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Luminescence excitation spectra in diamond
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Photoluminescence excitatigRLE) spectra, measured at varying temperatures and for different luminescent
energies, are applied systematically to the study of defects, itbl 11b, and chemical-vapor-depositédVD)
diamond. It is shown that the green luminescent band in CVD diamond films consists of two distinct compo-
nents. The first one is attributed to recombination in the amorphous carbon phase. The second component
increases with surface hydrogenation in CVD films, but an analogous band remains almost unchanged in Ib
diamond. This band is ascribed to the donor-acceptor pair recombination. The photoionization threshold for
transitions from the valence band to the donor level is determined as 3.25 eV. Based on PLE measurements the
broad blue band is assigned to the vibronic band of a dislocation-related center with the ground state position
in the range fronEk, to E,,+0.37 eV. A series of undocumented photoluminescéPtg lines at 1.81, 1.84,
1.91, 2.02, 2.1, and 2.2 eV is characterized by PL and PLE techniques as belonging to radiative transitions
from different excited states to the same ground state of a divacancy-related center. Oscillatory behavior in the
PLE spectra from CVD diamond is used to dedige-2.24 eV andE:.—2.05 eV as the optical ionization
thresholds to the conduction band for the divacancy-related and the 1.68 eV centers, respectively.

[. INTRODUCTION fore, will be a first important topic in this paper.
PLE spectra measured around the interband absorption

The availability of sensitive optical detectors in the visible region in natural diamorid® revealed a specific oscillatory
range, as well as the possibility of nondestructive study oftructure(as shown in Fig. 8, which is discussed lat8uch
small samples, have made photo- and cathodoluminescenggcillations ~ have  also  been  observed in
(PL and CL) two of the major techniques for optical charac- Photoconductivit§"*° and photoelectron yietd spectra in
terization Of defects in diamond_ One of the prevai”ngdiamond and other Semiconductors, for both band'tO"bgnd
mechanisms of defect luminescence can be outlined as fopnd band-to-defect-level’ transitions. They are explained
lows. Absorption of ||ght in PL or excitation by an electron by phonon—aSSISted modula“on Of the carrier I|fet|me When a
beam in CL experiments leads to the population of excitedsarrier is excited to the valence or conduction BB or
states of a defect. Radiative transitions of the electron backB): if the excited state of a defect in the forbidden gap lies
to the electronic and associated vibronic levels of the grounglose to the VB or CB edge, there is enhanced probability of
state produce a narrow-line structure, Consisting of a SharEanSition of a phOtoeXCited carrier from the band to this state
zero-phonon lingZPL) and a vibronic sidebantsee, e.g., y cascade emission of phonons, without thermalization of
Figs. 1-3, which are discussed in detail latdihe analysis the carrier to the bottom of the band. This probability has
of their spectral shape, which is unique for each optical cenaxima when the energy to dissipate is a multiple of the
ter, is used for defect identification, provided the structure of?honon energy, which leads to the appearance of maxima in
the defect is known from independent measurements. Thu§LE and corresponding minima in photoconductivity excita-
luminescence spectra, while showing the shape and positidiPn spectr&:’ It has been shown®®“that in some & dia-
of the emission bands, do not reveal the origin of the lumi-monds the oscillations in PLE spectra, measured for the
nescence and the position of the defect levels in the forbidbroad blue luminescence band, may extend to the sub-band
den gap. This information can be obtained from PL excita-
tion (PLE) experiments, which monitor the spectrum of
absorption transitions responsible for a certain PL band.
Similar results can be deduced from optical absorption spec-
tra, but there the analysis may be complicated by the pres-
ence of transitions from different defect centers. The analysis
of the high-energy part of PLE spectra has allowed the iden-
tification of excited states for several centers in natural and
high-pressure high-temperatugePHT) synthetic diamond.
The best known examples are the neutral vacar@irY)
and the vacancy trapped at dinitrogegn3d) and trinitrogen
(N3) centers. Luminescence measurements on diamond op 23 24 25 26 27 28 29 380 34
films produced by the chemical vapor depositiGBVvD) E (eV)
technigque show a number of defect centers which are unique
for this material, because of the specificity of the synthesis FIG. 1. PL and PLE spectra measured at 77 K in a CVD film.
method? Unfortunately, luminescence from these centers ha®L was excited at 2.9 eV and PLE was measured for 2.4 eV emis-
not yet been characterized by the PLE technique. It, theresion.

