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Synthetic diamonds have been grown from metal melts containing silicon, at high pressures and high
temperatures. The absorption and photoluminescence spectra have been investigated in the temperature
range 1.8-77 K. A 12-line fine structure is observed close to 1.682 eV, and this can be divided into three
similar groups each containing four components. The relative strengths of the optical absorption for the
three groups of lines are found to be the same as the ratio of the abundancies of the natural isotopes of
silicon, 28Si, 2°Si, and 3°Si, thus showing that the 1.682-eV center is related to silicon impurity. The
changes in the relative intensities of the four component lines associated with 2!Si indicate that the
center has two ground-state energy levels with a separation of 0.20 meV. The occupancies of the two
excited-state levels of separation 1.07 meV tend to reach thermal equilibrium after optical excitation and
before luminescence takes place. The relative transition probabilities for the transitions have been deter-
mined. The degeneracies of the ground-state levels are the same, and the degeneracies of the excited-
state levels are also equal to one another. The behavior of the 1.682-eV defect after electron irradiation
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and subsequent heat treatment is described.

INTRODUCTION

The wide variety of optical spectra of diamonds indi-
cates the presence and importance of chemical impurities
in diamond. Nicrogen and boron dominated the litera-
ture in the early stages. A comprehensive survey of the
impurities present in natural diamonds, together with an
indication of the proportions involved, was given by
Sellschop! who discussed the detection of as many as 58
elements, mostly by nuclear probe techniques. The
identification of particular characteristics with a specific
impurity is not necessarily straightforward with such a
wide range of possibilities. The situation is further com-
plicated if the impurity is present in more than one de-
fect. Nitrogen, for instance, is now well known to exist in
several different configurations depending upon the ear-
lier heat treatments it has experienced.

Vavilov et al.? reported a line at 1.684 eV in the catho-
doluminescence spectrum of polycrystalline diamond
prepared by chemical vapor deposition (CVD).
Zaitsev, Vavilov, and Gippius® suggested that this line
was possibly associated with the presence of silicon, be-
cause the line was also detected in a single crystal of dia-
mond which had been subjected to silicon ion implanta-
tion. Clark and Dickerson* and Collins, Kamo, and
Sato® also reported a line at 1.681 eV in the photo-
luminescence and absorption spectrum of diamond after
ion implantation and heat treatment. Ion implantation
inevitably introduces irradiation damage, and some re-
ports in the literature®’ confused the 1.681-eV center
with the neutral vacancy in diamond, which also shows a
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spectral line close by in this region of the spectrum. Col-
lins et al.® studied the thermal annealing behavior of
electron-irradiated CVD diamond, and showed that as
the neutral vacancy becomes mobile the strength of the
1.681-eV absorption line increases. Measurements of the
temperature dependence of the luminescence intensity of
the 1.681-eV system have been reported by Collins et al.®
and by Feng and Schwartz.’

The present paper reports an unambiguous
identification of silicon impurity for the defect center as-
sociated with the 1.681-eV line in diamond. In this study
single-crystal diamonds have been prepared by growth
from nickel or cobalt alloy melts which had been doped
with silicon.

EXPERIMENTAL DETAILS

Spectroscopic measurements were made with a SPEX
1400 double-grating monochromator using 1200-
linesmm ! gratings in first order. The monochromator
was operated at a scanning speed of 0.1 wave numbers
per second. The reproducibility of a given spectral line
position over several measurements was +0.5 cm ™!, The
photon-counting detector system had an integrating
counting period of 1 s.

Photoluminescence spectra were excited either by an
argon-ion laser beam at a power density of 400
mW mm 2 or by a helium-neon laser beam at a power of
30 mWmm 2

For measurements above 5 K the samples were mount-
ed in an Oxford Instruments CF 1204 continuous-flow
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helium cryostat having a thermocouple in close proximi-
ty to the sample under test. For measurements below 5
K we are indebted to Dr. A. T. Collins and L. Allers of
the Physics Department at King’s College London for
the use of a cryostat in which the sample is immersed in
liquid helium, different sample temperatures being
achieved by controlling the gas pressure above the helium
liquid.

