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Nitrogen doped hydrogenated amorphous carbon thin films have been deposited by rf
plasma-enhanced chemical vapor deposition using &-he source of carbon and with different
nitrogen flow rategN,/CH, gas ratios between 0 and, &t 300 K. The dependence modifications

of the optical and the structural properties on nitrogen incorporation were investigated using
different spectroscopic techniques, such as, Raman spectroscopy, Fourier transform infrared
spectroscopy, x-ray photoelectron spectroscopy, ultraviolet-vidibleVIS) spectroscopy, electron

spin resonancg€ESR), photoluminescencéPL) and spectroscopic ellipsomet5E). Raman
spectroscopy and IR absorption reveal an increasgirbonded carbon or a changesp? domain

size with increasing nitrogen flow rate. It is found that the configuration of nitrogen atoms
incorporated into an amorphous carbon network gradually changes from nitrogen atoms surrounded
by three(o bonded to two (7w bonded neighboring carbons with increasing nitrogen flow rate. Tauc
optical gap is reduced from 2.6 to 2.0 eV, and the ESR spin density and the peak-to-peak linewidth
increase sharply with increasing nitrogen flow rate. Excellent agreement has been found between the
measured SE data and modeled spectra, in which an empirical dielectric function of amorphous
materials and a linear void distribution along the thickness have been assumed. The influence of
nitrogen on the electronic density of states is explained based on the optical properties measured by
UV-VIS and PL including nitrogen lone pair band. @001 American Institute of Physics.
[DOI: 10.1063/1.1371268

I. INTRODUCTION various semiconductor devices, such as, diodes, thin film
transistors, solar cells, cold cathodes, or light emitting
Amorphous carbon films with and without hydrogen diodes?
C:H, a-C, orta-C) have attracted a great deal of interest for ~ The development of a high efficieneyC:H based solar
electronic and photonic devicé$.These films have a num- cell, which is our primary target device, like hydrogenated
ber of useful properties such as high Young’s modulus, higfamorphous Sfa-Si:H) based solar cell, has been regarded as
dielectric strength, chemical stability, tunable band gap bypromising for future solar power plants since it can be fab-
adjustingsp? andsp® bonding ratio, and high room tempera- ficated at a low cost on a large substrateApplication of
ture photoluminescence efficientyMoreover, amorphous amorphous carbote-C) for solar cells has already been re-
carbon has attracted attention as a cheap and environmepRrted by various groups including ours, using different film
tally benign material over the hydrogenated amorphous gfleposition techniques® However, realization of amorphous

(a-Si:H) because carbon can be produced from variou&arbon films for semiconductor device application is still
sources including the natural source unlike Si, where théimited' The problems are high density of defects due to the

toxic SiH, is used as a source gas. TherefaC:H films complexsp?/sp® mixed structure and the difficulties in con-

. ) L L trolling the conduction type, carrier concentration, and si-
have potential technological application in fabrication of . .
multaneous control over optical band gap energy. Consider-

ing the widespread application &-C:H, the control of
dElectronic mail: yhayashi@theo.elcom.nitech.ac.jp doping, p- and n-type, as well as the optical band gap, re-
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sidual defects, and chemical bonding must be achieved t6ABLE I. Summary of deposition conditions and nitrogen concentration
realize high-performance electrical and optical devices., ~ ©ptained by XPS for nitrogen dopedC:H films grown by rf PECVD.
Although the material properties of nitrogen dope€

4 - : Sample No. Ny(scecm): CHy(sccm XPS (at. %
or a-C:H grown by various deposition techniques have been
studied by many researchéfs?there has been no simulta- L 0:30 0.0
. . . 2 10:30 4.6
neous study of the optical properties, nature of bonding 3 3030 6.8
structure, and defect states. In this article, we report the op- 4 60:30 8.8
tical and microstructural properties/modifications of the ni- 5 90:30 21.2

trogen dopeda-C:H films prepared by the rf plasma-
enhanced chemical vapor depositi®#ECVD) with the aim

of using them in an electronic device, such as a solar cell. as a function of photon enerdi) and optical band gap were