PL, PLE (arb. units)
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N3 center 2.8 eV. The ubiquity of these bands in all kinds of diamond
determines the importance of their interpretation. Neverthe-
less, in spite of a large number of elaborate reports, no sat-
isfactorily argued model exists at the moment. Déao-
posed a unified donor-accept(®-A) recombination model

for all broad bands in diamond. However, further experimen-
tal work!®>~1” showed that the blue band emission originates
at dislocations and does not involve a D-A pair; no alterna-
] tive emission mechanism has been proposed. In natural and
. CVD diamond the blue band is dominant in defect-free crys-
talline sectors:'® Moreover, no obvious correlation of the

PL, PLE (arb. units)

————————7f—— T blue band intensity with any impurity doping has been re-
26 28 30 32 34 50 52 54 56 ported thus far, suggesting that this band is probably related
E(eV) to structural defects. The observed increase in the blue band

intensity with boron dopintf could be due to the increase in
Jislocation content due to the dopihgThe broad green
band, on the other hand, is believed to be boron related, since
a series of reports>141"-1%hows that its intensity increases
with boron doping. However, there still exist contradictions
gap region(5.2-5.5 eV. This subclass ofd diamond was  in the reports on the green band luminescence, contradictions
called intermediaté;>®° but this classification was not that cannot be explained by the specificity of the samples
widely accepted later and we will call it just diamond. The  studied or by experimental errors. The green band is ob-
same sub-band gap oscillations were observed also iServed in samples grown in boron-free reactors, showing no
absorptioft®*2and emissiort? and attributed to the so-called detectable amount of boron. For example, the broad green
N9 center®*? The mechanism of excitation transfer from pand was observ8din good-quality CVD films with con-
the N9 to the emitting centers has remained uncertain. In thgentration of boron and nitrogen atoms less than 10 ppb. The
PLE studie$ ®®° mentioned, PL emission energy was se-original measurements on natural diamond show an activa-
lected by a broadband filtéwith a 1-1.5 eV bandpagsand  tion energy of about 0.3 eV for the intensity of the green
no control of PLE was performed: different PL bands couldband!* while, in contrast, almost no temperature dependency
(and possibly did, as will be shown latezontribute to the was observed for the green band in undoped and boron-
total PLE spectrum. The shape of sub-band gap PLE spect@oped CVD films'®2! Spatially resolved CL measurements
was found to be very different inb| la, lla, and Ib  show that the green band emission in samples containing
diamond’~>®#%which could not be satisfactory explained. No structural imperfections and grain boundaries either can be
further work on PLE oscillations has been reported afteniocalized at these imperfectiofisor can be homogeneously
those studies, and the open questions, although important fdistributed over the samplé A series of papers by Hayashi
the understanding of the mechanism of PL excitation in diaet al?? shows that the green band is hydrogen related. In
mond, have remained unanswered. Consequently, we withese investigations the CL from the broad green band could
also focus on this issue in our study of luminescence excitabe repeatedly enhanced and quenched by cycled treatments
tion. of the surface of CVD films by oxygen and hydrogen
Along with narrow peaks, luminescence measurements oplasma, while by changing the penetration depth of the ex-
diamond also reveal broad bands, having no narrow-lingiting electron beam it was proved that the emission indeed
structure, not even at low temperatures and in the besbriginates from the surface layers. Reports by Bergman
quality unstressed sampl&$>“The most widely known are et al?! show that the intensity of the green band in boron-
the green and blue band$}'*centered at about 2.3 eV and free CVD films correlates linearly with the integrated inten-
sity of amorphous carboraf(C) related Raman peaks. At the
H3 center same time, it was found that the intensity of another band,
namely, the broad red band, excited at 2.41 eV, also corre-
lates with increase in the-C component?
An obvious conclusion from the above collection of dis-

FIG. 2. PL and PLE spectra measured at 77 K fodlamond.
PL was excited at 3.4 eV and PLE was measured for 2.8 eV emi
sion.

2 ] parate results is that further clarifications on the origin and
S nature of the broad PL bands are needed. For this reason, we
g 1 Blue band include in the present work a characterization of the proa}d
= green and blue emission bands in natural and synthetic dia-
a ] mond by means of PL and PLE techniques. An attempt is

made to reveal the structure and origin of these bands, and to
explain some of the discrepancies in the reports on the
broadband green luminescence.