Photoluminescence spectroscopy was used to investi-
gate the spectral behavior of a diamond after electron ir-
radiation and a series of heat treatments. The intensity of
the first-order diamond Raman line was used after each
treatment, to normalize the spectra, thus enabling semi-
quantitative comparisons between spectra to be made.
The phrase normalized intensity will be used to mean the
luminescence intensity relative to the integrated intensity
of the diamond Raman line measured under the same
conditions.

RESULTS

The photoluminescence spectrum recorded at 77 K be-
tween 1.64 and 1.70 eV for an as-grown CVD polycrystal-
line diamond film is shown in Fig. 1. There is an
asymmetrically shaped line close to 1.680 eV having a full
width at half maximum intensity of 16.8 meV. After
thermal annealing at 2200°C for 1 h at a pressure of 8
GPa, the line shifted to 1.6830 eV and had a half-width of
8.4 meV.

For comparison Fig. 1 also shows the photolumines-
cence spectrum recorded at 77 K with 488-nm excitation
for a single-crystal diamond grown from a nickel melt at
a temperature of 1500°C and a pressure of 6 GPa. The
spectrum shows the presence of two component lines at
1.6827 and 1.6837 eV. Associated with these lines there
is a vibronic sideband structure which is illustrated in
Fig. 2. This sideband is very similar to that which was
observed in CVD polycrystalline diamond by Clark and
Dickerson,* and it is concluded that the CVD and single-
crystal luminescence lines shown in Fig. 1 are associated
with the same defect. For a single-crystal diamond the

Luminescence Intensity (Arbitrary units)

1.64 1.65 1.66 1.67 1.68 1.69 1.70 1.71
Photon Energy (eV)

FIG. 1. Photoluminescence spectra excited by 488-nm light
and measured at 77 K. Spectra are shown for (a) an as-grown
CVD diamond film, (b) a CVD film after it has been heated at
2200°C, and (c) a Si-doped single crystal.
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Luminescence Intensity (Arbitrary Units)

1.50 1.55 1.60 1.65 1.70
Photon Energy (eV)

FIG. 2. Vibronic sideband structure in photoluminescence
for the 1.682-eV center. The spectrum was measured at 77 K,
and the sideband structure intensity has been multiplied a hun-
dredfold with respect to the zero-phonon portion of the spec-
trum.

combined integrated intensity of the photoluminescence
lines at 1.6827 and 1.6837 eV has been determined rela-
tive to the integrated intensity of the first-order diamond
Raman line at 77 K. Figure 3 shows how this normalized
intensity of the lines changes during a series of isothermal
heat treatments, each of duration 0.5 h, following an ini-
tial electron irradiation with 2.0-MeV electrons. Up to
600 °C the normalized intensity of lines is not significantly
different from that measured in the as-grown crystal.
There is an order-of-magnitude increase in the lumines-
cence intensity after heating at 800 °C, followed by a de-
cline by a factor of 4 after the 1200°C anneal. Above
1200°C the normalized intensity of the lines rises again.
This annealing behavior is qualitatively similar to that
observed for the 1.681-eV line in polycrystalline CVD di-
amond reported by Clark and Dickerson,* and provides
further evidence that the luminescence features shown in
Fig. 1 are associated with the same point defect.
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FIG. 3. Normalized luminescence of the 1.682- and 1.683-eV
lines measured at 77 K after a 2.0-MeV electron irradiation
(4X 10'® electrons cm~2) and subsequent thermal annealing for
0.5 h at each temperature. After some heat treatments the sam-
ple was measured several times.
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Low-temperature absorption and luminescence spectra TABLE 1. Energies of spectral lines and their energy separa-

tions AE at 30 K. Bracketed figures were the mean values from

Figure 4(a) shows the luminescence spectrum of a dia-
mond crystal excited by 488-nm light and measured at 10
K. Similar luminescence spectra were obtained for a
number of as-grown diamonds. The spectrum is
comprised of 12 lines of half-widths about 0.1 meV, but
this is probably instrument limited. The lines have a
wide range of relative intensities. A summary of the en-
ergies of the luminescence lines measured at 30 K is given
in Table I. The lines have been divided into two groups
and labeled 4 —F and A’'—F’' as indicated in Fig. 4.
The energy separations, AE between the pairs of lines
(A-A'),(B-B')...(F-F') are given in Table I, and are all
close to 1.07 meV. The energy separations AE between
the pairs of lines (4-B), (C-D), (E-F), (A'-B’), (C'-D’),
and (E’-F’) are also given in Table I and are close to 0.20
meV. The lines 4,B and A’,B’' are the strongest com-
ponents in their respective group, and they are the
highest-energy components of each group.