obtained fromR and T.
Il EXPERIMENT The measurements of SE were carried out at an angle of
incidence of 70° in the wavelength range of 300—830 nm.
A parallel-plate rf PECVD reactor, using a capacitively The SE used was of the rotating analyzer type, fitted with a
coupled parallel plate, operating at 13.56 MHz was used t@5 W xenon lamp as a light source. The optical properties of
deposita-C:H films on single crystal silico100) and elec- the thin films were fitted directly to measured 8E ¥) data
tron spin resonancéESR-grade quartz substrates at 300 K using empirical dielectric function. All the measurements
by water cooling of the sample holder. These substrates wekgere performed at room temperature.
subjected to a HF cleaning before loading into the chamber. The paramagnetic defect density of the samples was
No bias voltage was intentionally applied between the submeasured using aX-band (9.5 GH2 ESR spectrometer
strate holder and the chamber wall and the low rf dc self-biagquipped with liquid—heliun{4.2 K) measurement capabil-
was induced between the plasma and the substrate. Theity. A 100 KHz modulation of microwave intensity was used
power and the base pressure were fixed at 100029  and a Mif" reference was used to evaluate thealue and
W/cn?) and 10 Pa, respectively. The flow rate of LWas spin density of a paramagnetic center.
constant at 30 sccm while that of,M/as varied from 0 to 90 PL measurements were done with a 2.4 W/@nrcita-
sccm(N,/CH, gas ratios were between 0 and Bhe growth  tion density 325 nm line of He—Cd laser at room tempera-
rate of these films measured by a step profilometer changagdre. The PL signals were dispersed by a monochromator and

between 6 to 9 nm/min depending on the nitrogen flow ratavere detected by a photomultiplier tube using “lock-in”
for the same deposition time. technique.

Analytical tools such as Raman spectroscopy. Fourier
transform infrared FTIR) spectroscopy, x-ray photoelectron || RESULTS AND DISCUSSION
spectroscopy(XPS), UV-visible (UV-VIS) spectroscopy, ] B N )
spectroscopic ellipsometrySE), ESR, and photolumines- .The film deposmorj conditions and the nitrogen concen-
cence(PL) were employed to investigate how the nitrogenf‘rat'on present |n.the film measured. by XPS are summanzgd
flow rate/concentration changes the optical properties, strudD Table 1. The nitrogen concentration varies up to a maxi-

ture. and defect states. mum of 21.2 at.% as the nitrogen flow rate is increased to 90
The Raman spectra were measured in the back-scatteriryc™" _
geometry with the 514.5 nm line of an Aion laser at room Figure 1 shows the Raman spectra of nitrogen doped

temperature in the spectral range from 900 to 1800 tm
with a resolution of 2 crit, and the signals were separated
by a monochromator.

FTIR absorbance spectra were recorded with a resolu-

RT. 'f

. - : . 90
tion of 4 cm ! and scanned 600 times at room temperature in seem
order to compare the Raman spectra and know the bonding f

configuration. 60 sccm

For the analysis of bonding configurations in the amor-
phous network, XPS measurements were carried out using
Al K, radiation hv=1486.6eV) with 600um spot size.
The XPS spectra for the films were obtained after a sputter
cleaning using 1.5 keV Arion beam for 10 s in order to
remove surface contaminants. It is well know that" Aon
sputtering of C—N films modifies their composition due to a
preferential sputtering of nitrogen atoms. In our experiments,
we observed no compositional change of the films by Ar
ion sputtering with beam energies up to 3.0 keV.

Room temperature reflectant®) and transmittancér)
measurements were performed by UV-VIS spectrophotomgig. 1. First order Raman spectra of rf PECVD grown nitrogen doped
eter (JASCO V-570, and the absorption coefficiehi(E) ] a-C:H films with different nitrogen flow rates.

t
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a-C:H films deposited with different nitrogen flow rates. The ) "
two distinctD (at around 1300 cim') andG (at around 1590 (a) FT-IR
cm™ ) peaks, commonly observed farC, are not observed

in our samples; rather, a broad band with gradually increas-
ing peak intensity at around 1600—1800 ¢his observed.
The peak is found to shift towards the higher frequency with-
out any increase in intensity upon increasing the nitrogen
flow rate above 30 sccm indicating an increase of
sp?-bounded carbon in our filmsThe position of theG
peak is complicated and depends on the local environment of
the benzene clusters asg’ bonding®® The detailed reason
why the peaks shift across ti&peak for the films deposited