N3

2.0 22 24 26 2.8 3.0 3.2 3.4
E(eV) Il. EXPERIMENTAL DETAILS

FIG. 3. PL spectra froma diamond excited at 3.4 eV at 300 K Undoped and nitrogen-doped unoriented polycrystalline
(curve 3 and 77 K(curve 2, and at 5.5 eV at 77 Kcurve 3. diamond films were grown on Si substrates in an ASTeX
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PDS-17 microwave plasma reactor at the Institute for Mategeneity typical for CVD diamond.The 2.65 eV optical cen-
rials Research, Diepenbeek, BelgigfnBy the same tech- ter shown in Fig. 1 was, under appropriate excitatiary1
nique, (100)-oriented undoped and unoriented boron-dopeckV), observed in most CVD films studied. However, most
polycrystalline films were grown in separate reactors at thenergies in the range 3-5.5 eV effectively excited other PL
University of Wuppertal, Germany. The Si substrates wereyands as well, which then masked the 2.65 eV center. This
removed by chemical etching after the film depositidn. | could be the reason for the absence of reports on this center
HPHT synthetic and B natural diamond samples were in the literature. In fact, the presence of this center can be
2x2x0.5 mn? polished, homogeneous blocks obtainedseen in the CL spectfafrom CVD films upon careful analy-
from Drukker International.d natural diamond was an un- sis. Annealing at 1400°C in 1§ Torr for 2 h results in a
shaped stone of about 1 mm in diameter. Raman and transtight increase in the PL from the 2.65 eV center, showing
mittance measurements confirmed its homogeneity and unhat it is probably unrelated to the so-call@R12 center
detectable content of foreign inclusions. with a ZPL at 2.64 eV, which is observed in irradiated natu-
Confocal micro-Raman spectroscopy was utilized toral diamond:?® because the latter center anneals'éust
monitor thea-C content and the intensity of PL in one mea- 900°C. We observe an increase in intensity of the 2.65 eV
surement, and to establish a spatial correlation between Psystem with nitrogen doping. Further studies by independent
and structural defects in CVD films. Measurements were pertechniques are required to reveal the microscopic nature of
formed at 300 K, using the 2.71 eM57.9 nm or 2.41 eV  this center.
(514.5 nm line from an Ar" laser focused to a 2um diam- Figure 2 presents PL and PLE spectra measured at 77 K
eter spot. Quasi-steady-state PL and PLE experiments wefer the N3 center(ZPL at 2.99 eV in la diamond. PL was
performed in the range 77-300 K with a spectral resolutiorexcited at 3.4 eV and PLE was measured for 2.8 eV emis-
about 20 meV, using the following excitation light sources: asjon. As in Fig. 1, a mirrorlike symmetry is seen in the range
150 W Xe lamp with a double monochromator, a 200 W Hg2.5-3.5 eV between PL and PLE. In the range 5.2-5.6 eV
lamp with interference filter and a single monochromator, arthe PLE spectrum shows oscillatory structure, which is dis-
Ar™ laser(one of the emission lines in the range 2.41-3.53cussed further below. Such a PLE spectrum has already been
eV selected by a prismand a nitrogen laser, providing 3 ns reported and attributed to thid3 center by Nahum and
0.3 mJ pulses at 3.68 eV. In PLE experiments, the intensityalperin® In Fig. 3 PL spectra from the same sample are
of PL at fixed wavelength, selected by a monochromatorpresented, when excited with 3.4 eV photons at 30@utve
was measured as a function of excitation photon energy. The) and 77 K (curve 2, and with 5.5 eV photons at 77 K
whole PL spectrum was then measured at different PLE enccurve 3. They reveal that excitation by 3.4 eV photoius
ergies in order to check for the presence of underlying Plothers in the range 3.3—4.9 g¥Yroduces PL from thé3
bands. Contribution of stray light to the PLE spectra wasandH3 centers, while the band-to-band excitation at 5.5 eV
carefully inspected and, if present, taken into account. Optigenerates a broad blue band centered at 2.8 eV along with
cal absorption measurements showed the insignificance @he H3 center and with negligible contribution of tHé3
self-absorption of luminescence in any of the samples studcenter. Similar PL spectra were reported by Dean and Rale,
ied. In polarization experiments PL signdisandl, were  put not analyzed in conjunction with the PLE results. They
detected at polarizations parallel and perpendicular to thgemonstrate that the high-energy part of the PLE spectrum in
polarization of the exciting laser beam. The valBe= (I, Fig. 2 belongs to the broad blue band, but not to N
—1.)/(1}+1.) was used as a measure of the degree of pocenter, as assumed by Nahum and Halp&tirdeed, the\3
larization. Unoriented polycrystalline films show strong light center is weak in CI* and therefore should not show the
scattering, leading to the total depolarizatidd<0) of PL  PLE rise in the intrinsic absorption range. Figure 3 also
due to multiple reflections at the grain boundaries. In order t&hows that, while the structure of thE8 center significantly
reduce the Scattering, hlgh'y textured oriented films Withsharpens when temperature decreases from 300 K to 77 K,
large grains have been used, with the excitation beam fothe line shape of thé&l3 center remains almost unchanged.
cused almost fully within one grain. Polarization response offhese differences can be explained by the difference in the
fche detection system was measured independently and takgital phonon mode densities for these centérBigure 4
Into account. shows PL spectra for the same sample, under 2.41 eV exci-
tation at 300 K and 77 K. While the excitation in the range
IIl. RESULTS AND DISCUSSION 2.54-5.5 eV did not reveal any PL centers, exddptand
H3, the 1.945 eV and 2.156 eV centers, attributed to the
negative and neutral charge states of nitrogen-vacancy
Figure 1 shows a typical example of PL and PLE spectraenterd® ((N—V]~ and [N—V]°), appear under 2.41 eV
from a defect center. PL was excited at 2.9 eV, PLE wasxcitation, demonstrating the importance of the choice of
measured for 2.4 eV PL, and the same excitation curves wemxcitation energy for the observation of PL from a certain
observed for other PL energies within the range 2.2—-2.6%enter. Figure 4 also reveals that 2.41 eV excitation at 300 K
eV. The spectra were recorded at 77 K for a CVD film, in can effectively produce PL from thé3 center with a ZPL at
which this center dominates the PL. Almost perfect mirror-2.463 eV without significant shift in the position of the vi-
like symmetry relative to a ZPL at 2.65 eV is seen betweerbronic band maximum. Such anti-Stokes PL can be excited
the PL and PLE spectra, which is typical for internal excita-via transitions from the upper vibronic levels of the ground
tion of a defect center with a weak Jahn-Teller interactionstate to the lowest level of the excited state; of course, the
The relative broadness of the spectral lines, in comparison tdecrease in temperature quenches these transitions due to the
monocrystalline diamond, is due to local strain and inhomo-depopulation of the higher vibronic states.