Figure 4(b) shows the data points for an absorption
spectrum of an as-grown synthetic diamond measured at
9 K. The absorption spectrum is rather more noisy than
the luminescence spectrum, but a comparison shows that
the lines present in luminescence have their counterparts
in the absorption spectrum. It is concluded that each of
the features included in Table I is associated with an elec-
tronic transition.

%

1.684

1.681

1.682
Photon Energy (eV)

1.683

FIG. 4. (a) Photoluminescence spectrum excited by 632.8-nm
light and recorded at 10 K. (b) Data points give measurements
of optical absorption measured at 9 K. The full line curve
represents the sum of the bi-Lorentzian line-shape contributions
to give the synthesized spectrum as described in the text. The
synthesized spectrum has been shifted on the ordinate axis for
ease of comparison with the experimental data.

many spectra.

Line hv eV Line hv eV AE(+0.01) meV

A 1.6833(6) A’ 1.6822(8) A —A'=1.08 A—B=0.20
B 1.6831(6) B’ 1.6820(9) B—B'=1.07 C—D=0.19
C 1.6830(0) C' 1.6819(4) C—C'=1.06 E—F=0.21
D 1.6828(1) D' 1.6817(3) D—D'=1.08 A'—B’'=0.19
E 1.6826(7) E’' 1.6815(9) E—E'=1.08 C'—D’'=0.21
F 1.6824(6) F' 1.6813(9) F—F'=1.07 E'—F'=0.20

Bi-Lorentzian line shapes of the form y=a/[0.20
+(v—v,)*]? have been fitted to each of the 12 lines of the
absorption spectrum of Fig. 4(b), where a is chosen ap-
propriately to fit the intensity of each line. The integrat-
ed intensity ratios 4 /B, C /D, and E /F are found to be
equal within experimental error. The intensity ratios
A'/B', C'/D’, and E'/F' are also found to be nearly
equal. Moreover, the integrated intensity ratios for the
strongest lines in each group B:D:F and A':C":E’ are
both close to 92.3:4.7:3.0, which is the ratio of the isoto-
pic natural abundances for 288i:2%Si:0Si.

Figure 4(b) compares the measured absorption spectral
data points with a spectrum synthesized from Bi-
Lorentzian line shapes under the following conditions:

A/B=C/D=E/F, A'/B'=C'/D'=E'/F',
A":C":E'=B:D:F=92.3:4.7:3.0 .

Such good fits of experimental and synthesized spectra
have been obtained for three different samples. It is con-
cluded that the lines 4, B, A’, and B’ are associated with
a point defect involving an atom of 2°Si, and that the lines
(c,n,C',D’') and (E,F,E',F’) are similarly related to
defects containing 2Si and 3°Si, respectively.

A similar fitting of the photoluminescence spectra with
different concentrations of silicon impurity has been car-
ried out. The synthesized spectrum in this case is found
to give a satisfactory representation of the experimental
spectrum for samples of low overall luminescence intensi-
ty. For samples of high luminescence intensity the prob-
lem of resonance absorption has to be taken into account.

Temperature dependence of absorption

The absorption spectra have been recorded for three
different diamonds as a function of temperature, and Fig.
5 illustrates the 6- and 40-K spectra. As the temperature
rises the absorption line B is observed to grow at the ex-
pense of absorption line A4, and similarly line B’ grows at
the expense of line 4.

Logarithmic plots of the ratios of the integrated ab-
sorption intensities (B'/A’'), (B/A), (A/A’'), and
(B'/B) as a function of reciprocal temperature are
presented in Figs. 6 and 7 for two diamonds. The scatter
of data points arises due to the difficulty of measuring the
integrated intensities of these very sharp lines, but the
gradients of the best lines through the data points give
the activation energies €,(B/A4), €(B'/A4'), e,(A/A"),
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these are listed in Table II.

