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Nitrogen-related dopant and defect states in CVD diamond
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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 mé@@hl), photothermal-deflection
spectroscopyPDS and electron spin resonanESR. 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 bantdg-at.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 degsi®®.Q028) is deduced. Para-
magnetic nitrogend=2.0024) can be detected in the high-quality CVD layer or by illuminating the nitrogen-
rich samples with photon energies larger than the band [§{1.63-18206)09535-5

[. INTRODUCTION doping and defect effects, electron-spin-resondB&R) ex-
periments have also been applied. A series of CVD diamond
The unique properties of diamond have attracted considfilms with nitrogen content varying between 10 and 132 ppm
erable interest, especially after the discovery that low-coswill be discussed in the following.
and large-area diamond films can be grown by the chemical-
vapor-depositiofCVD) techniquet?® Presently, one of the
main applications of CVD diamond is as a substrate for high-

power electronics due to its excellent thermal conductivity. The diamond films were grown @t= 750 °C on silicon in
Recent improvement of film quality suggests that active elecy standard CvD system described in Ref. 8, usingaHd
tronic devices for high-temperature or high-power operationcH, as the main gas sources. To study the effect of nitrogen
can be realized in the near future. However, a variety ofy the film properties, the nitrogen content in the gas phase
problems still have to be solved. Due to the microcrystallingyas varied from 0 to 4% MCH,. Elastic-recoil-detection
structure of CVD diamond, grain boundaries, and surfacgyperimentd show that these films contain 10-132 ppm ni-
and bu_lk defect states dominate the optical grjd electronigogen(see Table)l The intentionally doped films show nei-
properties. Especially amorphous and graphitic carbon aher oriented nor textured crystal growth and appear nearly
surfaces and interfaces affect the dark conductivity as well agjzck in color. Sample thicknesses varied between 7 and 9
the optical absorption. Spectroscopy of bulk defect stateSym. Even the nominally undoped sample had 10 ppm nitro-
regarding their distributions and densities in the band gap, igen in the layer of thicknest= 55 um. This diamond film is
therefore difficult and data available in the literature is still highly oriented, (100 textured with typical 1Q«m grain
limited. size.

N-type doping has up to now not been understood. Nitro- - ppotoconductivity measurements with planar contacts on
gen is a possible donor in dlamond Wlt'h lower fo.rmat|ontOp of the diamond sampleoplanar contact configuratign
energy than phosphords. Experiments with synthetic and photothermal-deflection spectroscopy, and electron-spin-

natural diamond, however, show that in addition to the deepesonance measurements were performed using free-standing
donor level at 1.7 e\(Ref. 29 below the conduction band, a

variety of nitrogen-related defects are created that dominate . .
transport and recombination of carriers. For successful pro. ~BLE I. Nitrogen content in the gas phase compared to the
- . . . . fraction incorporated in the diamond film measured by E{Ref.

duction of electronic garde material, exploration of nitrogen-

Il. EXPERIMENT

related effects is important. Excellent techniques for the in-g)'

vestigation of band-gap states are photothermal-deflection o

spec?roscopy(PDS a%dpthe constant—pphotocurrent method N2/CH, (%) N/C (ppm)
(CPM).%” PDS experiments detect spectrally resolved states 0 10
that absorb light, while CPM is sensitive to absorption events 0.3 25
that generate mobile carriers. CPM is therefore much less 1.13 35
sensitive to surface than to bulk absorption. The application 2.67 100
of both techniques then allows us a study of both surface and 4 132

bulk defect densities. For an investigation of nitrogen-related
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diamond films, where the silicon substrate had been removed 10%

by a KOH etching process. ' ' t L o008
The CPM experiments were performed either in coplanar o

or in sandwich contact configuration. For the coplanar con- 10°F .

figuration, two barlike Ti/Pt/Au contacts 1 mm apart were .~ N=35ppm

evaporated on top of the diamond films. Sandwich geometry + 102
was realized using the silicon substrate as back electrode and g

a semitransparent Ti/Pt/Au top contact 1 mm in diameter. As

light sources, a halogen, a xenon, and a deuterium lamp were2 1 o't
used. The light was dispersed in a Spex 340E monochro- B,
mator using three different gratings blazed at 1000, 500, and 10°
250 nm, respectively, and was mechanically chopped at 2

