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Subbandgap absorption of chemical-vapor-deposition diamond films, with nitrogen contents varying from 10
to 132 ppm has been explored by the constant-photoconductivity method~CPM!, photothermal-deflection
spectroscopy~PDS! and electron spin resonance~ESR!. The spectra measured by PDS increase monotonically
and are structureless with increasing photon energies indicating absorption due to amorphous carbon and
graphite. The CPM data show distinct features, with absorption bands athn51.6, 4.0, and 4.7 eV in the
nominally undoped film, and 2.4 and 4.7 eV in nitrogen-rich layers respectively. The CPM spectra of the doped
films are comparable to photoconductivity data of synthetic Ib diamond. The defect densities involved increase
with increasing nitrogen content. From ESR, a vacancy-related defect density (g52.0028) is deduced. Para-
magnetic nitrogen (g52.0024) can be detected in the high-quality CVD layer or by illuminating the nitrogen-
rich samples with photon energies larger than the band gap.@S0163-1829~96!09535-5#

I. INTRODUCTION

The unique properties of diamond have attracted consid-
erable interest, especially after the discovery that low-cost
and large-area diamond films can be grown by the chemical-
vapor-deposition~CVD! technique.1,2,3 Presently, one of the
main applications of CVD diamond is as a substrate for high-
power electronics due to its excellent thermal conductivity.
Recent improvement of film quality suggests that active elec-
tronic devices for high-temperature or high-power operation
can be realized in the near future. However, a variety of
problems still have to be solved. Due to the microcrystalline
structure of CVD diamond, grain boundaries, and surface
and bulk defect states dominate the optical and electronic
properties. Especially amorphous and graphitic carbon at
surfaces and interfaces affect the dark conductivity as well as
the optical absorption. Spectroscopy of bulk defect states,
regarding their distributions and densities in the band gap, is
therefore difficult and data available in the literature is still
limited.

N-type doping has up to now not been understood. Nitro-
gen is a possible donor in diamond with lower formation
energy than phosphorus.4,5 Experiments with synthetic and
natural diamond, however, show that in addition to the deep
donor level at 1.7 eV~Ref. 29! below the conduction band, a
variety of nitrogen-related defects are created that dominate
transport and recombination of carriers. For successful pro-
duction of electronic garde material, exploration of nitrogen-
related effects is important. Excellent techniques for the in-
vestigation of band-gap states are photothermal-deflection
spectroscopy~PDS! and the constant-photocurrent method
~CPM!.6,7 PDS experiments detect spectrally resolved states
that absorb light, while CPM is sensitive to absorption events
that generate mobile carriers. CPM is therefore much less
sensitive to surface than to bulk absorption. The application
of both techniques then allows us a study of both surface and
bulk defect densities. For an investigation of nitrogen-related

doping and defect effects, electron-spin-resonance~ESR! ex-
periments have also been applied. A series of CVD diamond
films with nitrogen content varying between 10 and 132 ppm
will be discussed in the following.

II. EXPERIMENT

The diamond films were grown atT5750 °C on silicon in
a standard CVD system described in Ref. 8, using H2 and
CH4 as the main gas sources. To study the effect of nitrogen
on the film properties, the nitrogen content in the gas phase
was varied from 0 to 4% N2/CH4. Elastic-recoil-detection
experiments9 show that these films contain 10–132 ppm ni-
trogen~see Table I!. The intentionally doped films show nei-
ther oriented nor textured crystal growth and appear nearly
black in color. Sample thicknesses varied between 7 and 9
mm. Even the nominally undoped sample had 10 ppm nitro-
gen in the layer of thicknessd555mm. This diamond film is
highly oriented, ~100! textured with typical 10-mm grain
size.

Photoconductivity measurements with planar contacts on
top of the diamond sample~coplanar contact configuration!,
photothermal-deflection spectroscopy, and electron-spin-
resonance measurements were performed using free-standing

TABLE I. Nitrogen content in the gas phase compared to the
fraction incorporated in the diamond film measured by ERD~Ref.
9!.

N2/CH4 ~%! N/C ~ppm!

0 10
0.3 25
1.13 35
2.67 100
4 132
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diamond films, where the silicon substrate had been removed
by a KOH etching process.

The CPM experiments were performed either in coplanar
or in sandwich contact configuration. For the coplanar con-
figuration, two barlike Ti/Pt/Au contacts 1 mm apart were
evaporated on top of the diamond films. Sandwich geometry
was realized using the silicon substrate as back electrode and
a semitransparent Ti/Pt/Au top contact 1 mm in diameter. As
light sources, a halogen, a xenon, and a deuterium lamp were
used. The light was dispersed in a Spex 340E monochro-
mator using three different gratings blazed at 1000, 500, and
250 nm, respectively, and was mechanically chopped at 2
Hz. All optical parts employed, including the vacuum cham-
ber window, have optical transparency up to 200 nm. The
signal was detected via a lock-in amplifier. The light inten-
sity was measured with a pyroelectric detector.

