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The 1.681-eV luminescence center characteristically observed in chemical-vapor-deposited dia-
mond films is studied in a homoepitaxially grown diamond film. Homoepitaxial growth relaxes the
strain typical for films grown on heterosubstrates with lattice mismatch, thus reducing dramatically
the optical linewidths down to 0.2 meV. The no-phonon luminescence transition that we observe
exhibits fine structure consisting of a fully resolved doublet with line components at 1.6820 and
1.6828 eV. The doublet thermalizes with an activation energy of (0.80 + 0.04) meV equal to the
spectroscopic spacing of 0.8 meV. In addition, either doublet component has itself an associated close
satellite in a mirrorlike arrangement. Three other partly resolved lines enhance the total number
of components in the no-phonon transition to at least seven. Photoluminescence and photolumi-
nescence excitation measurements under uniaxial stress along the (001) crystal direction reveal a
splitting of the no-phonon structure into four main components. These are studied at varying tem-
peratures and stress values for their thermalization behavior. We deduce an electronic level scheme
of two excited states from which electrons radiatively relax to two lower states. The data are not
consistent with excitonic recombination or electron-to-hole recombination. They indicate that the
optical center is under uniaxial internal overpressure of approximately 0.06 GPa, probably due to
its large size. The luminescence decay time of the optical center was measured to be 4 ns (5 K)
through 2.7 ns (300 K) in the homoepitaxial film snd -1 ns nearly independent of temperature in
a polycrystalline diamond film.

INTRODUCTION

Optical studies of synthetic diamond films grown on
various heterosubstrates by chemical-vapor-deposition
(CVD) techniques have revealed the production of a
luminescence center with emission energy at 1.681 eV.
The center was 6rst observed in 1981 by Vavilov et
at. i in cathodoluminescence (CL) investigations of CVD
homoepitaxial diamond layers and polycrystalline dia-
mond heterofilms. Since then, it has been reported in
films grown by a variety of CVD methods including
hot-6lament, dc-plasma, microwave-plasma, and
oxygen-acetylene combustion. This very universal ap-
pearance demonstrates the center to be characteristic of
CVD diamond.

The origin of the center is not yet clear. However, argu-
ments were advanced that the center contains silicon and,
in addition, nitrogen. Zaitsev et al. observed the CL
spectrum in natural diamond after silicon implantation,
and from a quadratic dependence of the CL intensity on
the implantation dose deduced the incorporation of two
silicon atoms. Collins et al. also implanted diamond
with 9Si atoms and co6rmed that silicon is involved in
the production of the center. Yokota et al.6 found that

in their CVD diamond the intensity of the defect lumi-
nescence depended on the nitrogen concentration. This
was corroborated by the data of Collins et a/. who ob-
served that the defect spectrum was much stronger after

Si implantation in synthetic diamond with a high con-
centration of isolated nitrogen atoms than with a low ni-
trogen concentration. The spectrum was not detectable
in implanted natural semiconducting diamond with neg-
ligible nitrogen concentration. Very recently, Collins et
al. have argued that the optical center involves a va-
cancy trapped at another defect which is associated with
silicon. This conclusion was derived &om the observation
that the 1.681-eV defect line increased when the photolu-
minescence (PL) line of the GR1 defect (the isolated neu-
tral vacancy) annealed out. The latter work also reports
a doublet splitting of the 1.681-eV line. The two compo-
nents thermalize with their spectroscopic spacing of 0.8
meV. The observation of the doublet structure in Ref. 10
was made possible by the relatively small linewidth, of
order 0.8 meV, in the free-standing plates of polycrys-
talline CVD diamond used, whereas previously reported
spectra exhibit linewidths from 3 meV (Ref. 7) up to 10
meV or more. '