The temperature dependence of the photoluminescence spectra

The photoluminescence spectra excited by 632.8-nm
light have been recorded at several temperatures in the
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FIG. 6. Logarithmic plots of ratios of absorption line intensi-
ties (a) In(B'/A’)vs 1/T and (b) In(B/A) vs 1/T.

FIG. 7. Logarithmic plots of ratios of absorption line intensi-
ties (@) In(4/A4’) vs 1/T and (b) In(B/B’) vs 1/T.

range 1.8—60 K for three diamonds. Figure 8 shows that

there is very little temperature dependence of the ratios

of the intensities of the luminescence lines (A4 /B) and
(A'/B’). The intensity ratios (A /A’') and (B/B’') de-
crease with decreasing temperature in the range 60 to 8
K, but below 5 K the intensity ratios (4/A’') and
(B /B') adopt values which are independent of tempera-
ture. These effects are illustrated in Figs. 9 and 10, where
logarithmic plots of the ratios of intensities (A4/A4’),
(B/B'), (B'/A'), and (B/A) as functions of 1/T are
presented. The data for two of the samples, shown as
squares and stars, are rather similar to one another, but
the third sample for which the data points are triangles
are significantly different. This may arise from the distor-
tion of the luminescence spectra intensities by resonance
absorption, the effect being most noticeable in samples
which exhibit strong absorption lines. The absorption
spectrum for the sample characterized by triangles is
about 20 times stronger than the absorption of the other
two samples. Provided that the absorbing centers are
homogeneously distributed, then the effects of resonant
absorption on the luminescence spectrum can be estimat-
ed provided the absorption spectrum is known. Such
corrections have been attempted, and the results for the
triangles become very similar to the other two sets of
data in the temperature range 10-60 K. Notice that the
triangles are found to increase their ordinate values after
such a correction in Fig. 9(a), but lower their ordinate
value in Fig. 9(b). This arises because line 4 has a weak-
er absorption intensity than line B, whereas line A’ has a
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TABLE II. Activation energies and ordinate intercepts derived from the absorption data of Figs. 6
and 7. Spectral line separations AE are given for comparison.

e(B/A) from

In(B/A) versus (1/T)
e(B'/A') from

In(B'/A’) versus (1/T)
e(A/A") from

In(4/A') versus (1/T)
€(B/B') from

In(B/B’) versus (1/T)

0.23+0.03 meV

0.22£0.02 meV

AE(A—B)=0.20%+0.20 meV

AE(A'—B')=0.19£0.02 meV

—0.05£0.02 meV

0.05£0.02 meV

B'/ A’ from intercept 0.45+0.04 =(b'g,/a’'g,)
B/ A from intercept 2.25+0.06 =(bg,/ag;)
A/ A’ from intercept 0.43+0.06 =(a/a’)
B'/B from intercept 0.48+0.05 =(b"'/b)

stronger absorption intensity than line B’.

In the range of 1/7T from O to 0.1 K ™! the best straight
lines have been drawn for each of the samples through
the data points of Figs. 9 and 10 to provide the activation
energies €, quoted in Table III. The intercepts which
these lines make with the ordinate axes correspond to the
appropriate ratios of luminescence intensities at very
high temperatures, and these are also listed in Table III.
It is seen that the activation energy &,(B/B’') and the
spectral energy separation AE(B—B') are the same
within experimental error, but €,( 4 / A') is slightly lower
than AE(A— A4').

DISCUSSION

Each isotope of silicon has associated with it four elec-
tronic transitions when present in diamond. A minimum
of four energy levels is necessary to describe this multipli-
city of lines. The energy-level diagram shown in Fig. 11
shows two sublevels in the ground state and two levels in
the excited state, together with the transitions corre-
sponding to the lines ABA’'B’ for the ?!Si defect center.
The energies E, occupancies n, and degeneracies g of each
of the levels are labeled on the diagram. The transition
probabilities for the lines ABA'B’ are represented by
aba’b’, respectively. In thermal equilibrium the ratios of
the intensities of absorption then would be given by

4 1.8K

**__«Mf/\/k 81K
1 ___‘MJJ\/L‘_/\MLK‘Q
-_¢J/\/MzoK |
VA N
52 K

Photoluminescence Intensity

1.681 ) 1.682 1.683 1.684
Energy (eV)

FIG. 8. Photoluminescence spectra measured at different
temperatures.