A. PL excitation
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18 19 20 21 22 23 24 25 FIG. 6. Curves 1-4 show PL spectra measured at 300 K for the
E (eV) CVD film used in Fig. 5, under 2.71 e{d), 2.6 eV(2), 2.54 eV(3),

) o and 2.41 eV(4) excitation. PL spectra are normalized to peak in-
FIG. 4. PL spectra ford diamond under 2.41 eV excitation at tgnsjty. Curve 5: degree of polarizatithmeasured under 2.71 eV
300 K and 77 K. (same for 2.41, 2.54, and 2.6 p¥xcitation.

B. Broad green bands the PLE spectral shape and electrical resistance could be re-

Figure 5 presents PLEcurves 1,2 and PL (curves 1,1) peated for at least 10 cycles. The PLE spectrum for the green
spectra measured at 77 K for the broad green band in abpand in syntheticd diamond(curve 3 shows only the step-
undoped CVD film. Also shown are PL&urve 3 and PL like threshold at 3.2 eV, very similar to the one in the CVD
(curve 1)) spectra for b synthetic diamond. PLE spectra film. No significant changes in the spectrum of curve 3 could
were measured for the 2.3 eV emission. No difference in thde induced by annealing or acetone treatment. Luminescence
shape of PLE spectra was observed for different emissiospectra excited at any photon energy in the ranges 2.7-3.1
energies within the PL band. The PLE spectrum for the CVDeV and 3.3—4.9 eV are presented by curves | and Il, respec-
film (curve 1 shows two components: a symmetric bandtively. These spectra have an almost identical shape and only
centered at 2.95 eV and a steplike feature with a threshold at slight difference in the peak positid8.34 eV for curve |
3.25 eV. The relative intensities of these components werand 2.39 eV for curve }JI Photoluminescence spectra for
temperature and sample dependent. The second PLE compBVYD and b diamond were indistinguishable under excita-
nent disappeared after annealing of a sample at 400°C for 3on in the range 3.3-4.9 eV, and are both shown by curve II.
min in 10 ° Torr or after ultrasonic rinsing in acetone, to Because of the different behavior with respect to the surface
leave the spectrum shown by curve 2. The original PLErreatment and different excitation energies, the two green
spectrum could then be restored by exposing the sample tolzands, shown by curves | and Il and hereafter called bands |
humid atmosphere for about a day. Electrical measuremenend I, could be easily separated and studied independently.
performed during such treatment showed a strong increase ifthese bands reveal different temperature dependencies: the
the electrical resistance after vacuum annealing®£10°  band | shows only a factor of 2 increase with the decrease in
times, depending on the samplellowed by a gradual re- temperature from 300 K to 77 K, while the intensity of band
laxation of resistance to its original valé&The alteration of Il strongly increases when the sample is cooled, showing an
activation energy of 0.3 eV. Moreover, these bands show
different spatial distributions: the intensity of the band | was

101 up to 10 times higher at the grain boundaries, while the band
0.81 Il PL was homogeneously distributed over the sample sur-

face. Micro-Raman measurements at 2.71 eV performed on
064 | different samples show that the intensity of the band I, nor-

malized to the integrated diamond Raman peak, linearly in-
creases with the-C content, which was monitored by the
ratio of integrated nondiamond carbon peaks to the inte-
grated diamond line, in agreement with the results of Berg-
man et al?! Step-by-step decrease in the excitation photon
20 22 24 26 28 30 32 34 36 38 40 energy of the Ar I.as_er in the range 2.71—2.41.eV leads to
the gradual redshift in the position of the maximum of the
E(eV) band I, as seen from Fig. 6. Curve 5 of Fig. 6 shows the

FIG. 5. PL and PLE spectra measured at 77 K for the broadP€ctral dependency of the degree of PL polarizaiomea-
green band in an undoped CVD film and mdiamond. Curves 1,2: sured under 2.71 eV excitation. Rotation of a sample with
PLE spectra for 2.3 eV emission from a CVD film before and aftereéspect to the direction of laser polarization did not result in
annealing (400°C,10° Torr,30 min). Curve 3: PLE spectrum for @ variation of PL intensity, showing that polarization of lu-
2.3 eV emission from bl diamond. Curves I, II: PL spectra excited minescence is induced by the exciting laser beam but not by
at any energy in the range 2.7-3.1 eV in CVD filourve ) and in ~ the symmetry of the PL center. Essentially the same spectral
the range 3.3—4.9 eV in CVD film obldiamond(curve lI). dependencies d? were observed under any excitation in the

0.4+

PL, PLE (arb. units)