In the present paper, we study the defect PL spec-
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trum in a homoepitaxially grown diamond film in which
the linewidths are dramatically reduced. The film was
deposited on a (100)-oriented Sumitomo type Ib dia-
mond single crystal in a microwave-plasma-assisted CVD
apparatus. The CH4/Hz plasma was generated by a
magnetron operating at 2.45 GHz. The CH4 concentra-
tion was 3.5/p and the growth temperature was 800'C.
Within two hours, a 0.54 pm thick xnonocrystalline film
was grown as proved by studies. As the substrate was lo-
cated on a stainless-steel substrate holder in a fused-silica
chamber it is very natural to assume that Si &om the sil-
ica was transferred in trace amounts to the substrate to
form the optical center. Also, nitrogen is a probable con-
taminant in the gases used. In the PL measurements the
sample was mounted in a continous-Bow liquid helium
cryostat allowing for temperature control &om 2 K to 270
K. The PL was excited by the 488-nm line of an argon
ion laser or, in the photoluminescence excitation (PLE)
measurements, by a tunable titanium-sapphire laser. The
PL signal was dispersed by a 1 m monochromator, de-
tected by a R636-photomultiplier tube, and processed
using conventional lock-in techniques. The decay time
measurements were performed with excitation by 5-ps
pulses &om a synchronously pumped mode-locked cavity-
dumped Rhodamine 6G dye laser. The optical signal was
detected by a photomultiplier and analyzed by a time
correlated single photon counting technique providing a
time resolution of the order 150 ps.

I. HIGH-RESOLUTION SPECTRUM

Figure 1 shows a survey PL spectrum of the 1.681-
eV defect. The no-phonon (NP) transition at 1.682 eV
is accompanied by a structured vibronic sideband. Ob-
served are broad satellite lines at energy spacings &om
the NP line of hA = 42 meV (A), 85 meV, 125 meV
(C), and 153 meV (D). Relatively sharp vibronic fea-
tures arise at displacement energies of 64.6 meV (B) and
166 meV. The vibronic energies are compared in Table
I with literature data. The modes A through D were
already observed by Feng and Schwartz in their study
of the 1.681-eV line in microwave plasma assisted CVD

Wavelength (nm)
820 800 780 760

I
f

I I I
/

( I I
/

I 4 I
/

I

I I I I
i

I I I I
/

fl I I I
i

I i I I

737.5 ' 736.5 B

740

i0

=. 1

C
Q
C

I I I I I I I I l I I I I I I I

1.50 1.55 1.60 1.65
Photon Energy (eV)

FIG. 1. Low temperature (20-K) PL spectrum of the
1.681-eV defect. The vibronic sidebands are discussed in the
text. Notation A—D is according to Ref. 11. Satellite B cor-
responds to a defect local mode (64.6 meV), and the narrow
satellite at 1.516 eV to the 0 lattice mode. Inset: Spectral
structure of the no-phonon transition at 20 K exhibiting well
resolved fine structure (see text).

diamond and assigned as (A, local mode), (B, TA lattice
mode), (C, LA lattice mode), and (D, LO lattice mode).
Apart &om multiphonon sidebands, they reported also an
anti-Stokes line labeled E' with 87.6 meV and ascribed
it to a local mode. We make, at least partially, a diH'er-

ent assignment. Mode B is strong and much narrower
than all other sidebands in our spectrum. Also, there is
no lattice mode with a high density of states around 65
meV expected to couple to the electronic NP transition.
Therefore we ascribe the 64.6-meV line to a local defect
mode. The 42-meV mode has low energy and cannot
be explained as due to the coupling of a regular lattice
mode to the defect. Modes with similar vibration energy
around 42 meV have been observed for a variety of op-
tical centers, such as the N3 center (2.985 eV), the H3
center (2.464 eV), and the H4 centers (2.417 eV and 2.53
eV)—which are all associated with nitrogen —but also for

TABLE I. Phonon energies in the 1.681-eV luminescence spectrum and, as an example for com-
parison, in the N3 (2.985-eV) spectrum. Labels A through D refer to the notation of Feng and
Schwartz (Ref. 11). (s) The peak at 87.6 meV was seen in Ref. 11 as an anti-Stokes satellite (labeled
E') energetically above the NP transition. (ss) Very weak feature in the N3 spectrum together
with a similarly weak peak at 133-meV line shift.