(B'/A')=(nyb'/na’)
=(g2b'/gla')exp[(El—Ez)/kT] , (1)
(B/A)=(nyb/nja)=(g,b/ga)exp[(E,—E,)/kT],

(2)
(A4/A4"Y=(n,a/na")=(a/a’), (3)
(B'/B)=(nyb'/n,b)=(b"/b) . (4)

Equations (1), (2), (3), and (4) satisfactorily account for
the behavior observed in Figs. 6(a) and 6(b) and 7(a) and
7(b), respectively, the fitting parameters being set out in

Table II.
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tensities (a) In( A4 /A4’) vs 1/T and (b) In(B /B’) vs 1/T.
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For the photoluminescence behavior it is assumed that,
after optical excitation, thermal equilibrium is established
between the levels of the excited state before lumines-
cence occurs. Moreover, the transition probabilities for
the luminescence lines are the same as those for the cor-
responding absorption lines. The ratios of luminescence
intensity then would be given by

(B/B')=(bn,/b'ny)=(bg,/b'g;)exp[(E;—E,)/kT],
(5)

(A /A’)=(an4/a"n3 )=(ag,/a’'g;)exp[(E;—E,)/kT],
(6)
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FIG. 11. Proposed energy-level diagram.

(B'/A')=(b'ny/a'ny)=(b"/a’) , )
(B/A)=(bny/an,)=(b/a) . (8)

Equations (5), (6), (7), and (8) have been used to describe
the behavior observed in Figs. 9 and 10 in the range of
1/T from 0 to 0.1 K~!. The fitting parameters for each
of three samples are set out in Table III. The parameters
for samples K4 and K 16 are reasonably consistent with
one another.

By applying Egs. (1)-(8) to the data of Tables II and
I11, several values for the ratios of transition probabilities
and of degeneracies can be calculated, the mean values
of these for K4 and K16 are (a/b)=0.40+0.04,
(b'/a')=0.44%0.03, (a/a’')=0.4310.06, (b'/b)
=0.48+0.05, (g,/g,)=1.03+0.16, and (g,/g;)=0.90

TABLE III. Activation energies and ordinate intercepts derived from the photoluminescence data of
Figs. 9 and 10. Spectral line separations AE are given for comparison.

Sample K4 Sample K16 Sample K15
g,(A/A") from 0.831+0.08 0.91+0.09 0.85+0.09 AE(A— A')=1.08%
In(4/A') versus 1/T 0.02 meV
€,(B/B') from 1.09+0.09 0.951+0.11 1.124+0.08 AE(B—B')=1.07%
In(B/B') versus 1/T 0.02 meV
g,(B'/A') from —0.06+0.02 —0.08+0.05 —0.22+0.03
In(B'/A') versus 1/T
€,(B/A) from 0.02+0.03 —0.01+£0.06 —0.03%+0.01
In(B/A) versus 1/T
A/ A’ from intercept 0.38+0.03 0.40+0.03 0.51+0.03 =(ag,/a’'gs)
B /B’ from intercept 0.44+0.03 0.43+0.03 0.55+0.04 =(bgs/b'gs)
B’/ A’ from intercept 0.48+0.03 0.40+0.03 0.571+0.02 =(b'/a’)
A /B from intercept 0.37+0.04 0.43+0.04 0.49+0.03 =(a/b)
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+0.15. In view of the similarities between these ratios,
the theoretical curves based upon Egs. (1)-(8) have been
added in Figs. 9 and 10, assuming that

(a/b)=(b'/a')=(a/a’)=(b'/b)=0.44, (g,/g;)=1

and
E,—E;=1.07 meV .