0.2 4




10178 K. IAKOUBOVSKII AND G. J. ADRIAENSSENS PRB 61

range 2.71-2.41 eV. Similarities in PL polarization spectrathat the green band Il in CVD films originates from a surface
and the gradualness of PL changes with excitation energgegion with low-resistivep-type conductivity. Therefore, the
suggest that the change in the shape of the PL spectrum RLE threshold at 3.25 eV can be attributed to electron tran-
due to the shift in the position of the maximum of the greensitions from the VB to a defect level, which should then
band I, but not due to the appearance of another band. ThRgarticipate in the emission process. The most logical model
suggestion is confirmed by the same weak temperature dér this process is a D-A pair recombination. Increase in
pendencies of PL excited at 2.71 eV and 2.41 eV and by théensity of excitation(nitrogen laser light in the range
results of further micro-Raman measurements performed &0°~10° W/cn? leads to a blueshift of the green band Il
2.41 eV. They showed the same spatial behavior and simildt€ak position. This fact is in agreement with the proposed
correlations of the PL intensity with-C content for 2.41 ey  Model. It implies saturation of the PL from the distantly
and 2.71 eV excitation. spaced pairs, having slower relaxation than the closely
The observed correlations of the amplitude and spatiafPaced pairs, with increasing excitatién The 3.25 eV
distribution of the green band | with treC related defects threshold is also present in the PLE spectrum fodiamond
agree with the assignment of this band to #« carbon (Elg.'5, curve 3, where the dominant defect is a single sub-
phasé! Remarkable is the Gaussian-like shape of the pistitutional nitrogen dondr(the so-calledP1 centey. How-
and PLE spectra from this band, along with their mirrorlike €€, not a single feature around 3.25 eV was seen in either
symmetry. Similar PL and PLE spectra were observed irpptical transmlss[on or photoconductivity measured on the
brown diamond and were shown to originate from the vi-Same sample. This seems to excludefiecenter as a can-
bronic band of a defect center with a specific shape of locaflidate for the donor in the D-A pair and suggests that the
phonon mode densify’. If one assumes a similar vibronic donor is some other center, which could be masked by the
origin for the green band I, the ZPL position should be ap-P1 center.
proximately in the middle between the PL and PLE peaks, !n order to explain the increase of the green band Il in-
i.e., at 2.65 eV. However, the fact that this band can bdensity in polycrystalline CVD films with surface hydrogena-
effectively excited at 2.41 eV then leads to a contradictiontion we propose the following tentative model. Before the
Indeed, if one accepts the possibility of anti-Stokes PL excihydrogenation the Fermi level is situated above the acceptor
tation, as for theH3 center(see Fig. 4, then the decrease in level energy. In this case the acceptor is occupied and D-A
temperature should lead to a strong decrease in PL intensifgcombination is suppressed. Hydrogenation leads to a shift
due to depopulation of the vibronic states. On the contraryln the Fermi level position down to the valence band

. . . R . 22,29 H H :
experiment shows a slight increase in intensity of the PLedge;”~" which increases the number of unoccupied accep-

excited at 2.41 eV with decrease in temperature. tors able to participate in the D-A recombination. This
Another possible mechanism for the green band | emismechanism probably is not active in monocrystallibedla-
sion is radiative recombination in the tail states afc ~ mond, where the surface activity with respect to hydrogena-
clusters™® This process shows a similar temperature depent/on Is much lower than in CVD films, and the Fermi level is
dency of the PL and similar spectral dependencies of PIProbably pinned by a dominatingl center. In order to ex-
emission, excitation, and degree of polarizatio as the  Plain the increase in the green band in diamond crystals with
ones shown in Figs. 5 and 6. It should therefore be considncreasing boron contefit;** boron should be considered as
ered as the most likely origin of the green band I. A shift ofthe acceptor in the D-A pair recombination responsible for
PL peak with excitation energy, analogous to the one prethe green band II. This hypothesis roughly agrees with the
sented in Fig. 6, is also typical*?for a-C. Nevertheless, an observed activation energy of 0.3 eV for the temperature
increase in the green band intensity in CVD films with borondependency of the green band Il FiRef. 14: in the case of
doping has also been report€dHowever, as the tempera- D-A recombination with boron as the acceptor, a decrease in
ture dependency for this band is strikingly similar to the onetémperature should lead to an increase in PL, with activation
for the a-C related band observed in reports of Bergman€nergy close to the boron ionization enef@y37 eV (Ref.
et al?! and in the present work, a possible joint increase inl)], because more boron acceptors become unoccupied and
the a-C and boron content should be considered as a reasdin participate in the D-A pair recombination.
for the increase in the intensity of the green band with boron
doping. In spite of the above, there remains some uncertainty .
in thea-C recombination model for the green band I: Since it C. Oscillatory PLE and the broad blue band
is known that the peak position of PL froezC depends on PL and PLE spectra for the broad blue band in an un-
the structure of tha-C clusters® it is quite surprising that doped CVD diamond film, measured at 77 K, are presented
CVD films with a very differenta-C content show the same in Fig. 7. PL was excited at 3.4 eV and PLE was measured at
position of the green band | maximum. 2.8 eV. The same shape of PLE spectra was observed for
For the green band 1l, the shape of the PLE spectrumgther PL energies in the range 2.5-3 eV. Similar results were
with a sharp threshold followed by a slow decrease in abobtained for boron-doped CVD films andlidiamond. No
sorption toward the higher energies, is characteristic for elecspectrum in this range could be recorded for the blue band in
tronic transitions from the valence or conduction band tolb and | diamond because of the strong background due to
some defect levet The increasing effects of surface recom- the green band Il and tHé3 center. The intensity of the blue
bination with increase in photon energy may also contributéband increased with temperature decrease showing an acti-
to the high-energy decrease in excitation probabifitRe-  vation energy of 0.3 eV. Since the position, shape, and tem-
sults of the present work as well as other studies on the effegierature dependencies of the broad blue band were the same
of surface treatment on the green band luminesé@mstsw  in our la, Ib, Ilb, and CVD diamond, we further assume
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band in different kinds of diamond at different temperatures. Curves
FIG. 7. PL and PLE spectra for the broad blue band in undoped 2: |Ib diamond at 300 K and 77 K; curve 3 diamond at 77 K,
CVD diamond film, measured at 77 K. Similar results were ob-same for 300 K: Curve 4:al diamond at 300 K.
tained for boron-doped CVD films andblidiamond. PL was ex-