Labels
of Ref. 11

A
B

1.681-eV center
Present work

42
64.6
85

125.5
153
166

Line shift from NP line (meV)
1.681-eV center 2.985-eV (N3) center

Ref. 11 Ref. 15
42.0 43
64.6

(87.6)"
125.3
153.6

Assignment

Local mode
Local mode

LO/LA?
Or
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GR1 (1.673 eV) which is ascribed to the neutral vacancy
with no impurity involved. This demonstrates that the
mode is not specific to the 1.681-eV center and is not an
indication of nitrogen being incorporated in the center.
Instead, the low phonon energy could arise due to local
softening of the crystal around the defect as has been
discussed previously in the literature in conjunction with
other defects. ' Among the remaining modes with hO
= 85, 125.5, and 153 meV, only the 153-meV mode can
with some certainty be assigned to LO lattice vibrations
coupling with an energy close to their maximum density
of states value. In contrast, there is no particular feature
around 125.5 meV in the phonon density of states of nat-
ural or synthetic bulk crystals. [Here, we refer to the sec-
ond order Raman spectrum which re8ects the density of
states and where 125.5 meV (1012 cm i) corresponds to
twice the frequency, 2025 cm i (Ref. 16)]. However, at
this vibration energy, the second order Raman spectrum
of microwave CVD films exhibits a pronounced broad
peak, and also the one-phonon absorption of such films
rendered allowed by disorder efFects in the CVD diamond
shows a broad peak. » We tend to associate the 125.5-
meV mode in our spectrum to such a perturbed lattice
spectrum. In this context it should be pointed out that
the homoepitaxial film used in our work is by no means
perfectly crystalline and homogeneous, as discussed later,
and in fact could show disorder or local strain effects. As
for the 85-meV mode, there is no satisfactory explana-
tion in terms of unperturbed lattice vibrations and their
density of states. Modes of 125 meV and 87 meV, close
to the present case, are also observed in the comparable
case of the %3 center, indicating that these modes are
not defect specific. Finally, the sharp sideband at AO
= 166 meV that we observe is clearly due to the cou-
pling of an 0 zone center lattice mode in which the
two sublattices of diamond locally vibrate around the
optical center. There was no indication of this mode in
previous PL spectra of CVD diamond including, in par-
ticular, the spectrum of the 1.681-eV center by Feng and
Schwartz. In our sample, this vibrational satellite line
was not always observed and depended on the position
of the excited spot on the sample surface.

The inset of Fig. 1 shows the fine structure of the NP
line at T = 20 K. The doublet structure [components (b)
and (c) at 1.6820 eV and 1.6828 eV, respectively] is fully
resolved and exhibits extra components (a) and (d) on its
asymmetrically shaped outer wings with photon energies
of 1.6817 eV and 1.6830(5) eV, respectively. This quar-
tet is the main mirrorlike fine structure. At least three
more weak components occur at 1.681 eV (n), 1.6813
eV (P), and 1.6824(5) eV (p). Another weak component
is positioned at 1.6805 eV (arrow in Fig. 1). The ba-
sic doublet structure consisting of the lines (b) and (c)
has very recently been reported by Collins et a/. in a
less well resolved spectrum in polycrystalline CVD dia-
mond. The relative intensities of the main components
(b) and (c) as a function of temperature are shown in
Fig. 2 as an Arrhenius plot. Line (c) is exponentially
activated relative to line (b), according to a Boltzmann
law

II&I
——const x exp( —b, E&p, /k~T). The experimen-

tal line intensities were taken as the area under the lines
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FIG. 2. Arrhenius plot of the intensity ratio of the NP
line components (c)—(b) versus reciprocal temperature. The
thermal activation energy of the intensity ratio is AEt, h,
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6t to the data.
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FIG. 3. Positions of Raman (0") peaks at 300 K versus
corresponding PL line positions of the 1.681-eV center at 4.2
K in a variety of CVD polycrystalline and homoepitaxial sam-
ples. The arrow indicates the homoepitaxial sample mainly
investigated in this work. In this case, the spectrum was
recorded with wide slits averaging out the NP 6ne structure
for comparison with the other samples. Uncertainty on PL
scale is ( 0.3 meV (arrowed sample ( 0.1 meV), uncertainty
on Raman scale is = Q.5 cm

—1

after a computer-assisted decomposition of the NP spec-
trum. A least squares fit to the data in Fig. 2 yields
b, Eqp, = (0.80 6 0.04) meV. The constant reflects the ra-
tio of the line transition strengths including degeneracies
and is —1. 4Eqg is equal to the spectroscopic spacing
of the lines (b) and (c), hence the line splitting occurs in
the luminescence excited state. This result is equal to the
recent finding of Collins et al. » who report an activation
energy of (0.76 6 0.04) meV.