60 sccm

Absorbance (arb. units)

at higher flow rates of nitrogen is not clear at this time; D-Band | G-Band

however, this may be attributed to the large change in the 2 2 A A

size of thesp? carbon domain, the overlap of a&N band** 1000 1100 1200 1300 1400 1500 1600 1700 1800

or the characteristics of a triple-NC stretch instead of Wave Number (cmr-l)

single bonding=2140 cm!) and/or N structure(=2240 . . . . . ] ]

cm .1 () FT-IR N2=60 scem

In general, FTIR absorptions form a very broad band

involving C—C, C—N, and G=C contributions which are C-H N-H

A—-

difficult to distinguish. The FTIR spectra show that there are
two broad absorption bands between 1200 and 1600'cm
peaking at around 1350 and 1570 ctinrespectively, as
shown in Fig. 2a). The background signal of the spectra
may be due to the large amount of hydrogen in the films.
These two bands correspond to Rantamand D bands, re-
spectively, which are not observed in the Raman spectra.
RamanG andd bands are normally IR forbidden, however,
since the incorporated nitrogen atomssip? carbon cluster
breaks the symmetry of trep? domainst* the Raman active o
G andD bands also become IR active. The exact reason why 2700 2800 2900 3000 3100 3200 3300 3400 3500
we observe clea6 and D bands only by FTIR and not by
Raman spectroscopy is not clear, however, this may be due
to the presence of a large amount of hydrogen in the filmsgic. 2. FTIR spectra of rf PECVD grown nitrogen dopecC:H films with
The presence of these bands clearly indicates that the nitr@ifferent nitrogen flow rate¢a). FTIR spectrum of the film grown with 60
gen atom is effectively incorporated into the amorphous carge¢™ nitrogen flow over the wave number range 27003500 ¢h).

bon network. The feature around 1740 ¢hfor the films

deposited with 0 and 60 sccm,Mow rate may arise from The XPS N core-level spectra of nitrogen dopaeC:H
benzene related stretchifgWe observe new broad absorp- fiims are shown in Fig. 3 The XPS data can be analyzed
tion band at around 1610 cmfor the film deposited with  guantitatively using a computer to reproduce the data as a
the highest nitrogen flow rate=90 sccn. This peak may be  sum of bands with the 100% Gaussian line shape. The N
due to the €&=C sp? stretching vibrations of the olefinic or spectra are composed of three states, centered at around
conjugated carbon chairer first-order scattering from fea- 398.6 eV (N1), 400.5 eV (N2), and 403.5 eV(N3). The
tures in the density states of a graphite netwdfKkThis in-  broad band N3 is attributed to residual oxygen contamination
dicates an increase Bp?-bonded carbon or a changesp?  resulting in N—O bonds due to exposure to the atmosphere.
domain size in our films with increasing nitrogen flow rate. Based on the theoretical works of Sit¢land Stumnf? there
Figure 2b) shows the FTIR spectrum of the film deposited are three possible configurations in which the nitrogen atoms
with 60 sccm N flow. The absorption of CH stretching incorporated int@-C:H are surrounded by one, two, or three
around 2950 cm' can be separated into three peaks centeredeighbor carbon atonfs.Single neighbor (E=N) bonding

at 2875, 2935, and 2965 crh The peaks centered at 2875 configuration can be excluded from our samples due to its
and 2935 cm® are assigned to ap-CH, vibration mode, minor role in G—N network?*?° and also there is no evi-
while that at 2965 cm' is assigned to bothp® andsp? CH  dence that a large fraction of=€N bonds is present in the
vibration modes?® The absorption between 3000 and 3250material as has been observed from FTIR spectra. Therefore,
cm™ ! corresponds to the vibration of GHNH,, and CH the peaks N1 and N2 are attributed to nitrogen atoms sur-
bonds, whereas the strong absorption between 3200 ar@unded by two with oner bonded &=N—C (N-sp®) and
3500 cm ! mostly indicates the presence of NH bort®&?  three all o bonded G-N<(N-sp®) neighboring carbons,
This result also supports our aforementioned assumption akspectively. It is clear that the area ratio €g2/N-sp®)

the presence of hydrogen in the films. between Nsp? and Nsp® bands increases with increasing

Absorbance (arb. units)

Wave Number (cmrl)
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FIG. 3. The XPS N core-level spectra of rf PECVD grown nitrogen doped FIG. 4. The Tauc optical band gap and Urbach band tail width of rf PECVD
a-C:H films with nitrogen flow of 30, 60, and 90 sccm. The solid lines are grown nitrogen doped-C:H films with different nitrogen flow rates.

the measured data, and the dashed and dashed-dotted lines represent Gauss-

ian fits.