For transport measurements, the samples were mounted in
a vacuum chamber withp,1026 mbar. To remove water
and other contaminants from the surface, a heat treatment at
500 K for 30 min was used. All CPM, PDS, and ESR data
were measured at room temperature.

CPM experiments performed in sandwich contact con-
figuration offer several advantages compared to the conven-
tional coplanar contact geometry.~1! In the high-quality
CVD diamond films with columnar structure, the photoge-
nerated carriers propagate in the crystals and do not have to
cross grain boundary barriers.~2! Much higher electric fields
can be applied than in coplanar structures.~3! Thin layers on
Si substrates can be investigated without the problems in-
volved in the characterization of free-standing films.

In the following, we briefly summarize the basic assump-
tions of CPM. With a constant quantum efficiencyh, uni-
form illumination throughout the film thicknessd, and a pho-
tocurrent dominated by unipolar properties over the whole
spectral range, the photocurrent densityj ph is given by

j ph5enmV/d, ~1!

whereV is the applied voltage,e the elementary charge, and
m the carrier mobility. For monomolecular recombination,
the carrier densityn is given by the product of lifetimet and
the generation rateg:

n5tg5thF~12R!@12exp~2ad!#1/d, ~2!

whereF is the photon flux,R the reflectivity, anda the
absorption coefficient. Forad!1, the photocurrent is

j ph5emthF~12R!aV/d. ~3!

By keeping the photocurrent constant, the quasi-Fermi-level
position and therefore the occupation of defects in the gap
remains unchanged over the entire spectral range. In this
case, the lifetimet is constant and the absorption coefficient
a can be expressed by~see Ref. 7 for example!

a~hn!5
const.

F~hn!
, ~4!

neglecting any energy dependence of the reflectivity.
For photothermal deflection spectroscopy,10 the free-

standing CVD diamond films were attached to a quartz
holder, which was immersed in spectroscopically pure
C6F14. ESR experiments on free-standing samples were per-

formed in the TE102 cavity of a standard X-band ESR spec-
trometer using 100-kHz magnetic-field modulation. For
light-induced ESR~LESR! experiments the samples were il-
luminated with a Hg/Xe arc lamp.

III. EXPERIMENT RESULTS

Sub-band-gap photocurrent studies of CVD diamond are
at present subject to a controversy concerning the role of
internal photoemission over contact barriers. While Oku-
mura, Mort, and Machonkin11 demonstrated that internal
photoemission is negligible compared to the absorption of
the CVD diamond layer, Hickset al.12 attribute the absorp-
tion predominantly to internal photoemission. The conflict-
ing findings may be partly due to different film qualities. It is
very likely that for a strongly absorbing CVD diamond film,
internal photoemission is a negligible effect, whereas for lay-
ers with small sub-band-gap absorption, the opposite is the
case. To investigate in our case whether or not internal pho-
toemission is negligible, we have performed CPM experi-
ments in coplanar and sandwich contact geometry. In copla-
nar contact configuration, thick metal contacts were used and
the samples were illuminated only between the electrodes so
that internal photoemission should be negligible.

Figure 1 shows a typical result. The sample is nitrogen
rich, containing 35 ppm nitrogen, and is 77mm thick. The
absorption spectra in the energy rangeE.4.5 eV are com-
parable for both contact geometries. For lower photon ener-
gies the CPM in sandwich geometry gives a slightly higher
~factor of 3! absorption. The onset of the absorption at
E.1.4 eV indicates a Fermi-level position, which is at least
1.4 eV away from the conduction-band edge. Internal photo-
emission should contribute most strongly in this absorption
regime and the differences in absorption should be largest.
The two spectra, however, approach each other. We con-
clude, therefore, that in both cases the absorption is governed
by transitions in the diamond film. The difference is attrib-
uted to a difference in film quality, since CVD diamond films
exhibit a pronounced lateral inhomogeneity. In the follow-

FIG. 1. CPM spectra of a CVD diamond film with different
contact geometries.
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ing, we therefore neglect contributions of internal photo-
emission.