The results of sample K 15 (triangles in Figs. 9 and 10) are
significantly different from those for K4 and K16, and
there are several matters which might have to be taken
into account to provide a satisfactory explanation. K4
and K16 are both as-grown samples, but K16 has been
electron irradiated and then given a series of heat treat-
ments up to 2200 °C, as illustrated in Fig. 3. Such a treat-
ment could conceivably result in a different behavior for
the centers before and after treatment. It certainly pro-
duces a 20-fold increase in the absorption for the silicon
defect. Sample K15 is the only sample for which photo-
luminescence experiments have been extended down to a
temperature of 1.8 K. In this case it seems that at very
low temperatures, after optical excitation the carriers are
not effectively in thermal equilibrium in the excited state
of the center prior to luminescence taking place. The ex-
tent to which the mechanisms which do operate below 6
K extend to higher temperatures is not clear at this stage.
More experimental work in absorption and photo-
luminescence at very low temperatures and upon more
samples is clearly necessary.

Optical transitions between the upper sublevels of the
ground and excited states of the center have the same
transition probability as transition between the lower sub-
levels of the ground and excited states (i.e., a’=b). On
the other hand, transitions from an upper to lower sub-
level (or vice versa) between ground and excited states
have a much lower transition probability (i.e., b'=0.44a’
or a=0.44b). This suggests the existence of a defect
which has two similar configurations available to it, caus-
ing a doubling of the ground and excited states of the
center, in turn leading to a spectral fine structure of very
sharp lines. These features are rather similar to those ex-
hibited by the ammonia molecule where the level dou-
bling is due to a tunneling behavior between the two in-
version states of the molecule. A similar tunneling pro-
cess may be associated with the silicon center in dia-
mond.

It is not easy to suggest a model for the structure of the
point defect responsible for the spectral lines close to
1.682 eV at the present stage. It is clear that silicon is in-
volved, but it is not certain how many atoms of silicon
are included in each defect. The observation that the
strength of the 1.682-eV lines increase in intensity after
electron irradiation followed by heating at 700°C (a tem-
perature at which it is generally considered that the va-
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cancy in diamond becomes mobile) could suggest that the
center is a combination of a substitutional silicon atom in
association with a neighboring vacant lattice site. How-
ever, it is very difficult to see how this model can be used
to explain both the decline in intensity of photolumines-
cence in the thermal annealing range 900-1200°C and
the subsequent continuous increase in intensity in the
range up to 2200°C. A detailed study of the symmetry of
the defect will probably help to resolve these difficulties.

The spectral fine structure close to 1.682 eV for the sil-
icon defect usually is not observed in polycrystalline
CVD diamond. This is probably due, at least in part, to
line-broadening effects caused by the internal stress and
strain distribution which is commonly present in CVD
diamond films. It has been shown that a substantial
reduction in line broadening for an as-grown CVD film
can be achieved by heat treatment at 2200°C. Clark and
Dickerson!® indicated that the reduction in half-width
occurs progressively during a series of isothermal heat
treatments from 1100 to 2200°C. At the conclusion of
these heat treatments there was still some residual line
broadening, but it is not clear whether this is still due ex-
clusively to residual internal stresses.

CONCLUSIONS

The very sharp 12-line fine structure close to 1.682 eV
in diamond spectra has been divided into three identical
patterns each comprising four lines. The relative intensi-
ties of these three groups is very close to 92.3:4.7:3.0, the
ratio of isotopic abundances for the three naturally
occurring isotopes of silicon. It is concluded that the de-
fect center involves silicon impurity. Based upon the
behavior of the center after electron irradiation and heat
treatment, a defect model with a silicon atom in a substi-
tutional lattice site accompanied by a vacancy at a neigh-
boring lattice site can be regarded as no more than specu-
lative at this stage of investigation.

A four-energy-level scheme, with two sublevels of sepa-
ration 0.20 meV in the ground state, together with two
levels of separation 1.07 meV in the excited state have
been found to adequately account for the temperature
dependence (between 10 and 60 K) of the relative intensi-
ties of the lines in absorption and photoluminescence.
The electronic degeneracies of the two levels in the
ground state are equal to one another (g, =g,), and the
degeneracies of the two levels in the excited state also ap-
pear to be equal (g;=g,).

Of the four transitions possible between the doublet
levels of the ground and excited states, two have a
higher transition probability than the remaining pair
(a/b=0.44), and it is suggested that this might arise
from a tunneling behavior between two similar con-
figurations of the silicon defect.
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