increase irE, and a decrease B, which decreases from
nitrogen flow rate. Furthermore, the §#/N-sp® ratio 70 to 61ueVcm with an increasing nitrogen flow rate, indi-
sharply increases above 10 at.% nitrogen concentrétiG®  cate an increase in the disorder and a broadening of the band
sccm N flow rate), and is in good agreement with the XPS tail within the films. According to the cluster model pro-
results reported by Ronningt al2® Films with low concen-  posed by Robertson and O'Reifty:* a-C:H contains both
tration of nitrogen(<10 at.% are not suitable for semicon- Sp* and sp® sites, withsp? sites segregated into clusters
ductor device application, nitrogen doping leads to a higlembedded in asp’-bonded matrix. The difference between
total energy(unstablg of configuration and an additional the7—7* gap of thesp? sites and ther—o* gap of thesp®
deep gap states and band-tail sta&fe€With higher nitrogen ~ Sites creates very strong static disorder fluctuations. This
incorporation in the network, the nitrogen tends to decreasgodel suggests that the size s clusters(or the disorder
the sp® content ina-C:H and therefore reduce the-NC  in the film) increases linearly with increasing nitrogen flow
coordination number. rate, thereby decreasing the Tauc optical gap. The incorpo-
It should be noted that there is some controversy in théated nitrogen acts as a bridge atom between the clusters
interpretation of the N1 and N2 XPS peaks of CNsome  leading to an increase in thep’ cluster size?”
authors have assigned the N1 peak to nitrogen bonded to Our result concerning the change of Tauc optical gap is
sp*-hybridized carbon, and the N2 peak to nitrogen bondedn good agreement with the XPS results where the
to sp?-coordinated carboff~2This interpretation is in con- N-sp?/N-sp? ratio increases with increasing nitrogen flow
trast with that of other authd?$?°and ours as just discussed rate. Therefore, this result supports the interpretation of our
above. Regarding the N1 peak, Harmreeal. assigns as the  XPS N1 and N2 peaks for p” and N-sp®, respectively.
main contribution of N1 peak to nonaromatic CN bonds with ~ For the determination of optical constants and the degree
nitrogen having threer bonded C neighbors and a localized of inhomogeneity from the ellipsometric measurements, we
nitrogen lone pair orbital’ Therefore, we suggest that the have employed a computer fitting procedure. The details of
possible assignments of the respective peaks can be checké&g theoretical treatment for ellipsometric measurement of an
out by looking at other film properties characterized by UV-inhomogeneous film have been discussed in our previous
VIS, ESR, and PL. The details are discussed in the fo||owing)ublication‘?’3 In our SE data analysis, the unknown dielectric
paragraphs. function of a-C:H is described by the model developed by
From UV-VIS spectroscopy data, the Tauc optical gapJellison and Modine based on the classical Lorentz oscillator
(Eop) Was calculated using the Tauc equatiopE  and Tauc joint density of staté&Swhich is given by
X a(E)]¥?=BX(E—Eqy, whereB is a constant. Urbach
band tail width €,) was calculated using the formula AEOC(E—Eg)Z 1\]
eomi(E)= LEZ—ESW CZEZ(E” T E=E

a(E) = exf(E—Eop/Eg].*® The variations in theE,, and
Eo with nitrogen flow rate are shown in Fig. B, decreases .
from 2.6 to 2.0 eV andg, increases from 424 to 646 meV 0 if E<Eg,

with increasing nitrogen flow rate. For the nitrogen doped

a-C:H films, it can be observed that bay,; andE, values  whereE, is the optical band gafk, is the peak transition
vary linearly with nitrogen flow rate. In general, the shape ofenergy,C is the broadening term, amlis the constant. The
the band tails can be obtained fr@n ! and the Urbach band subscript TL indicates that the model is based on the Tauc
tail width, Ey, is a measure of the disorder of the films. Thejoint density of states and the Lorentz oscillator; the four

@
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TABLE Il. The coefficients of the TL moddA,E,,C, ande;(«)], void fraction at the inner surface afC:H
film (f,;), and thickness of the rough layet,() anda-C:H film (d,) for all the samples, obtained by fitting the
SE data. The 90% confidence limit are given with).