cited at 3.4 eV and PLE was measured at 2.8 eV. The same shape of . )
PLE spectra was observed for other PL energies in the range 2.5-3 Thf—' PLE spectrum .f0fd QIamond(curve 4, along with
ev. the discussed oscillations in the range 5.5-5.8 eV, shows

peaks at 5.26, 5.36, and 5.39 eV. In some sampfligzzthese
- . . . eaks, named th9 center, may be seen in absorpfi

the same origin of this band in the different samples. Bluegnd their mirror replica, inverted with respect to the 5.26 eV
band PLE spectra fromb| 1Ib, and & diamond are shown |ine can be observed in emissibhA correlation between
in Fig. 8. The spectrum for b diamond at 300 Kcurve 3 e strength of these peaks and the concentration of nitrogen
shows a threshold at about 5.15 eV, which can be assigned {g an aggregated form was obser¥&tland the model of an
transitions of electrons from the boron acceptor level withexciton trapped into a nitrogen-related center was proposed
activation energy 0.37 eV to the CB followed by their cap-for the N9 center. This model explained the weak tempera-
ture by the defects responsible for the blue band&tlblue  ture dependency of the intensity and line shape ofNige
band center This threshold is not seen at 77 (€urve 2, lines, but did not reveal the mechanism of the blue band
while a rise at 5.47 eV appears, along with oscillations in theexcitation via absorption at thd9 center. There is no cor-
range 5.5-5.9 eV. Similar temperature variations in PLErelation between the intensity of the blue band PL &l
spectra were reported by Dean and Madad interpreted in  absorption and PLE peaks, suggesting thatNBecenter is
terms of increasing population of the boron level by holesnot another excited or charged state of the blue band center.
with temperature decrease, which leads to a decrease in elddoreover, theN9 center shows a well-defined narrow-line
tron transitions from this level to the CB, unraveling the structure in both absorptiéf'? and emissiort? while the
band-to-band absorption threshold. PLE oscillations in thélue band PL and PLE spectra are structure(sses Fig. 7.
range 5.5-5.9 eV were explained by transitions of electron§Ve suggest that the blue band amdiamond is excited by an
from the CB to an excited state of the blue band center withexciton trapped at thé&l9 center via a resonant tunneling
emission of a number of phonoftélt is important that these  interaction between excited states of 1@ and blue band
transitions occur without thermalization of electrons to thecenters. The presence of an excited state of the blue band
CB bottom, suggesting that electrons in the CB should beenter lying close to the CB bottom follows from the inter-
generated near the defect site. The PLE spectrumbfalid-  pretation of PLE oscillations in the intrinsic absorption
mond (curve 3 shows a threshold at 4.6 eV at 300 K and 77range®’ Defect pairs including th&l9 and blue band centers
K with no high-energy oscillations. The threshold at this en-should exist for such exciton tunneling. The ratio of ampli-
ergy was observed in optical absorption in the same sampleides of N9 peaks and PLE peaks in the range 5.5-6 eV
and can be ascribed to an optical transition involving theshows a weak temperature dependetitgxcluding the pos-
single substitutional nitrogerP(l) center-® For both band-  sibility of an alternative mechanism of excitation transfer via
to-band and boron acceptor excitation, it is the electron, thathermal ionization of théN9 exciton.
is essential for blue band generation. Therefore, the 4.6 eV The PL and PLE spectra shown in Fig. 7 are very similar
threshold can be ascribed to the transitions from a nitrogento the corresponding spectra for the green band I in Fig. 5
related level to the conduction rather than the valence banénd therefore the same two major mechanisms, namely, re-
The absence of PLE oscillations ib bnd llb diamond at combination between two defect levéts two bandsdue to
300 K can be explained as follows. As assigned on the basidifferent centers and intercenter transitions from the excited
of the PLE spectrum in Fig. 8, in diamond of these typesto the ground state, will be considered. It is worthwhile to
electrons are excited from boron-or nitrogen-related defechote that unlike the blue band, the green band I did not show
levels to the CB. In order to result in blue band emission,any thresholds or PLE oscillations in the range 5—6 eV. The
they should move to the PL center via the CB, where theylue band is observed in the best-quality monocrystalline
quickly thermalize to the bottom of the CB and, therefore,diamond and therefore tha-C model, proposed for the
will not emit a number of phonons while being captured bygreen band 1, is hardly applicable in this case. The mirror
the blue band centers. symmetry between PL and PLE spectra for the blue band
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under 2.41 eV excitation. ) _
FIG. 10. Optical properties of theS=1" center at 77 K in the

