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Paramagnetic defects in free-standing polycrystalline chemical vapor depd§iii@) diamond films have
been studied using multifrequency electron paramagnetic resor&@mi® (1-35 GH3, electron-nuclear
double resonancENDOR), saturation recovery, and infrared absorption. The results confirtHHgyperfine
parameters for the recently identified H1 defgthou et al, Phys. Rev. Bb4, 7881(1996]. However, in the
CVD diamond samples studied here, H1 is always accompanied by another defe.802§1). Saturation
recovery measurements are consistent with two defects centemgd 219028. At temperatures below 100 K
the spin-lattice relaxation rate of H1 is determined by the direct process and is a factor of 10—100 times more
rapid than the single substitutional nitrogen center, which is known to be incorporated into the bulk diamond.
IH matrix ENDOR measurements indicate that the H1 center is in an environment with hydrogen atoms
0.2-1.0 nm from the center. The near-neighbor hydrogen identified by multifrequency EPR was not detected
in the ENDOR experiments. The concentration of H1 correlates with the total integrated CH stretch infrared
absorption in the samples studied here. All the evidence is consistent with H1 being located at hydrogen
decorated grain boundariésr in intergranular materialrather than in the bulk diamond. A third EPR reso-
nance aig=2.0028(1) has been observed in some of the CVD diamond samples studied. The resonance is
distinguished by its temperature-dependent linewidth: above 50 K the line is exchange narrowed, but below 50
K it broadens rapidly with decreasing temperati&0163-182808)03404-3

I. INTRODUCTION amorphous hydrogenated carbon. These have tentatively
been associated with nitrogen and oxygen deféotshydro-
Hydrogen incorporation into diamond has been studiedyen bonded directly on a diamoxitil 1) surface® McNamara
for many years. In natural type la diamond a sharp infrarect al* have suggested that at low concentratifless than
absorption line at 3107 cm" has been attributed to a C-H 0.2 at. % the hydrogen content is consistent with the hydro-
stretch! Recently, the creation of the 3107-crhcenter has gen being located at grain boundaries and when the bulk
been reported in synthetic diamond grown at high temperaconcentration is higher in amorphous hydrogenated carbon in
ture and pressure€HTP) by high-temperature annealing. petween grains. High-quality CVD diamond films show little
This result in'dica'ltes that hydrogen may be incorporated intQ), no CH related absorption in the region 2750—3300 ém
HTP synthetic diamond, in a form not so far detected, and =z grain houndary, which separates identical crystallites, is

migration of the hydrogen on annealing produces the defec{ v, gimensional extended defect that contains point de-

with the local mode at 3107 crt. fects. In polycrystalline silicon the silicon dangling bond de-

In recent years the incorporation of hydrogen into pOIy.'fect at a grain boundary has been identified, and passivation

crystalline diamond films grown by chemical vapour deposi- X . i
tion (CVD) has attracted considerable attention. TheO]c this defect with hydrogen has been studiethe forma

3107-ci * absorption has not been reported in CVD dia_t|on and dissociation of a grain boundary point defect, pos-

mond films. However, infrared absorption studies have reis'ibly consisting of an isolated hydrogen atom at the bond-

vealed several different CH stretch vibrations in the regionCenter site of a prestrained Si-Si bond, has been postulated as

2750-3300 cm' arising from carbon-hydrogen bonds in being responsible for changes in the electrical conductivity
different environmentd* The CH stretch signatures of hy- of polycrystalline silicorf. The unique properties of diamond
drogen bonded tsp?-bonded carbon appear above 2950 (optical transparency, thermal conductivity, radiation hard-
cm %, while those associated withp3-bonded carbon ap- Ness, etg. have encouraged interest in the fabrication of
pear below 3000 cm?. Other absorptions are often presentPolycrystalline diamond_electronic devicee.g., uv-blind

at frequencie$2820 and 2833 c® (Refs. 3 and f] below ~ Photoconductive detectdraind particle detectdfs If these
those normally observed for CH stretching vibrations inapplications are to succeed, a thorough understanding of
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electrically active point defects at grain boundaries is re-der a variety of different synthesis conditions to obtain a
quired. range of samples. The diamond films were characterized by
An electron paramagnetic resonan@PR defect cen- Raman and infrared absorption. The Raman measurements
tered ong=2.0028(1) is commonly observed in polycrystal- wvere obtained at room temperature with a Renishaw Rama-
line CVD diamond.™™ Observations at th& band (8—-12  s.qne incorporating a charge coupled device detection sys-