Sample A Eo C Eqy d; d,

No. (eV) (eV) (eV) (eV) () fli (nm) (nm) o

1 9.9 6.61 2.85 2.25 1.97 -0.06 6.4 1234.4 0.095
+0.1 +0.02 +£0.01 *£0.01 =£0.01 +0.02 +0.2 +0.1

2 8.67 6.233 431 2.01 2.03 -0.110 5.38 1154.24  0.033
+0.03 =*=0.001 =*0.01 =*=0.01 =*0.01 +0.001 *0.04 +0.02

3 8.29 5.65 3.24 1.95 1.984 -0.178 3.93 1006.91 0.035
*+0.03 =*0.01 +0.01 *0.02 *£0.002 =*0.02 +0.09 +0.02

4 8.04 5.26 3.03 1.84 2.039 -0.161 3.23 802.89  0.015
+0.08 *0.01 +0.05 =*£0.01 *0.002 =£0.009 =*=0.05 +0.02

5 12.5 6.57 4.42 1.74 1.76 —0.159 1.0 1165.5 0.093
*+0.2 +0.02 +0.04 =007 =0.01 +0.05 +0.3 +0.2

fitting parameter&,, Eq, C, andA are all in units of energy.
The real part of the dielectric functioe; is obtained by
Kramers—Kronig integration, given by

= {€y(0)

2
61(E):61(°°)+;Pj Zz_—Ezd , 2

Eg

whereP stands for the Cauchy principal part of the integra
and an additional fitting parametef(«) is also included.
The independent unknown parameté&g, A, Eq, C, and

€,(o0) are numerically determined by minimizing the mean

squares deviationd?) with a regression prografi.

A four-phase structurgair/rough surface layer with
thickness ofd,/inhomogeneoua-C:H film with thickness of
d,/substrate has been used in the simultaneous fitting o
measured parametessandV of SE. The rough layer on the
surface was modeled as an effective mixture of 58%:H
and 50% void. Inhomogeneity of a film results from the non

graphitization when deposited with standard PECVD
systent>3® The incorporated nitrogen acts as a bridge atom
between the clusters and this leads to the increase afthe
clusters sizé23" thereby decreasing the optical band gap ac-
cording to the cluster model.

Figure 5 shows the variation in the refractive index
I(top) and extinction coefficierit (bottom spectra at the sur-
face of the samples, calculated using the film structure pa-
rameters as listed in Table Il. Whille gradually increases
with nitrogen concentratiom first remains almost the same
at low nitrogen concentration after which it increases with a
further increase in nitrogen concentration. The increade in
with increased nitrogen incorporation is due to the graphiti-
zation effect which decreases the optical gap resulting in

fhigherk. The increase im with increased nitrogen incorpo-

uniform packing density of the film which is usually ex- 1.74 =

pressed by the volume fraction of voig . In our fitting 1721 ".'1‘.

analysisf, is linearly varied fromf,,=0 at the outer surface g L0\ s - Sampee 1
3 . . . ops »® 7’ . P a.mple2

of the film to f,; at the inner surface. This simplifies the o L8l S o Sample 3

calculation than considering the refractive index varying e el S - gmg}z‘s‘

along the thickness of the film sinde is a function of dis- 'g Lea |- hR>

tance only while refractive index is a function of both dis- % 1el

tance and wavelength. However, it should be noted that our 160 -

assumption of , varying from zero at the outer surfaceftg Lssh

at the inner surface is only for the sake of obtaining the :

distribution of dielectric function along the depth of the film ~

by fitting to ellipsometric data and shows only relative varia- 5

tion in the void fraction along the thickness of the film. Table £

Il shows the best fit model parameters used in the simulation § )

of cosA and tan¥ spectra. As shown in Table Il. the optical g ]

gap Eg) gradually decreases from 2.25 to 1.74 eV as the E E :

nitrogen concentration increases from 0 to 21.2 at.%. The = P

values ofE, obtained by SE analysis are different from those R (

500 600 700

Wavelength (nm)

of the E,, obtained by UV-VIS analysis because the defini-
tion of the optical gapE, andE,, is different in the two
models. However, both results show the same trend of dq:-IG. 5. Variation of the refractive index (top) and extinction coefficienk

cr_easing optical ban_d gap W_ith increas_ing_nitmgen flow ratemottom spectra at the surface of the samples over the wavelength range
It is reported that nitrogen incorporation &C:H leads to  300-830 nm.
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FIG. 6. The 4.2 K ESR spectra of rf PECVD grown nitrogen dope@:H FIG. 7. The dependence of tievalue and ESR peak-to-peak linewidth
films with nitrogen flow of 0, 30, and 90 sccm. The solid lines AHp,on nitrogen flow rate.

are the measured data, and the dashed and dashed-dotted lines represent

Lorentzian fits.