Figure 2 shows CPM spectra of three heavily nitrogen-
doped samples, containing 25, 35, and 100 ppm nitrogen,

and of the nominally undoped diamond film with 10 ppm
nitrogen. The CPM spectra reveal distinct features in absorp-
tion of CVD diamond films. The increase in nitrogen causes
an overall increase in sub-band-gap absorption and a varia-
tion in the shape of the absorption spectra. The ‘‘intrinsic’’
layer shows an onset of absorption at photon energiesE.1
eV approaching an absorption plateau in the range 2–3.6 eV,
then increasing towards a second plateau atE'5 eV, where
the absorption further increases due to increasing contribu-
tions of band-to-band transitions. The nitrogen-rich films
show stronger absorption, increasing in the range 1.2–3.5
eV, with a plateau atE'5 eV and a further increase due to
band-to-band transitions. A detailed discussion of these fea-
tures will be given in Sec. IV.

Results of the PDS experiments are shown in Fig. 3, in-
cluding data obtained on Ib, IIa, and IIb synthetic diamond.
Absorption spectra of amorphous carbon and of hydroge-
nated amorphous carbon from Refs. 13 and 14 are also de-
picted for comparison. For all CVD diamond samples inves-
tigated, the PDS absorption increases continuously toward
higher photon energies. With increasing nitrogen content, an
overall increase in absorption is detected. Layers with larger
thickness absorb less due to the improving quality of CVD
diamond films with increasing layer thickness. On the aver-
age, the absorption coefficient of the CVD diamond films is
approximately a factor 500 larger than that of synthetic dia-
mond and shows no comparable spectral dependence. The
spectral-absorption variation of the CVD diamond films is
comparable to the increase in absorption in amorphous car-
bon films despite the fact that it is about 1–2 orders of mag-
nitude smaller. In Fig. 4, a comparison of PDS and CPM
data is shown. The data have been normalized in an arbitrary
way at 4 eV to demonstrate the spectral differences at lower
energies. The inset shows the difference between PDS and
CPM spectra on a linear scale. In the energy rangeE,3 eV,
the PDS spectrum is much less energy dependent than CPM.
Optical microscopy clearly indicates that the strongly ab-
sorbing regions are at the surface of the crystallites. This
points toward amorphous and/or graphitic layers at surfaces

FIG. 3. Absorption spectra ofa-C anda-C:H ~Refs. 13, 14! and
PDS measurements of synthetic and CVD diamond. — :d57.2
mm, N5132 ppm. ---:d57.4 mm, N525 ppm.•••: d515.8mm,
N510 ppm. -•-• : d577.2mm, N535 ppm.

FIG. 4. CPM and PDS spectra of a CVD diamond film contain-
ing 35 ppm nitrogen. The inset shows the difference betweenaPDS
andaCPM in linear scale.

FIG. 2. CPM spectra of CVD diamond films compared with a
photoconductivity spectrum of a synthetic Ib diamond~Ref. 24!
drawn in arbitrarily. The full lines are the calculated fits to the data.
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and grain boundaries, which dominate optical-absorption ex-
periments such as PDS, a conclusion also drawn by Nesla´dek
et al.15

In Fig. 5, typical ESR and LESR spectra are shown. ESR
studies of CVD diamond films have shown both substitu-
tional nitrogen16 and vacancy-related defects.17 In our case,
we have observed the resonance related to the latter, with a
DHpp'4G andg52.0028. Note that the signal consists of a
single central line with unresolved shoulders. The presence
of these shoulders was first attributed to two overlapping
lines, one narrow and one broad, which have essentially the
sameg value.17 More recently, the signal has been described
as a central line and two hyperfine satellites related to nearby
hydrogen nuclei.18,19 The substitutionalN-donor-related
resonance could be detected on the high-quality CVD layer
with 10 ppm nitrogen. On samples with higherN content, the
resonance could only be observed under illumination with
band-gap UV light@LESR, see Fig. 5~b!#. From studies on
natural and synthetic diamond, it is known that nitrogen is
the dominant impurity, with many forms from isolated sub-
stitutional and paramagnetic to several nonparamagnetic ag-
gregates. The substitutional form is a deep donor with a level

at 1.7 eV below the conduction band, giving rise to the well
established ESR signal with ag value of 2.0024 and a triplet
hyperfine structure due to the interaction with the14N
nuclear spin. It saturates at relatively low microwave powers
owing to the long relaxation time. In other configurations it
is a dominant optical-absorption center, distributed in the
band gap, forming aggregates and structural defects that
compensate the isolated substitutional nitrogen.

IV. DISCUSSION

In this section we discuss the experimental results in order
to identify defects dominating the sub-band-gap absorption
as detected by CPM and PDS.

