were determined by employing approximation of experimental data by the Lorentz function.

Results and Discussion. Patterns of the birefringence and schemes of the sectorial structure of the
specimens under investigation are presented in Fig. 1. The analysis of the patterns obtained shows that in the
growth sectors {111} of plate 1 excess internal stresses are located and, conversely, they are not detected in
the sectors {001}. This inhomogeneity in the characteristics of the crystal is associated with nonuniform trap-
ping of impurity atoms by various growth sectors [14].

As is seen from the transmission spectra of crystal 1 (Fig. 2), considerable absorption in the short-
wave region (A < 550 nm) is characteristic of the basic growth sectors. For the growth sector {111} practi-
cally total absorption is observed when A < 420 nm, and for the sector {001} this is the case when A < 350
nm (Fig. 2a). In going to the near IR region, there is a monotonic reduction in transmission and weak wide
absorption bands with peaks at about 650 and 850 nm for the growth sector {111} (Fig. 2b). For the growth
sector {001}, there are no information peaks in this region.

The presence of absorption in diamonds for A < 550 nm is usualy associated with the presence of
single atoms of nitrogen in a substituting position (C defect) in their lattice [15]. In [15], the following rela
tionship was established between the absorption coefficient at a wavelength of A = 477 nm (a,,;) and the
concentration of the C defects (Ng):

18
Ne =2.8010" ay, .

For crystal 1, the concentration of C defects in the growth sectors {001} and {111} was 1.6(10"° and 3.9(10*°
cm™3, respectively.

The wide absorption bands at 650 and 850 nm can be attributed to the presence of the atoms of
nickel in the diamond lattice [16—-18]. The presence of this meta in the crystals of diamond is usualy re-
corded in the absorption spectra at the liquid nitrogen temperature. The appearance of these bands at room
temperature indicates a relatively high concentration of the nickel impurity in the growth sector {111}. The
monotonic increase of absorption in going to the near IR band, which is observed for the growth sector
{001}, can be due to the broken bonds on dislocations [19].

In contrast to plate 1, we failed to find a sectoria structure in the birefringence patterns of specimen
2. The excess internal stresses are associated with the inclusions of the metal-solvent. The transmission spec-
trum in the UV and visible ranges for specimen 2 is given in Fig. 2a. In the 225-nm region, an edge of the
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Fig. 3. RS spectrum of plate 1 of the growth sector {111} with excitation
a A =488 (1) and 514.5 nm (2); the spectrum of second order for sam-
ples 1 and 2 (3).

true fundamental absorption of diamond is observed in the spectrum. The absorption band with a peak in the
275-nm region is caused by the presence of C defects in the lattice of the diamond [15]. Other absorption
bands were not observed in the UV and visible ranges. According to the relationship obtained in [15, 20], one
can determine the total concentration of nitrogen in a crystal from the known absorption coefficient:

17

For crystal 2, the concentration of nitrogen was 40% cm™. According to the classification adopted in [15],
this specimen closely resembles the lla type natural crystals.

The RS spectrum of the crystals under investigation consists of a narrow line of the first order spec-
trum and of a substantially less intense and wide band of the second order (Fig. 3). The RS spectra of each
of the specimens under investigation were recorded at several points of the plates with alowance for the
sectorial structure of the crystals. The largest changes were observed in the region of the first-order spectrum.
Accordingly, the results of the analysis of the RS spectra for a rather narrow frequency band of 1320-1340
cm ! are presented in this work (Fig. 4). It should be noted that the spectra were recorded from one point of
the specimen in five scannings; the error of reproducibility of the peak position and of the half-width of the
RS band of first order in this range did not exceed 0.1 cm™ and 0.02 cm™, respectively.

The position of the peak of the RS band of the first order in the 1332.5-cm™ region for different
growth sectors of both plates remained constant within the limits of the measuring accuracy. At the same
time, the haf-width of this line underwent appreciable changes (Fig. 4a). The half-width exceeded 2 cmt
and was less than 1.8 cm™* for the {111} and {001} sectors of plate 1, respectively. The change in the half-
width of the RS band was also observed within each of the growth sectors of plate 1. The half-widths
changed from 1.74 + 0.02 cm™* to 1.78 + 0.02 cm™* and from 2.00 + 0.02 cm™* to 2.08 + 0.02 cm™* for the
{001} and {111} sectors, respectively. These data are indicative of a considerable difference in the impurity
concentrations in these sectors and are in agreement with the results obtained from the transmission spectra.
The fluctuations of the half-width within the growth sector can be interpreted as nonuniform distribution of
the impurities. The more considerable change of the half-width in the {111} growth sectors points to the
larger inhomogeneity in the distribution of the impurity in these sectors in comparison with the {001} ones.
It should also be noted that for the growth sectors {111} considerable background luminescence is detected
on exciting by the radiation with A = 488 nm (Fig. 3), whereas for A = 514.5 nm its intensity is two orders
of magnitude lower. For the growth sectors {001}, in excitation with A = 488 nm, the luminescence intensity
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Fig. 4. RS spectra of the first order (a) of sample 1 of the growth sec-
tors {111} (1) and {001} (2) and of sample 2 (3); the dependence of the
half-width of the Raman line of diamond on the nitrogen concentration
(b): experimental (1) and calculated (2) data.