GHz) sometimes reveal partially resolved satellites separate, m and excitation nm. The infrar rotion mea-
by 1.25+0.15 mT at 9.6 GHz and centered gr=2.0028. % and excitation at 633 nm. the nira ed absorptio ea
urements were made with a Perkin-Elmer 1710 Fourier

Measurements on the position and intensity of the satellite .
made at approximately 35 GHz, taken together with th ransform infrared spectrometer, at room temperature.

X-band data, suggested that they arise from forbidden
nuclear-spin-flip transitions of a hydrogen atom weakly
coupled to the unpaired electron spi.

Studies of the satellite separation at microwave frequen- i
cies between 1 and 9.6 GHz showed that the satellites did not Continuous-wave EPR measurements were made at 1.2,
originate from forbidden spin-flip transitions with a hydro- 1.8, 2.3, 3.5, 5.8, 9.6, and 34-35.0 GHz. The spectrometers
gen atom with a vanishingly small hyperfine coupling to theoperating at frequencies between 1.2 and 5.8 GHz were all
unpaired electrof* As well as the commonly observegl  constructed and operated at the National Biomedical ESR
=2.0028 center, the sample used for the multifrequency EPRenter-’ They all utilized a loop-gap resonator as the micro-
study(1-9.6 GH2 discussed abovécontained another EPR wave element® Measurements were made at temperatures
center not previously reported wittg=2.00281), a down to 100 K by inserting the loop-gap resonator into a
temperature-dependent linewidth, and a non-Curie-law temvarian Q-band nitrogen flow dewar. The spectrometer oper-
perature dependence of the EPR intensity. This was not iniating at 9.6 GHz was constructed in the Clarendon Labora-
tially understood. In the light of the data reported here andory and incorporated a standard reference arm microwave
recently by other workers;'® we now believe that the bi- pridge. The magnetic field was generated using a Varian 9-
radical modef* which appeared to explain satisfactorily the in. electromagnet, with an EPS10/1 electromagnet power
microwave frequency dependence of the satellite separatiagpply and MS-10/GPIB magnetic field controller designed
and the spectral line shape in this range of microwave frezng constructed at the Technical University of Wroclaw. A
quency(1-9.6 GH3, is incorrect. Bruker TE,q, cavity was used with an Oxford Instruments

15,16 ;
—zzgglzjget al: Iagf'}l]!yzed ct:r:/eD E.PR a(lj)sfgl)rpnon @' ESR900 cryostat at temperatures between 4 and 300 K.
o In several difierent lamond Hilms at micro- p, 1o integration of the first-harmonic EPR signal and

wave frequencies between 9.8 and 35 GHz and conclude omparison with a reference sample allowed bulk spin con-

from simulations of the EPR line shape that the EPR absorpéentrations to be determined. The reference used was a syn-

tion was due to a single well-defined defect consisting of &hetic 1b diamond containing EPR active single substitutional

unpaired electron coupled to a hydrogen aten®.2 nm . 19 . ; .
away. They proposed that this def¢kzbeled H) was cre- hitrogen, the concentration of which was determlned by
igfrared absorption using the parameters determined by

ated by a hydrogen atom entering a stretched C-C bond at 20
grain boundary, allowing the carbons to relax back, ong/Voodsetal.
bonding to the hydrogen and the other with an unpaired elec- 1W0 Q-band spectrometers were used. The EPR electron
tron predominately localized in its dangling bond. The hy-nuclear double resonand&NDOR) spectrometer(34.5—
drogen hyperﬁne Coup"ng parameters used in the powde?p55 GHZ was constructed in the Clarendon Laboratory and
simulation of the line shape wers = 27.52.5 MHz and  has been described in detail elsewhéréH ENDOR was
A, = —5.5(2.5) MHz. At microwave frequencies above 9.6 detected at temperatures between 4 and 100 K via double
GHz the intensity of the satellites is primarily controlled by phase-sensitive detection, initially at the field modulation
the square of the magnitude of the anisotropic component dfequency (115 kH2 and then at the radio-frequencyf)
the hyperfine couplinfb=(Aj—A,)/3=11.0 MHZz]. Simu-  frequency modulation frequenc{87 Hz. The cylindrical
lation of the narrow central line of the spectrum requifes ENDOR cavity operated in the Tf; mode with a single-
to be small, which necessitates a nonzero isotropic hyperfingirn rf coil that ran the length of the cavity and was about 3
coupling[a= (A +2A,)/3=5.5 MHz]. mm wide. The rf coil was terminated with a 3®-load and