Hz. All optical parts employed, including the vacuum cham-

O D359a sandwich
A D359a coplanar

ber window, have optical transparency up to 200 nm. The 107"+ -

signal was detected via a lock-in amplifier. The light inten- N BN BN B P BN

sity was measured with a pyroelectric detector. 1 2 3 4 5 6
For transport measurements, the samples were mounted in Photon Energy (eV)

a vacuum chamber witlp<10 ® mbar. To remove water
and other contaminants from the surface, a heat treatment at g, 1. cPM spectra of a CVD diamond film with different
500 K for 30 min was used. All CPM, PDS, and ESR datacontact geometries.

were measured at room temperature.

CPM experiments performed in sandwich contact con- , .
figuration offer several advantages compared to the conver{o'med in the Tk, cavity of a standard X-band ESR spec-
tional coplanar contact geometryl) In the high-quality t_rome_zter using 100-kHz mag_netlc-fleld modulation. Eor
CVD diamond films with columnar structure, the photoge-l'ghF"nduceq ESRLESR) experiments the samples were il-
nerated carriers propagate in the crystals and do not have fgminated with a Hg/Xe arc lamp.
cross grain boundary barrief®) Much higher electric fields
can be applied than in coplanar structu@s.Thin layers on
Si substrates can be investigated without the problems in- lll. EXPERIMENT RESULTS
volved in the characterization of free-standing films.

In the following, we briefly summarize the basic assump-
tions of CPM. With a constant quantum efficiengy uni-
form illumination throughout the film thicknesk and a pho-
tocurrent dominated by unipolar properties over the whol
spectral range, the photocurrent dengjlyis given by

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 Machonkit demonstrated that internal
ephotoemission is negligible compared to the absorption of
the CVD diamond layer, Hickst al1? attribute the absorp-
tion predominantly to internal photoemission. The conflict-
ing findings may be partly due to different film qualities. It is
whereV is the applied voltages the elementary charge, and very likely that for a strongly absorbing CVD diamond film,

w the carrier mobility. For monomolecular recombination, internal photoemission is a negligible effect, whereas for lay-
the carrier density is given by the product of lifetime and  ers with small sub-band-gap absorption, the opposite is the
the generation ratg: case. To investigate in our case whether or not internal pho-
toemission is negligible, we have performed CPM experi-

jph=enuV/d, (1)

n=79=77®(1-R)[1-exp~ad)]1/d, (@ ments in coplanar and sandwich contact geometry. In copla-
where ® is the photon flux,R the reflectivity, anda the  nar contact configuration, thick metal contacts were used and
absorption coefficient. Fard<1, the photocurrent is the samples were illuminated only between the electrodes so
that internal photoemission should be negligible.
jpn=enTn®(1-R)aV/d. (€©)) Figure 1 shows a typical result. The sample is nitrogen

By keeping the photocurrent constant, the quasi-Fermi-leviC: containing 35 ppm nitrogen, and is Zim thick. The

position and therefore the occupation of defects in the gaﬁbsogft'?n St,)per(;‘tra in the energy.rart'ge4i5 eV aLe com-
remains unchanged over the entire spectral range. In thidarable for both contact geometries. For lower photon ener-

case, the lifetimer is constant and the absorption coefficient 91€S the CPM in sandwich geometry gives a slightly higher

can be expressed Hgee Ref. 7 for example (factor of 3 absorption. The onset _o_f the a_lbsqrption at
“ P iy P E>1.4 eV indicates a Fermi-level position, which is at least

const. 1.4 eV away from the conduction-band edge. Internal photo-

a(hv)= m (4) emission should contribute most strongly in this absorption

regime and the differences in absorption should be largest.

neglecting any energy dependence of the reflectivity. The two spectra, however, approach each other. We con-