Our position of the principal NP line is 1.682 eV, 1
meV higher than usually cited in the literature. To have
more data on hand on the exact PL line position we mea-
sured a variety of samples (all polycrystalline apart &om
the present homoepitaxial sample). The PL line posi-
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tions were compared to the Raman line positions in the
same sample (Fig. 3). There is no simple relation be-
tween the PL and Raman line shifts. However, the three
highest PL peak positions are associated with the nar-
rowest PL half widths among the sample investigated.
Of these three samples, the two polycrystalline films do
not show any fine structure splitting. Collins et oL who
observe the (b) and (c) line components have their (b)
line positioned at 1.6815 eV; averaging over their (b) and
(c) components, the transition is close to 1.682 eV. This
comparison leads us to conclude that in our homoepitax-
ial sample we are observing the unstressed position of the
optical defect spectrum.

II. EFFECT OF UNAXIAL STRESS

Uniaxial stress was applied to the homoepitaxial film in
order to observe line splittings and to obtain information
on the underlying defect level scheme. In our particular
sample, the film plane is (001), according to the growth
on the (001) substrate, and all four side faces of the sub-
strate are also {001)type. Therefore, uniaxial stress p
could only be applied along one of the (001) directions.
Experimentally, we have chosen to apply the stress via
movable pistons to two opposite vertical side faces of the
substrate. They have an area of 3 x 0.5 mm each. For
this (001) stress direction, measurements were performed
up to p= 0.5 GPa at fixed temperatures between 10 K
and 15 K in PL and PLE, and at a given stress value p
around 0.1 GPa at controlled temperatures &om 13 K to
80 K in PL. In the PLE measurements, PL detection was
on the 64.6-meV local mode sideband while the exciting
laser was tuned to higher energies. Stress dependent data
are shown in Fig. 4.

In PL, the components (a), (b), and (c) are split apart
by the stress where (a) and (b) obviously do not thermal-
ize but (c) disappears when the spacing from (a) and (b)
increases. In PLE—which is equivalent to an absorption

Wa ve i e n g th (nm)

PLE:

PL:

Rs~, --0.4 x exp(l. lb„~«&/k~T)
R~~, —0.34 x exp(0.86,ia„t/k+T)
Rsg -- 0.5 x exp(2. 2b,p„t/kg)&)

Rs~, 1 x exp(1.8b, i,«t/k~T)

experiment —the components (b), (c), and (d) are split
apart by the stress where (b) and (d) remain strong and
(c) seems to disappear at larger spacings f'rom (b) and
(d). The component (a) very rapidly drops in intensity.
The components (b) and (d) develop a partially resolved
doublet structure which we have observed in several in-
dependent measurements probably excluding an artifact
due to stress inhomogeneities. Combining the PL and
PLE data, the external stress splits the four zero-stress
components apart and splits the two inner and dominant
components (b) and (c) of the zero-stress spectrum into
close doublets. At present we are unable to interpret this
close doublet splitting.

The peak splitting pattern is shown in Fig. 5. It is
almost symmetric with low shift rates of (b) and (c), and
significantly higher shift rates of (a) and (d). The spac-
ing of (a) and (b) is the same as that of (c) and (d).
All splittings are linear in the stress. Eye guidelines are
drawn through the data points. Those for the compo-
nents (a) and (b) and for (c) and (d) pairwise intersect
at a stress of pp —0.06 GPa. The inset of Fig. 5 ex-
hibits a four level scheme in which the upper state is split
by A„~ and the lower state is split by A~ ~. This level
scheme is consistent with the splitting pattern and with
detailed thermalization measurements which have been
performed in PL and PLE and are shown in Fig. 6. In
PLE, the intensity ratio of (d) to (b), R~~s, is constant as
a function of the spectroscopic spacing E,z„q of the two
components. This demonstrates that they initiate &om
the same lower level. As stated earlier, in PL the inten-
sity ratio R~/ is independent as well of the corresponding
spectroscopic spacing A,~„q ——A~ demonstrating that
these components initiate from the same upper level. The
remaining intensity ratios in Fig. 6 follow approximately
the dependences:
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FIG. 4. Left: Splitting of the no-phonon PL spectrum at
10 K under uniaxial stress up to p= 0.33 GPa along (001).
Right: Corresponding PLE spectra with light detection on
the 64.6-meV local mode satellite of the optical center.