is an order of magnitude lower than for the sectors {111} and it is practically absent in excitation with A =
514.5 nm. In scanning by an exciting beam (A = 488 nm) across the growth sector {111}, the intensity of
photoluminescence changed from point to point by more than an order of magnitude, thus indicating the in-
homogeneous distribution of the luminescence centers. At the same time, we failed to find any correlation
between the half-width of the RS band and the luminescence intensity of the crystal. Most likely, the concen-
tration of the centers causing photoluminescence is insufficiently high for their presence to be revealed in the
RS spectra.

The least haf-width of the Raman line of 1.69 + 0.02 cm™* was fixed for plate 2 (Fig. 4). The line
half-width for this crystal did not depend on the position of the point from which the spectra were recorded.
This value is close to 1.65 cm™, which was obtained in [16] for the most perfect natural diamond of the type
I1b. The dight broadening of the Raman line appears to be due to the presence of inclusions of the metal-sol-
vent in the crystal. There was no photoluminescence in this crystal.

The increase in the half-width of the Raman line is proportional to the elastic deformation arising in
the crystdline lattice of diamond [21] due to the difference in the covalent radii of the matrix and impurity
atoms. The relative deformation of the crystal is related to the atomic fraction of the impurity by the follow-
ing relation [21]:

e=[1+f(-11"3-1, ()

where f is the atomic fraction of the impurity and I' is the ratio of the covalent radii of the atoms of the
dissolved impurity and carbon. In the case of nitrogen atoms located in the sites of the diamond lattice (C
defects), ' = 0.922.

On the basis of the results obtained for the growth sectors {001} of crystal 1 (low level of interna
stresses and photoluminescence, absence of light absorption for A > 500 nm), it is possible to assume the
presence only of nitrogen impurity in the form of C defects. The mean haf-width of the Raman line for these
sectors differs by 0.11 cm™ in comparison with the most perfect natural diamond of type Ib. If this differ-
ence in the half-width is considered to be due exclusively to the presence of nitrogen, then, using expression
(2), it is possible to plot the dependence of the half-width of the Raman line on the concentration of C de-
fects in single crystals of diamond (Fig. 4b). Owing to the presence of C defects, the haf-width should be
1.92 cm™? for the growth sectors {111} of crystal 1 (Fig. 4b). The higher half-width (up to 2.08 cm_l) ob-
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tained for this region can be attributable to the presence of nickel in the growth sectors {111} of crystal 1.
Assuming that all the atoms of nickel in the diamond lattice are in the subgtituting state, it is possible to
estimate the concentration of this impurity from relationship (1). Accounting for the partial compensation of
the internal stresses created by the nitrogen and nickel atoms (in the case of nickel, ' = 1.61), a half-width
of 2.04 cm™ corresponds to the concentration of nickel of about 7(10*® cm™. This value correlates with the
data in [22].

The analysis of the results obtained and their comparison with those given in [5-8] show that the
investigated diamond crystals grown in the high-pressure apparatus of the "split sphere” type are close in the
impurity composition and the character of the impurity distribution to the crystals obtained in a high-pressure
apparatus of the "belt" type in the De Beers laboratories. One should note, however, the less complex secto-
rial structure of the crystals studied in comparison with those described in [6, 7].

The following conclusions can be drawn on the basis of the analysis of the RS and absorption spectra
and the birefringence of the diamond crystals grown in the high-pressure apparatus of the "split sphere" type
using various systems of metals-solvents. The crystas grown in the nickel-free systems containing nitrogen
getters have a more perfect crystal structure. They do not display sectorial inhomogeneity. In their optica
characterigtics (transparency in the UV and visible ranges of the spectrum, the half-width of the Raman line)
they closely resemble the most perfect natural diamonds. The crystals grown in the Ni-Fe-C system display
considerable sectorial inhomogeneity of the impurity distribution. The growth sector {111} contains 2.5 times
more nitrogen and several times more nickel than the sector {100}. The nitrogen concentration in the growth
sector {111} reaches 410" cm™, and the nickel content is estimated at a level of 10'° cm™. The sectorial
distribution of the impurity leads to the appearance of excess internal stresses and to substantial inhomo-
geneity of the optical characteristics of the crystal.

The authors express their gratitude to the administration and staff of the Adamas Research and Pro-
duction Enterprise (Atolino, Minsk District, Belarus) for their help in carrying out the experiments on grow-
ing single crystals of synthetic diamond.
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