The absorption measured by PDS is only weakly increas-
ing over approximately one order of magnitude towards
higher energies, showing no specific structure. Nesla´dek
et al.15 attribute this top2p* band-type transitions in amor-
phous carbon.20,21Close similarity toa-C is obvious only in
the spectral range 1–2 eV~see Fig. 3!. The slightly weaker
variation of the absorption is most likely caused by the pres-
ence of graphitic clusters at grain boundaries and surface
parts. This argument is supported by micrographs~not shown
here! taken by an optical microscope in transmission mode.
The grain boundaries are dark and strongly absorbing,
whereas the centers of the~100!-oriented grains are bright
and transparent.22

The bulk absorption of CVD diamond, detected by CPM,
is comparable to the absorption of nitrogen-rich synthetic
diamond,23 indicating the close similarity between both types
of materials. Taking into account data available in the litera-
ture, it is well known that optical absorption, centered at 4.6
eV, is correlated with isolated paramagnetic nitrogen.24 A
continuum absorption starting at 4 eV and extending to
higher energy has been attributed toA centers~a substitu-
tional nitrogen pair at adjacent sites!.25,26 The small dip
around 4.5 eV points toward an absorption process that is
competitive with transitions leading to a photocurrent.23 The
absorption in the energy range 1.2–3.5 eV has been ascribed
to nitrogen donor excitations into the conduction band.27–29

All these defects are more-or-less present in the nitrogen-rich
samples.

The sample containing 10 ppm nitrogen shows some dif-
ferent features. The onset of the photocurrent at approxi-
mately 1 eV turns into a plateau at about 2 eV, rising at 3.6
eV toward a plateau at 5 eV, and finally increases due to
band-to-band transitions. A strong paramagnetic nitrogen
resonance is detectable in this layer, indicating that at least a
fraction of the incorporated nitrogen is electronically active
as dopant. The nitrogen dopant level is 1.7 eV below the
conduction band,28 which agrees rather well with the de-
tected onset of absorption. The increase in absorption in the
energy range.3.6 eV can be due to different nitrogen ag-
gregates, as described above.

To determine the energy levels and distributions of de-
fects more precisely, the spectra have been deconvoluted
based on the assumption that electrons dominate transport.
With Ni(e) the initial, Nf(e) the final density of state and
f (e) being the Fermi-Dirac distribution function, the absorp-
tion coefficienta(hn) can be calculated assuming a constant
matrix element and neglecting any energy dependence of the
index of refraction30:

FIG. 5. ~a! Typical ESR signals of two CVD diamond films
containing 35 and 132 ppm nitrogen, respectively.~b! LESR signal
of a CVD diamond film containing 35 ppm nitrogen.
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a~hn!5
const.

hn E Ni~e! f ~e!Nf~e1hn!@12 f ~e1hn!#de.

~5!

The Fermi energyEF separates occupied and empty states,
leading to

a~hn!5
const.

hn E
EF2hn

EF
Ni~e!Nf~e1hn!de. ~6!

Since diamond is an indirect semiconductor, the absorption
coefficients of transitions with phonon emission and phonon
absorption must be summed:

a~hn!5aem~hn!1aabs~hn!. ~7!

The defect distributions are supposed to be Gaussian:

Ni
def~e!5(

j

Aj

A2pWj

expS 2
~e2EGj!

2

2Wj
2 D , ~8!

with the defect center energyEGj , the full width at half
maximum ~FWHM! 2Wj , and the defect densityAj . The
valence and conduction bands are assumed to be parabolic:

Ni
vb~e!5NvA2~e2e0!, ~9!

Nf
cb~e1hn!5NcAe1hn2Egap6Ephonon1e0. ~10!

Nf
cb has to be multiplied byf BE in the case of phonon ab-

sorption and byf BE11 for phonon emission,f BE being the
Bose-Einstein distribution function. The parametere0 ~Ref.
31! was introduced to obtain an effective density of states at
the band edges:

NvAe05NcAe05const. ~11!

Sincea(hn) is in arbitrary units, the CPM spectra of differ-
ent samples are matched by the calculations assuming the
same effective density of states at the band edges in all
samples. This effective density of states is unknown, so that
the calculated defect densities are in arbitrary units. An ex-
perimental normalization of the absolute CPM absorption co-
efficient, for example by transmission/reflection experiments,
is prevented by light-scattering effects at grain boundaries
and by absorption of graphitic or amorphous carbon~see the
comparison between CPM and PDS!.

Three absorption centers are deduced for the sample con-
taining 10 ppm nitrogen with energy levels at 1.6, 4.0, and
4.7 eV below the conduction band. The spectra of the
nitrogen-rich samples are fitted with two Gaussian defect
distributions around 2.5 and 4.7 eV below the conduction-
band edge. Details are summarized in Tables II and III.