We present EPR data on a range of CVD diamoncdhe maximum rf power used was 20 W. The sec@rtiand
samples. The low-frequency EPR measurements show that BipR spectrometef33.8-34.2 GHy was a standard Bruker
the gamples we have studied the Img shape of the EPR aPTstrument, with a variable temperatuf&7—350 K probe-
sorption atg=2.0028 cannot be explained by H1 alone andpeaq assemblyER5102 QT. Data acquisition was con-

at least one other defect with a resonanc@a2.0028 is  yqlled by a personal computer interfaced to the Bruker
also present. It is very difficult to establish the presence o R200D console

this other center from EPR data at microwave frequencies o
9 GHz and above.

B. EPR and ENDOR spectrometer

Measurements of spin-lattice relaxation timés )( were
made at approximately 9.3 GHz using the saturation recov-

Il. EXPERIMENT ery spectrometer at the National Biomedical ES_R_C_elr?ter.
o Low microwave observe power was used to minimize the
A. Growth and characterization distortion of T, and the impact of spectral diffusion on the

The free-standing polycrystalline diamond films were Saturation recovery data was tested with measurements as a
grown by microwave-plasma chemical vapor deposition unfunction of the length of the pump pulse.
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Magnetic Field (Tesla) FIG. 2. Integrated EPR spin concentrati@xcluding any con-
tribution from the single substitutional nitrogen centglotted
FIG. 1. X-band (9.6-GH2 EPR spectra from CVD diamond against integrated absorption in the CH region of infrared spectrum.
sample(a) typeA at 298 K(solid line), 117 K (dashed ling and 5.2
K (dotted line and (b) type B at 150 K (solid line), 60 K (dashed to the X-band EPR spectrum shown by Zheual,"'® but
line), and 5 K (dotted ling. Spectra are recorded under conditions the satellites are weaker relative to the central line.
of low microwave power to avoid saturation and low modulation  Figure Xb) showsX-band EPR spectra from the specimen

amplitude to avoid distortion of the line shape. studied in detail by Talbot-Ponsonley al;'* for ease of ref-
erence we will refer to these samples as tpdJnlike type-
. RESULTS A samples, the line shape of the EPR absorption from Bpe-
samples shows a marked temperature dependence. The EPR
A. Raman and infrared absorption measurements absorption is dominated by a narrow line centeredgon

All films exhibited the first-order diamond Raman peak at=2-0028(1) at high temperature, but as the temperature is
1332 cm L. The full width at half height varied from 2.3 to decreased this line broadens rapidly. At low temperatures the
6.0 cm ! in different samples. A weak broad structure wasEPR SPectrum is dominated by the spectrum observed in
observed in the range 1200-1600 ciin most samples, typgigufggglﬁg\}vs the EPR spin concentration measured at 5
\(/:v: rlgg nzge_lrsh ebﬁlipar:étr;bblggﬁjptigon i?]otjhb(;eéHO:e;rifILe:s%%r\:\?ggK’ less any contribution from the single substitutional nitro-

. . gen defect? which is an impurity in some CVD diamond
for all samples studied that the CH stretch signatures of hyg, a5 plotted against the total integrated absorption in the