FIG. 5. Splitting pattern for stress p ~
~(001) on the basis of

PL (triangles) and PLE (dots) measurements. Straight lines
are eye guides. The level scheme (inset) is consistent with the
splitting data and the thermalization data of Fig. 6.
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(Note that in these expressions b»„q is not a unique
parameter but individually corresponds to the two cho-
sen line components. ) For Rs~, and R~~„b,»«t is equal
to the lower level splitting A~ . Correctly, for PLE the
prefactors in the exponentials are close to unity proving
thermalization in the initial state. For R~/, the prefac-
tor of 2.2 deviates strongly &om 1; however, as shown
in Fig. 5, the (a) component is extremely weak in PLE
and therefore, the intensity ratio has a large uncertainty
giving B~~ little weight in our discussion. The transi-
tions (b) and (c) have difFerent initial and final states,
and Lspz&& A~p A&z~ In the splitting regime where
the PL data of Fig. 6 were taken, A„~/b, i varies from

2 to = 1.6 as directly seen in Fig. 5. Taking a
middle value of b,„~/Ai —1.8, E»„t is obtained as

p $ 0 446 p . Hence, the PL intensity ratio varies
as R&~, = exp(0.86„~/k&T) again reasonably close to a
thermalization with the full upper level spacing A„p. Fi-
nally, in an independent PL experiment, thermalization
of the line components has been investigated as a function
of temperature for a constant external stress of slightly
below 0.1 GPa. Observed was a spectroscopic spacing of
(b)—(c) of A,~„q = 1 meV, and A„~, the spacing f'rom (a)
to (c), was 2.1 meV. For this splitting, the intensity
ratio of (c)—(b) follows an exponential law with a thermal
activation energy of 1.7 meV. This is de6nitely more
than 4,p„t but close to 4„p lending further support to
the level scheme in Fig. 6.

The thermalization features discussed here demon-
strate that for al1 transitions thermalization takes place
between the respective initial states, "up" in PL and
"low" in PLE. At the same time, the 6nal states do
not have to be considered for any thermalization and
appear "unoccupied" for each of the transitions. This
is evidence, that the 1.681-eV defect luminescence can
be described in terms of pure electron {"atomic") tran-
sitions and that excitonic or electron-hole recombination
does not play a role: In the one-particle picture of an
exciton, the electron-hole recombination &om the initial
exciton state occurs to the "vacuum" state which cannot
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FIG. 6. Thermalization behavior of various line compo-
nents under stress in PL and PLE measurements at T = 13
K.

split under stress; light absorption —equivalent to our
PLE measurements —cannot be observed with thermal-
izing initial substates. In a model of bound electron-to-
bound hole recombination, both the upper electron states
and the lower hole states in the level scheme of Fig. 5
would be subjected to thermalization. This is in contrast
to the experimental Endings where only the transition
initial states thermalize with no indication of thermal-
ization in the Anal states. However, exactly these latter
features are encountered in atomlike transitions involving
only electrons. There are many examples of such transi-
tioas in the literature. Prominent cases are transition el-
ements in various III-V-compound semiconductors, such
as Fe in GaAs, GaP, or InP. ' Finally, we note that the
level scheme suggested in Fig. 5 leads to discrepancies
for external stress p = 0, where (b) and (c) thermalize ap-
proximately with their spectroscopic spacing of 0.8 meV
but the level splitting in the upper state &om which they
originate is = 1.3 meV. At present, this inconsistency re-
mains unresolved and could indicate that at low stress
the level scheme is not as simple as discussed. Also, due
to the asymmetry of the line shapes the inQuence of the
other components cannot easily be assessed and could be
a potential source of error.

The splitting pattern of Fig. 5 explains why the shape
of the zero-stress lines in Fig. 1 appears asymmetric with
smeared outer wings but steep inner slopes. When there
are random values of residual internal strain locally af-
fecting individual centers with shift rates as in Fig. 5, the
average broadening effect would lead to soft, washed-out
outer wings in the spectrum but the inner wings must
remain steep as the underlying shift rates are close to
zero. This interpretation implies that our homoepitaxial
film is far kom being perfectly homogeneous despite the
very narrow PL lines which the optical center emits. In
fact, exciting luminescence on different spots of the sur-
face was found to change the linewidths of the PL fine
structure in Fig. 1 leading to less well resolved compo-
nents or to the absence of the O~ vibronic satellite line
in the spectrum.