Figure 6 shows the variation of the defect density of the
4.7-eV defect center versus nitrogen content. The defect den-
sity of this center increases proportionally with nitrogen con-
centration. In the literature, the 4.65-eV center, which we
assume is the same as our 4.7-eV defect, is linearly corre-
lated with the paramagnetic nitrogen density. For the
nitrogen-rich samples, the absolute density of paramagnetic
nitrogen cannot be determined experimentally because the
spin density falls below the detection limit of our system.
Exposing the samples to UV light causes a significant in-
crease of the spin density related to substitutional nitrogen.
An absolute evaluation, however, is difficult, because the
absorption of UV light is inhomogeneously distributed in the
diamond layer, and the active area, where the spins are gen-
erated, is not accurately known. Obviously, a charge transfer
from the fourfold-coordinated nitrogen~dopant! atoms to
deep defects takes place, leaving most of the nitrogen dop-
ants empty. By UV light exposure, the nitrogen dopants are
populated by optically excited electrons and become para-
magnetic. Figure 7 shows the defect variation~g52.0028,
vacancy related! versus nitrogen content. The absolute nitro-
gen densities have been calculated by taking into account the
density of diamond which is 1.7631023 cm23. The increase
in defect density scales with the increase in nitrogen, indi-
cating that each nitrogen atom, which is incorporated into the
host lattice of the diamond, creates about one defect. In the
sample with low nitrogen content~10 ppm51.7631018

cm23! 531016 cm3 paramagnetic nitrogen can be detected
without light exposure. Only a few percent of the incorpo-
rated nitrogen is paramagnetic. UV light causes an increase
by a factor of 3 in the spin density. The onset of absorption

TABLE II. Energy levels, distributions, and densities of defects
in the nominally undoped film containing 10 ppm nitrogen.

hn ~eV! FWHM ~eV! Defect density~arb. units!

1.660.15 0.460.1 0.5560.05
4.060.15 0.4560.1 760.5
4.760.15 0.560.1 6565

TABLE III. Energy levels, distributions, and densities of defects
in the intentionally nitrogen-doped films.

N ~ppm! hn ~eV! FWHM ~eV! Defect density~arb. units!

25 2.560.15 0.860.1 9.360.5
4.760.15 0.3560.1 8065

35 2.460.15 0.860.1 8.560.5
4.760.15 0.2760.1 130650

100 2.460.15 0.960.1 1765
4.760.15 0.4360.1 300650

FIG. 6. Defect densities of the absorption band centered at 4.7
eV versus nitrogen content, derived from fits to CPM spectra.
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in the CPM spectra indicate that the Fermi level is in the
range,1.5 eV from the conduction band. If so, then the
paramagnetic spin density represents approximately the den-
sity of nitrogen donors.

Figure 8 summarizes the energetic levels of the detected
defects. The 1.6-eV level is attributed to the substitutional
nitrogen donor level. The 2.5-eV level varies little with ni-
trogen content. Further investigations are needed to clarify
the nature of this defect. The 4.7-eV defect niveau is strongly
present in all samples and increases with increasing nitrogen
content. A correlation with nitrogen is therefore obvious.
However, the creation mechanism and the microscopic de-
fect configuration are not clear. Finally, the 4.0-eV defect,
which is attributed to theA center, can be detected only on
the nominally undoped diamond film.

V. CONCLUSION

The investigation of CVD diamond films with PDS, CPM,
and ESR reveal several features.

~1! PDS is dominated by surface and interface absorption
centers, indicated by the featureless increase in absorption.
This indicates a higher surface than bulk state density.

~2! Photoconductivity experiments give access to bulk
properties. The sub-band-gap absorption of CVD films, con-
taining nitrogen in the range 10–135 ppm, is comparable to

synthetic diamond. The identification of the defects can be
done based on data available in the literature. Variation of
the nitrogen content, however, does not result in the expected
variations in defect densities. This is most likely due to the
polycrystalline nature of CVD diamond.

~3! ESR experiments have detected two resonances. The
g52.0028 resonance attributed to a vacancy-related defect is
present in all samples under investigation. A linear increase
with nitrogen content is detected, indicating that each nitro-
gen atom which is incorporated creates about one defect. The
g52.0024 resonance, which is due to paramagnetic nitrogen,
can be detected only in samples with less then 20 ppm nitro-
gen. Here, only 1% of the total nitrogen is paramagnetic. In
samples with higher nitrogen concentrations, thisg value can
be detected only under UV illumination, indicating that the
nitrogen donors are empty, and that the Fermi level is below
the nitrogen donor level. Light exposure causes a filling of
these states, at least partially.
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