drogen bonded tep*-bonded carbon dominated the absorp-cy stretch region of the infrared spectrum for the nine
tion (ignoring fundamental diamond absorptioffhe total  samples studied. The EPR concentration from the species
integrated CH stretch absorption in the region 2750-330@entered org=2.0028 correlates with the total infrared ab-
cm™* for each sample is given in Fig. 2. sorption in the CH stretch region, but there is no correlation
with the single substitutional nitrogen concentration.
Unambiguous interpretation of EPR spectra taken at a
single microwave frequency is often difficult. Figure 3 shows
Figure ¥a) shows theX-band EPR spectra centered on the results of measurements at 1.2, 3.4, 9.6, and 34.0 GHz on
g=2.0028(1) typical of most of the polycrystalline CVD a typeA sample. The calculated H1 EPR spectra at these
diamond samples we have studigdr ease of reference we microwave frequencies are shown alongside the experimen-
will refer to these samples as typ¢ and are similar to many tal data in Fig. 3. The 34.0-GHz data appear to be in good
spectra reported in the literature. We and other workers fin@greement with the H1 model. However, as the microwave
that the resolution of the satellites is sample dependent. Agequency is reduced, the model fails to reproduce the experi-
shown in Fig. 1a), the line shape is temperature independenimental data.
and in addition the EPR intensity follows the Curie law. The
degree of resolution of the satellites does not correlate with
either the total concentration of paramagnetic defects or the Observation of hydrogen spin-flip satellites centered on
total integrated CH absorption strength. Figufa) 1s similar ~ g=2.0028 stimulated @dH ENDOR study of the hydrogen

B. EPR and infrared measurements

C. 'H ENDOR
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FIG. 3. EPR spectra obtained from a typesample(see the text for detailsat microwave frequencies ¢#) 1.2 GHz,(b) 3.4 GHz,(c)
9.6 GHz, andd) 34 GHz. The sample temperature was 100 K and spectra were recorded under conditions of low microwave power to avoid
saturation and low modulation amplitude to avoid distortion of the lineshape. Alongside each experimental spectrum is the simulation of the
H1 EPR spectrum at the specified microwave frequency. Powder simulation used a Lorentzian line shape with full width at half height of
0.30 mT. On the far right of each row is the fit derived from th& defect[half-width at half heighfHWHH) 0.30 mT] plus an additional
Lorentzian resonance gt=2.0028(1)(HWHH 0.22 mT). The EPR linewidth and the relative intensity of the two components is fixed for

all frequencies.

atom(s) neighboring the unpaired electron. The ENDOR de-resonant frequency and the magnetic field confirms that this
tection scheme detailed in Sec. Il B produces first derivativés a proton resonangand is typical of'*H matrix ENDOR

line shapes: Fig. 4 shows the integrated ENDOR spectrursignals observed in disordered solfdg.he hyperfine param-
obtained from a typéx sample at 5 K. The ENDOR reso- eters for the unique hydrogen neighbor of the H1 center de-
nance is centered on tH#l nuclear Zeeman frequengyal-  termined by analysis of the EPR line sh¥peere used to
culation of the nucleag factor 5.591) from the nuclear calculate the position of ENDOR resonances expected from
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FIG. 4. ENDOR spectrum obtained from a tydesample. The 8000

temperature is 4.5 K, microwave frequency 34.85 GHz, microwave
power 2 mW, and rf power 20 W. The spectrum is recorded using
double lock-in detection at field modulation frequerdl5 kH2 6000
and rf frequency modulation frequené87 Hz and integrated to
produce absorption signal.

5 4000 7]
this hydrogen atom. Despite a thorough investigation at ancL ]
around the frequencies predicted by calculation, no ENDOR< J
signals attributable to the unique hydrogen neighbor of H1& 20007
were observed. ThéH matrix ENDOR signal was detected S
at temperatures up to 100 K without any appreciable change$
in line shape. However, the signal-to-noise ratio diminished g
appreciably with increasing temperaturd. 58K a *H matrix |
ENDOR signal could be detected with the magnetic field set 8%
to resonance aj=2.0028 in all typeA and typeB samples |
studied. 400

n

1200

D. Saturation recovery measurements °%0 20 30 40 50 60 70 80 90 100 110
Detection of continuous-wave ENDOR signals is depen- Temperature (K)

dent on achieving an appropriate balance of relaxation rates. _

The temperature dependence of the spin-lattice relaxation FIG- 5. (&) Dependence of the relaxation rates for the

rate was studied between 10 and 100 K using the techniqug2-0028 EPR resonance in a type€VD diamond sample at 20

of saturation recovery. All of the methods of measuring thel: obtained by fitting the saturation recovery response to a sum of

electron spin-lattice relaxation rates are complicated by th&wo exponential functions, on the duration of the saturatlr!g micro-

necessity of eliminating the effects of spectral diffusion,Wave Pulse.(b) Temperature dependence of the relaxation rates