The fact that the splittings (a)—(b) and (b) {c)—become
zero at a fictitious negative stress of around po = —0.06
GPa suggests that there is an internal overpressure on the
center, and that the external stress adds linearly to the
internal stress. The assumption of overpressure in the
center is highly plausible when the constituents of the
centers are silicon and nitrogen atoms, and a vacancy.
The silicon atom is likely to give rise to an internal over-
pressure because of its large atomic radius relative to
the carbon radius in the diamond lattice. Such inter-
nal stress is well documented for two irradiation-induced
optical centers in silicon, the 0.79-eV defect and the
0.767-eV defect. 2 In these centers, the strain arises es-
sentially from a "split interstitial" configuration in which
two atoms, carbon and sihcon, share a lattice site.

III. TIME-RESOIVED MEASUREMENTS

Finally, we have measured the luminescence decay time
of the center in the homoepitaxial film and in a poly-



50 1.681-eV LUMINESCENCE CENTER IN CHEMICAL-VAPOR-. . . 14 559

10
center with = 29 ns, the 2.463-eV center (H3) with 16.7
ns, and the 2.985-eV center (N3) with 40 ns. 24
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FIG. 7. Intensity decay of the defect luminescence after
excitation by a 5-ns laser pulse in the homoepitaxial film at
T= 5 K and in a polycrystalline film at T= 160 K. The de-
cay is monoexponential for all temperatures in either sample.
The inset showers the decay times as a function of temperature
(dots: homoepitaxial Slm; circles: polycrystalline Slm).

crystalline diamond layer (Fig. 7). All decay curves are
xnonoexponential over at least one and a half decades.
The decay times obtained &om these raw data are plot-
ted in the inset as a function of the sample temperature.
They vary slightly between 4 ns and 2.7 ns for the ho-
xnoepitaxial film, and are close to ~ = 1 ns and nearly
independent of temperature up to T = 150 K for the poly-
crystalline film. The background luminescence decays are
xnuch faster with 7 & 500 ps as was m.easured at energies
above the NP line (725 nm) and at the PL minimum be-
tween the NP line and the 42 meV mode (750 nm). The
relatively small variation of the decay times with tem-
perature implies that the luminescing, and thermalizing,
doublet states have identical or very similar individual
lifetimes as otherwise the observed decay times would
change according to the thermal repopulation of the two
states. We ascribe the significantly shorter PL lifetime in
the polycrystalline film either to the existence of compet-
itive recombination channels due to other, nonradiative
defects such as dislocation and grain boundaries, or to
the presence of high strain in the polycrystalline mate-
rial. The decay time in the homoepitaxial layer is close to
that of the major irradiation-induced defect GR1 which
has one of its two main luminescence transitions (at 1.673
eV) with v 3 ns spectrally close to the present 1.681-
eV center. Known lifetime data of other point defects are
significantly larger, typical examples being the 2.156-eV

In conclusion, we have observed the 1.681-eV defect
line in a homoepitaxially grown diamond filxn with the
very narrow linewidth of 0.2 meV and with an energy
of 1.682 eV for the main transition. This spectrum re-
veals a completely resolved doublet structure and at least
five additional, partially resolved components. The nar-
row linewidth was associated with the relatively small
residual strain in the homoepitaxial layer as compared
to polycrystalline layers. A sxnall residual strain in the
homoepitaxial film was concluded &om the typical asym-
metric doublet line shapes. The stress-induced splitting
of the lines in the PL and PLE spectra was explained with
a level scheme where both the upper and lower states
in the xnain radiative transition are split into doublets,
and thermalization occurs within the initial state of each
transition, which is the upper state for PL and the lower
state for PLE (absorption). This level scheine suggests a
pure electron description of the transition, with no par-
ticipation of hole's or excitons. The optical transition is
short lived exhibiting a decay time of between 1 ns and
4 ns similar to that of the irradiation-induced GR1 defect
(neutral single-atom vacancy) at the close-by transition
energy of 1.673 eV.
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