For photothermal deflection spectroscdfythe free- clude, therefore, that in both cases the absorption is governed
standing CVD diamond films were attached to a quartzby transitions in the diamond film. The difference is attrib-
holder, which was immersed in spectroscopically pureuted to a difference in film quality, since CVD diamond films
CoF14- ESR experiments on free-standing samples were peexhibit a pronounced lateral inhomogeneity. In the follow-
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acpy (arb. units)

FIG. 2. CPM spectra of CVD diamond films compared with a
photoconductivity spectrum of a synthetic Ib diamoiRkef. 249
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FIG. 4. CPM and PDS spectra of a CVD diamond film contain-
ing 35 ppm nitrogen. The inset shows the difference betwegp

drawn in arbitrarily. The full lines are the calculated fits to the data.and acpy in linear scale.

ing, we therefore neglect contributions of internal photo-and of the nominally undoped diamond film with 10 ppm
emission.
Figure 2 shows CPM spectra of three heavily nitrogention of CVD diamond films. The increase in nitrogen causes

doped samples, containing 25, 35, and 100 ppm nitrogerfn overall increase in sub-band-gap absorption and a varia-

Absorption Coefficient (1/cm)

FIG. 3. Absorption spectra @&-C anda-C:H (Refs. 13, 14and
PDS measurements of synthetic and CVD diamond. d=7.2
um, N=132 ppm. ---:d=7.4 um, N=25 ppm.---: d=15.8 um,
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N=10 ppm. ---: d=77.2 um, N=35 ppm.

nitrogen. The CPM spectra reveal distinct features in absorp-

tion in the shape of the absorption spectra. The “intrinsic”
layer shows an onset of absorption at photon eneigied

eV approaching an absorption plateau in the range 2—-3.6 eV,
then increasing towards a second plateab-ab 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 aE~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, lla, and Ilb 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 rdige3 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
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I T . T r at 1.7 eV below the conduction band, giving rise to the well
established ESR signal withgavalue of 2.0024 and a triplet

g\gD—Diamond hyperfine structure due to the interaction with tHé&N
T; 259253KGHZ 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

ESR signal

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-

i 1 1 1 1
3300 3320 3340 3360 3380 ing over approximately one order of magnitude towards
o higher energies, showing no specific structure. Nbta
Magnetic Field (G) et al® attribute this tor—7* band-type transitions in amor-

| - . . | phous carbor®? Close similarity toa-C is obvious only in
the spectral range 1-2 eléee Fig. 3. The slightly weaker
CVD-Diamond (b) variation of the absorption is most likely caused by the pres-
9.3542 GHz ence of graphitic clusters at grain boundaries and surface
T=295K parts. This argument is supported by micrografstat shown
here taken by an optical microscope in transmission mode.
The grain boundaries are dark and strongly absorbing,
whereas the centers of th{g@00-oriented grains are bright
and transparerft
The bulk absorption of CVD diamond, detected by CPM,
is comparable to the absorption of nitrogen-rich synthetic
diamond?® 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
' ' ' ' ' i lated with isolated paramagnetic nitrogem
3300 3320 3340 3360 3380 eV, Is corre / ted p 9 .
continuum absorption starting at 4 eV and extending to
Magnetic Field (G) higher energy has been attributed Aocenters(a substitu-
tional nitrogen pair at adjacent si}€s?® The small dip
FIG. 5. (a) Typical ESR signals of two CVD diamond films around 4.5 eV points toward an absorption process that is
containing 35 and 132 ppm nitrogen, respectivéy.LESR signal  COmpetitive with transitions leading to a photocurréhithe
of a CVD diamond film containing 35 ppm nitrogen. absorption in the energy range 1.2—-3.5 eV has been ascribed
to nitrogen donor excitations into the conduction bafid®
and grain boundaries, which dominate optical-absorption exAll these defects are more-or-less present in the nitrogen-rich
periments such as PDS, a conclusion also drawn by Nekla samples.
etall® The sample containing 10 ppm nitrogen shows some dif-
In Fig. 5, typical ESR and LESR spectra are shown. ESRerent features. The onset of the photocurrent at approxi-
studies of CVD diamond films have shown both substitu-mately 1 eV turns into a plateau at about 2 eV, rising at 3.6
tional nitrogen® and vacancy-related defedtsin our case, eV toward a plateau at 5 eV, and finally increases due to
we have observed the resonance related to the latter, withlzand-to-band transitions. A strong paramagnetic nitrogen
AH,,~4G andg=2.0028. Note that the signal consists of aresonance is detectable in this layer, indicating that at least a
single central line with unresolved shoulders. The presencfaction of the incorporated nitrogen is electronically active
of these shoulders was first attributed to two overlappingas dopant. The nitrogen dopant level is 1.7 eV below the
lines, one narrow and one broad, which have essentially theonduction band® which agrees rather well with the de-
sameg valuel’ More recently, the signal has been describedtected onset of absorption. The increase in absorption in the
as a central line and two hyperfine satellites related to nearbgnergy range>3.6 eV can be due to different nitrogen ag-
hydrogen nuclet®!® The substitutional N-donor-related gregates, as described above.
resonance could be detected on the high-quality CVD layer To determine the energy levels and distributions of de-
with 10 ppm nitrogen. On samples with high¢rcontent, the  fects more precisely, the spectra have been deconvoluted
resonance could only be observed under illumination withbased on the assumption that electrons dominate transport.
band-gap UV lighfLESR, see Fig. ®)]. From studies on With N;(¢) the initial, N;(¢) the final density of state and
natural and synthetic diamond, it is known that nitrogen isf(€) being the Fermi-Dirac distribution function, the absorp-
the dominant impurity, with many forms from isolated sub- tion coefficienta(hv) can be calculated assuming a constant
stitutional and paramagnetic to several nonparamagnetic agaatrix element and neglecting any energy dependence of the
gregates. The substitutional form is a deep donor with a levehdex of refractior®:

LESR signal
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TABLE II. Energy levels, distributions, and densities of defects = TABLE Ill. Energy levels, distributions, and densities of defects

in the nominally undoped film containing 10 ppm nitrogen. in the intentionally nitrogen-doped films.
hv (eV) FWHM (eV) Defect density(arb. unit$ N (ppm hv (eV) FWHM (eV) Defect density(arb. unit$
1.6+0.15 0.4=0.1 0.55-0.05 25 2.5-0.15 0.8:0.1 9.3t0.5
4.0£0.15 0.45:0.1 7+0.5 4.7+0.15 0.35:0.1 80+5
4.7+0.15 0.5+0.1 65t5 35 2.4+0.15 0.8:0.1 8.5:0.5
4.7+0.15 0.27:0.1 130£50
100 2.4+0.15 0.9:0.1 175

4.7£0.15 0.430.1 300£50

const.
ahy)=——= f N;(e)f(€)N¢(e+hv)[1—f(e+hv)]de.

®) Figure 6 shows the variation of the defect density of the
The Fermi energyEr separates occupied and empty states4.7-eV defect center versus nitrogen content. The defect den-

leading to sity of this center increases proportionally with nitrogen con-
centration. In the literature, the 4.65-eV center, which we
const. (Er assume is the same as our 4.7-eV defect, is linearly corre-

a(hy)=—— fEFthi(f)Nf(6+hv)dE' ®  Jated with the paramagnetic nitrogen density. For the

nitrogen-rich samples, the absolute density of paramagnetic
Since diamond is an indirect semiconductor, the absorptionitrogen cannot be determined experimentally because the
coefficients of transitions with phonon emission and phonorspin density falls below the detection limit of our system.

absorption must be summed: Exposing the samples to UV light causes a significant in-
crease of the spin density related to substitutional nitrogen.
a(hv)= agn{hv) + agdhv). (7)  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-
A (e—Eg))? erated, is not accurately_known. vaiously, a charge transfer
Nidef(e)ZE ! exr{ _—21) gy  from the fourfold-coordinated nitrogefdopan} atoms to
i JZW,» 2W; deep defects takes place, leaving most of the nitrogen dop-
with the defect center energig;, the full width at half ants empty. By UV light exposure, the nitrogen dopants are