with no sharp asymmetric thresholds suggests that excitatioftVD film used for Fig. 9. Curve 1: PLE_SpeCtr“m' measured at 1'31

light is absorbed by the blue band center, with no conducti0|‘?V2(Soazmevfor 1.84fang 1'81 ]?,VctL;]rve 2: PLE Sp‘TCFr“m' mgglsure_

or valence band involved. These spectra are observed i 02 €V(same for 2.1 eyfor the same sample; curve 3: lumi-

boron-doped CVD films and bl diamond, where the Fermi nescence spectrum; curve 4: PLE spectrum of the broad blue band

| | ition isE.+0.37 eV. For int ,I itati f th in natural diamond in the range of intrinsic absorptigote the

evel position 1S v eVv. Forinternal excrtation o . e differentx axis) taken from data of Dean and Ma(Ref. 3.

blue band center its ground state should then be occupied by

electrons and therefore the energies of the ground and ex- _ _ _ - _
cited states of this center should be lower th&g  @nnealing behavior suggest a divacancy, stabilized by an im-

+0.37 eV andEy+0.37+2.8 eV, respectively. In the two- purity atom, as a model of this center. A detailed joint analy-
center(e.g., D-A recombination model a threshold around sis of the ESR and PL data will be published in a separate

the energyE,+3.15 eV should be seen in the blue bandPapPer. _ _

PLE spectra for boron-doped diamond, which is not ob- PLE spectra for th&=1 center in the CVD film used for .
served(see Fig. 7. Therefore, we suggest that the blue bandFig. 9, measured at 77 K, are presented by curves 1 and 2 in
corresponds to the vibronic  sideband  of aFig. 10. Curve 3 shows the PL spectrum for the same
dislocation-relatet?~1" center with a ZPL around 3.0 eV, as sample. Curve 1 was measured at 1.91 eV, but the same
deduced from Fig. 7. The integral intensity of the vibronic Shape of PLE spectra was observed for the 1.84 and 1.81 eV
band is temperature independent as far as vibronic propertiéd-- PLE spectra measured at 2.02 and 2.1(@\ve 2 were

are concerned’ therefore the temperature dependency of thdndistinguishable within experimental resolution. The width
blue band is probably determined by nonradiative processe§nd position of the PLE peaks at 2.02, 2.1, and 2.2 eV
The absence of a narrow-line structure for vibronic bands iffcurves 1,2are very similar to those present in the PL spec-
PL and PLE spectra was already observed in browrirum (curve 3. This suggests that the 1.91, 1.84, and 1.81 eV

diamond® and can be attributed to high local stress aroundin€s can be excited via absorption of excitation by any of the
the dislocation. 2.02, 2.1, or 2.2 eV bands and that 2.02 and 2.1 eV emission

can be excited via the 2.2 eV band. Similar behavior was
observed in the PLE spectrum from the neutral vacancy in
diamond (the GR1-8 systemn Analogous to theGR1-8
The room-temperature PL spectrum for a CVD film undersystem, the whole set of PL lines due to e 1 center can
2.41 eV excitation is shown in Fig. 9. The sharp peak at 2.24e attributed to the transitions from different excited states to
eV is a diamond Raman line. Peaks at 1.68 and 2.156 e\the same ground state of this center.
attributed to the[Si-V] and [N-V]° centers’® along with The PLE spectrum from the 1.68 eV center in the CVD
bands centered at 1.81, 1.84, 1.91, 2.02, 2.1, and 2.2 eV, afiém used for Figs. 9 and 10, measured at 77 K in the range
seen. Most of the latter peaks are split doublets. The splitting.8—2.6 eV, is presented by curve 1 in Fig. 11. Also shown
energy was different in different samples and different partsare luminescencéurve 2 and absorptioricurve 3 spectra
of the same sample, and probably is induced, or at leasor this center. In the range 1.8—1.9 eV the PLE spectrum
affected, by local strain. Measurements on different sampleshows several small peaks whose positions correlate with
annealed at different temperatures, show that the peaks #tfose of the vibronic features of the 1.68 eV center, which
1.81, 1.84, 1.91, 2.02, 2.1, and 2.2 eV belong to the samare seen in absorptiaicurve 3 and probably correspond to
defect center, unrelated to the 2.156 eV and 1.68 eV ones. RLE via electron-phonon vibronic transitions. These transi-
the same time, a good correlation was found between th#ons are also present in PL emissi@urve 2.
intensity of these PL peaks and the electron spin resonance Both the 1.68 eV ané=1 centers show a PLE oscilla-
(ESR signal, which was interpreted as originating from atory structure in the range 2—2.5 eV. These oscillations are
S=1 center. ESR and PL signals from this ceritegreafter very similar to the ones shown by curves 4 in Figs. 10 and
called theS=1 centey decrease with nitrogen doping and 11, which represent a PLE spectrum from the broad blue
increase with annealing at 1400°C in F0Torr for 2 h.  band in natural diamond in the range of intrinsic absorption
Preliminary analysis of the ESR hyperfine structure and thénote the differentx axis) taken from the data of Dean and