Spectral diffusion leads to a spreading of saturation over thgemrm".]ed. as descr'b.ed @ W'th a saturating pulse length of 400

inhomogeneously broadened line. Spectral diffusion contribf’“S' Solid lines are a linear fit to the observed dependence.

utes to the recovery from saturation by the observed spin d th tral-diffusi h | el
packet in competition with intrinsic spin-lattice relaxation Increased the Spectral-difiusion channels are progressively

processes. The importance of spectral diffusion can be ag_aturated. Figure (b) shows the variation of the relaxation

sessed by observation of the recovery from saturation as rates of the two components of the recovery with tempera-
function of saturating pulse length. Experiments on type- ture (400-us saturating pulge

samples showed that the recovery was not well described by

a single exponential; a better fit could be obtained with a IV. DISCUSSION

combination of two exponentials. The dependence of the two
relaxation rates determined by fitting the data to two expo-
nentials on the saturating pulse length is shown in Fg).5 The multifrequency EPR9.8—35 GHZz data presented in
For short pulses spectral diffusion significantly affects theFig. 1 of Zhouet al!>'®was satisfactorily reproduced by the
measured recovery rates. As the saturating pulse length 1 defect(with a sample-dependent linewidttvithout any

The H1 center
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other components. The low-frequency EPR data presented find that the experimental matrix ENDOR line shape is best
Fig. 3 are not reproduced by the H1 center alone. Howevereproduced with this simple model with a lower limit of
a convincing fit can be obtained at all frequencies using theeparation of the order of the next-nearest-neighbor separa-
H1 defect plus an additional isotropic resonance ation in diamond(0.25 nn), if we assume that the nuclear
g=2.0028. The experimental data and fits are shown in Figspin-packet half width at half height is 200 kHz, which is in
3. The asymmetry in the experimental data shown in thexccord with previous observatiofs.We note that NMR
Q-band dataFig. 3(d)] probably indicates a small anisotropy studies show that the majority of the hydrogen in diamond
in the g matrix. The additional isotropic resonance @t films gives rise to a Gaussian NMR signal with a full width
=2.0028 has a Lorentzian line shape, a full width at halfat half maximum of 50—70 kHZ. However, it is well known
height of 0.222) mT, and is present at the same relativethat NMR line shapes are not characteristic of the nuclear
intensity at all microwave frequencies. The measurements dine shapes appropriate to matrix ENDOR. Matrix ENDOR
low and high microwave frequencies showed no evidence ofletects only those nuclei near a paramagnetic species. For
g-strain broadening, which would originate from a spread inthese nuclei the nuclear relaxation time will be less than for
g values caused by random local strains. the bulk nuclei and hence the nuclear line will be broader.
EPR investigations indicate that the H1 defect is a com- No 'H ENDOR lines were observed from the unique hy-
monly observed defect. Studies of the EPR line shape as drogen neighbofat 0.19 nm of the H1 center identified by
function of microwave frequency permit the identification of analysis of the EPR line shape. This negative result suggests
the neighboring hydrogen atom and its hyperfine couplinghat the matrix ENDOR response is much stronger than that
parameters. Our data confirm the parametessl1.0(2.5) of the near neighbor. This is not unreasonable since the ma-
MHz anda=5.5(2.5) MHz, determined by Zhoet al}>®  trix ENDOR response probably arises from malty neigh-
We can find no other model that is consistent with all thebors that all add to the resonance around the nuclear Zeeman
experimental data. Thé-band andQ-band data presented in frequency, whereas the ENDOR intensity from the single
Fig. 3 could be fitted using a model similar to H1, with near neighbor is spread out over several megahertz by the
smaller hyperfine parameters and no additional componengnisotropic component of its hyperfine interaction. No tem-
however, these parameters do not reproduce the lowperature dependence of the width of thé matrix ENDOR
frequency data, which unambiguously indicate the presencsignal could be detected up to 100 K; this is consistent with
of an additional resonance gt=2.0028. It appears that the the hydrogen being rigidly bound.
relative concentrations of H1 and the additional EPR center In Sec. Il D it was shown that spectral diffusion can sig-
are sample dependent. We cannot rule out the possibility thatificantly alter the measured saturation recovery rates. Two