. X populated by optically excited electrons and become para-
maximum (FWHM) 2W;, and the defect densith;. The  aqnetic. Figure 7 shows the defect variatig 2.0028,

valence and conduction bands are assumed to be parabolig, ey relaterversus nitrogen content. The absolute nitro-
en densities have been calculated by taking into account the
N?®(€)=N,~(e—e), ©) gensity of diamond which is 1}61023{:m‘3. gl'he increase
b in defect density scales with the increase in nitrogen, indi-
N{(e+hv)=Ncve+hr—Egt Epnonoit €. (100 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 contentl0 ppm=1.76x10%®

The defect distributions are supposed to be Gaussian:

N¢® has to be multiplied byfge in the case of phonon ab-

sorption and byfge+1 for phonon emissionfgg being the _3 6 13 L
Bose-Einstein distribution function. The parametgr(Ref. cm ) 510 cm® paramagnetic nitrogen can be detected

. . . . ithout light exposure. Only a few percent of the incorpo-
?hle)z vggﬁén;:jogdeusged to obtain an effective density of states aﬁted nitrogen is paramagnetic. UV light causes an increase

by a factor of 3 in the spin density. The onset of absorption
NU\/e—o= NC\/e_0=const. (11 350

Sincea(hv) is in arbitrary units, the CPM spectra of differ- & 300 - . i
ent samples are matched by the calculations assuming the'g .
same effective density of states at the band edges in aIIF{:S 250 .
samples. This effective density of states is unknown, so that & 2001 4.7eV ’ 1
the calculated defect densities are in arbitrary units. An ex- E: I
perimental normalization of the absolute CPM absorption co- % 150+ 4
efficient, for example by transmission/reflection experiments, § » e -
is prevented by light-scattering effects at grain boundaries & 1001 o 1
and by absorption of graphitic or amorphous carksee the 2 sob ®.7 |
comparison between CPM and PDS E) -

Three absorption centers are deduced for the sample con- 00 20 10 50 20 Too 120

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 Content (ppm)

nitrogen-rich samples are fitted with two Gaussian defect

distributions around 2.5 and 4.7 eV below the conduction- FIG. 6. Defect densities of the absorption band centered at 4.7
band edge. Details are summarized in Tables Il and Ill. eV versus nitrogen content, derived from fits to CPM spectra.
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FIG. 7. Defect densities of vacancy-related defegts 2.0028) Density of States (arb units)

determined by ESR.

FIG. 8. Schematic energy diagram of the defects, determined by

in the CPM spectra indicate that the Fermi level is in the _
deconvolution of the CPM spectra.

range <1.5 eV from the conduction band. If so, then the
paramagnetic spin density represents approximately the degynthetic diamond. The identification of the defects can be
sity of nitrogen donors. done based on data available in the literature. Variation of
Figure 8 summarizes the energetic levels of the detecteghe nitrogen content, however, does not result in the expected
defects. The 1.6-eV level is attributed to the substitutionalariations in defect densities. This is most likely due to the
nitrogen donor level. The 2.5-eV level varies little with ni- polycrystalline nature of CVD diamond.
trogen content. Further investigations are needed to clarify (3) ESR experiments have detected two resonances. The
the nature of this defect. The 4.7-eV defect niveau is stronglyg=2.0028 resonance attributed to a vacancy-related defect is
present in all samples and increases with increasing nitroggpresent in all samples under investigation. A linear increase
content. A correlation with nitrogen is therefore obvious.With nitrogen content is detected, indicating that each nitro-
However, the creation mechanism and the microscopic degen atom which is incorporated creates about one defect. The
fect configuration are not clear. Finally, the 4.0-eV defectd=2.0024 resonance, which is due to paramagnetic nitrogen,
which is attributed to the\ center, can be detected only on ¢&n be detected only in samples with less then 20 ppm nitro-
the nominally undoped diamond film. gen. Here,_only 1% of the total nitrogen is paramagnetic. In
samples with higher nitrogen concentrations, thislue can
be detected only under UV illumination, indicating that the
V. CONCLUSION nitrogen donors are empty, and that the Fermi level is below
v the nitrogen donor level. Light exposure causes a filling of

The investigation of CVD diamond films with PDS, CPM, .
these states, at least partially.

and ESR reveal several features.
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