D. PLE oscillations in CVD diamond
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15 16 17 18 19 20 21 22 23 24 25 diamond, for the 1.68 eV center in two different samplesrves

E (V) 1,2) and for the blue ban¢curve 3.

robably explains the absence in Fig. 12 of PLE oscillations
FIG. 11. Optical properties of the 1.68 eV system at 77 K in thep y &Xp e absence g ° 08 ©

CVD film used for Figs. 9 and 10. Curve 1: PLE spectrum; curvesm the range 5.5-6 eV. No PLE peaks due to N center

2 and 3: luminescence and absorption spectra of the 1.68 eV syg\_/ere observed in any of our CVD films either, which can be

tem; curve 4: PLE spectrum of the broad blue band in natural dia-(é)if)lljag_Ed bydt7he general absence of aggregated nitrogen in
mond in the range of intrinsic absorptignote the differenk axis) lamond.
taken from data of Dean and Ma(Ref. 3. IV. SUMMARY AND CONCLUSIONS

Male? The oscillations in the PLE spectra for the 1.68 eV Results of photoluminescence excitation measurements
andS=1 centers occur at energies much lower than the banglere shown to contribute significantly to the modeling of
gap of diamond, and therefore can be attributed to transitiongminescent centers ira] Ib, Ilb, and CVD diamond. The
from the ground state of some defect center to the CB. Igreen band in CVD diamond films was found to consist of
would be possible for the electron in the CB to be generategwo distinct components. The first one is attributed to recom-
from some dominant defect center and then captured by exination in the amorphous carbon phase. The second compo-
cited states of the 1.68 eV ar=1 centers. However, in nent, which also corresponds to the green bandboflib-
this case the same position and shape of PLE oscillationgond, increases with surface hydrogenation in CVD films,
should be seen for both centers, which is not observed: Agut not in b diamond. On the basis of excitation and tem-
seen in Figs. 10 and 11, PLE spectra for the 1.68 eV&nd perature dependencies of PL the second band is ascribed to a
=1 centers measured in the same sample are distinctly dijonor-acceptor pair recombination. The photoionization
ferent. We therefore suggest that the electrons captured hireshold for transitions from the valence band to the donor
the excited states of the 1.68 eV 81 centers may have level is determined as 3.25 eV. Again based on PLE mea-
been originally generated from the ground states of the samsurements, the broad blue band is assigned to the vibronic
centers. Some kind of localization should then take place: thBand of a dislocation-related center with the ground state
generated electron should have a relatively high probabilityosition betweerk,, andE, +0.37 eV. A series of undocu-
to be captured by the center before it moves away along thgented PL lines at 1.81, 1.84, 1.91, 2.02, 2.1, and 2.2 eV is
CB. characterized by PL and PLE techniques and assigned to
The oscillatory structure allows us to make a proposal forradiative transitions from different excited states to the same
the position of the 1.68 eV an8=1 centers in the diamond ground state of a divacancy-related center. Oscillatory be-
band gap. By aligning, as in Figs. 10 and 11, the PLE spechavior in PLE spectra from natural and CVD diamond is
trum shown by curve 4 with its characteristic threshold atobserved. It has been utilized to deduce the optical ionization
5.47 eV, corresponding to the energy of the indirect bandhresholds to the conduction band for the vacancy-related
gap of diamond, with a corresponding threshold on curve land 1.68 eV centers &.—2.24 eV andEc—2.05 eV. Es-
we then obtain differences of 2.05 eV and 2.24 eV betweemecially with respect to positioning of luminescence centers
the CB bottom and the ground state of the 1.68 eV 8nd within the diamond band gap, the excitation spectra are of
=1 centers, respectively. great value.
Finally, ultraviolet PLE spectra, measured at 300 K in
CVD diamond, for the 1.68 eV center in different samples
(curves 1,2and for the blue ban¢turve 3 are shown in Fig. Provision of CVD films by M. Nesladek, IMO, LUC, Bel-
12. The shape of the PLE threshold at 5.47 eV was samplgium, and V. Raiko, University of Wuppertal, Germany, is
dependent as seen from curves 1 and 2. Similar behavior wagatefully acknowledged. The authors are indebted to A.
observed in natural diamofiland ascribed to different sur- Stesmans for ESR measurements, V. Afanas’ev for fruitful
face quality, whose effect on the PLE spectral shape indiscussions, R. Provoost and E. Verstraeten for the use of the
creases with decrease in absorption length in the intrinsiRaman setup, W. Deweerd for the high-temperature anneal-
absorption range. The surface of CVD films is much moreing, and to the FWQ(Grant No. G.0014.96for financial
disordered than that of monocrystalline diamond, and thasupport.
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