this additional resonance is the H2 center identified by Zhoyrocesses that contribute to spectral diffusion are electron
et al®1%We have not observed H2 in the absence of H1 inspin-spin interactions that will occur on a time scale of the
any sample we have studied. Observation of satellites bgghase memory decay'§) and electron-nuclear spin-spin in-
longing to H2 is impossible when H1 is strong. The lack ofteractions that occur on a much slower time scale. For long
information makes speculation on the origin of the additionalsaturating pulses, when the spectral diffusion channels are
resonance unwarranted. saturated, we found that the recovery was best fitted by a
For all samples from which data are shown in Fig. 2, thesum of two exponentials. For a given spin we would expect
H1 defect makes the dominant contribution to the total un-a single exponential recovery; hence one possible explana-
paired electron concentration. The correlation between thgon of the two component decay is that the resonanag at
concentration of H1 and the total CH infrared absorption is=2.0028 consists of two components with different spin-
consistent with H1 being located on hydrogen decoratedhttice relaxation rates. This is consistent with the multifre-
grain boundaries or in hydrogenated nondiamond material iguency EPR data, which indicated the presence of H1 and
between the grain boundaries. We have shown that in thanother defect. At high microwave powers changes in the
samples labeled typ& the absorption ag=2.0028 origi- continuous-wave EPR line shape suggest that one defect is
nates from two defects. In surveying over 20 samples wdeing preferentially saturated. This is consistent with the two
have not found one that contains only H1. defects having different relaxation rates, as shown in Fig.
The assumption that the H1 center is located in hydroge5(b). The linear dependence of both relaxation rates with
nated regions of the sample is supported by observation of @mperature indicates that the direct mechaffstominates
H ENDOR line at the free nuclear frequency. This line spin-lattice relaxation in this temperature region. In CVD
originates from hydrogen atoms surrounding the unpairedliamond samples containing single substitutional nitrogen,
electron and weakly coupled to it via the electron-nuclearcontinuous wave power saturation studies show that the spin-
dipolar interaction. It is usually referred to as thd matrix ~ lattice relaxation rate for the nitrogen center is of order 10—
ENDOR line? The dip in the center of the line arises from 100 times less than that for the H1 center.
nuclear coherence effects and suggests the presence of moreThe designation of a sample as tyPeequires the pres-
than one'H neighborz.4 Information about the distribution of ence of a previously unreported EPR signal gt
the unpaired electron and the local environment can be ex=2.0028(1) that has a temperature-dependent EPR line-
tracted from the matrix ENDOR line shapeA simple but  width. This is the third different EPR center witlgavalue of
useful model for the line shape assumes a unifdkihdis-  2.00281) we have observed in CVD diamond. The depen-
tribution and contains only two parameters: the lower limitdence of the EPR linewidth on temperature indicates that the
of the electron-proton separatidseparation above which resonance is exchange narrowed at temperatures above about
only a dipolar interaction need be consideradd the width 50 K. As the temperature is reduced below 50 K the lifetime
of the nuclear spin packé&l. Following this approach, we of magnetically distinguishable states increases and the EPR
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linewidth broadens appreciably. The temperature depergen H1 is in an environment with other hydrogen atoms

dence of the EPR signal was difficult to follow at low tem-

0.2-1.0 nm away. The spin-lattice relaxation rate of H1 is

perature because of overlapping resonances from the H1 deruch more rapid than that of the substitutional nitrogen cen-

fect and the other unidentified defect g&=2.0028. The

ter that is known to be incorporated into the diamond lattice.

center is easily detected in the rapid exchange limit becausall the evidence is consistent with the H1 defect being lo-
the resonance is very narrow. Several different exchangeated at grain boundaries, not in the bulk diamond. A third
mechanismge.g., electron exchange, electron transfer, anEPR resonance aj=2.0028(1) has been observed. This

proton exchangecould be invoked to explain the observed

resonance is distinguished from the others by a temperature-

phenomena. The paucity of information prohibits furtherdependent EPR linewidth. Studies on this center are in

speculation.

V. CONCLUSION

progress.
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