in terms of dipolar contribution and unresolved hydrogen
o hyperfine interactions based on the mixture of Lorentzian
ration is probably due to the removal of hydrogen and for-jq Gayssian shapes. The question is, therefore, why does
mation of G—N and C=N bonds in the film. For all the 14 AH _ increase? We suggest that the increasé iy, of
films, the refractive index at the film—substrate interface sy, fiime with increase in nitrogen flow rate is due 1o the
found to be the highest and it gradually decreases towardg,;son that the spins are no longer localized at a singk\C
the surface. Silicon is a crystalline substrate and it is likelyyster but are able to tunnel to neighboring-8 clusters

that it will influence the formation of a dense carbon film y,cad on the unsaturation behavior of peak 1 and the afore-
with high sp*/sp? ratio near its surface leading to higher \,antioned discussion.

value ofn.*® Therefore, we believe that the index gradient is Figure 8 shows the PL spectra of undoped and nitrogen

partly due to the variation in thep®/sp? ratio and partly due doped(nitrogen flow 90 sccma-C:H films with the spectral

to the variation in the void fraction along the thickness of thepeak intensities being normalized to the maximum peak in-

film. . tensity. The spectrum shows mainly two peaks at 1.7 and 2.4
A complex ESR single resonance spectra are observed g/ ajthougha-C:H exhibits strong room temperature PL in

4.2 K as shown in Fig. 6. The ESR resonance spectra can hq \isiple region, the appropriate mechanism of PL is not

analyzed quantitatively using a computer to reproduce the, |1 understood yet. However, the PL peak at 1.7 eV is

data as a sum of peaks with the 100% Lorentzian shapegg|ateq to electronic transition from conduction band to va-
The resonance is composed of two peaks, centered at aroupf,ce pand through localized recombination centers. Also,
0.331(peak 2 and 0.332 T(peak 2, respectively. The peaks

1 and 2 are associated with carbon and quartz substrate, re-
spectively. It should be noted that the peak 1 is not easily 1.0

saturated by the incident microwave power and this result He-Cd (325 nm)
indicates that the resonance is due to a delocalized ESR cen- = 0.9 R.T.
ter rather than a localized ESR center. g 08 | Slit: 0.9 mm
The effect of nitrogen doping on the ESR parameters of 2 o7t J
. . . . . . . = U = {0 sccm
a-C:H film is shown in Fig. 7. A rapid decrease in tige = === 90 sccm
value from 2.0039 to 2.0025 is observed which is accompa- = 0.6 1 1
nied by a rapid rise in the peak-to-peak linewidthH_,,) = 05F
from 1.1 to 1.4 mT as the nitrogen flow increases from 30 to S 04
60 sccm. However, these results are in contrast to those of 7E° '
others where they reported a decrease\M,, as thesp” g 037
. . . : . . =
content in the film increases and associated it with the Zz 02}
greater delocalization of the unpaired electrons as the cluster o1 b \
size increase®. Several authors attributed the Lorentzian ’ A

line shape and\H, narrowing of thea-C:H ESR line to 0.0
exchange interaction between the spin@xchange
narrowing.*°-*2 Recently, Barklieet al*? have observed an

increase imep in a-C:H deposited bY_PECVD with nega- rig. g, The PL spectra of rf PECVD grown nitrogen dopedC:H films
tive self-bias voltage below 100 V and interpreted the resultsvith nitrogen flow of 0 and 90 scem.

12 14 1.6 1.8 2 22 24 26 28 3 32
Photon Energy (eV)
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FIG. 9. The dependence of the ESR spin density, Bhd PL integrated
intensity between 2 to 3 eV band on nitrogen flow rate. (b)
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the PL peak at 2.4 eV can be explained by electronic transi- § Eppip.o=2.4-2.3 eV
tion from conduction band edge to valence band edge. The = —
PL emission intensity ratio between 1.7 and 2.4 &\4(l, 4) E Eppip.=1.4 - 1.8 eV
increases with increasing nitrogen flow rate. It should be = -—
noted that the overall PL spectral shape of the films with and = %,’
without nitrogen is same. %5 '@/’
In comparison with Fig. 4, it is noteworthy that the dif- S =)
ference between the PL emission peak energy and the optical L;yl
absorption edge is as large as 0.2 eV for the film deposited o T T o
with nitrogen flow of 0 sccm and is described as the Stokes

shift. On the other hand, we observe as large as 0.2 eV anti-
Stokes shift from the film deposited with nitrogen flow of 90
sccm. The difference between the optical absorption and PL
emiSsion processes was dISCUSSQd n OUI: prewo_us _Stu%{G. 10. A model of the electron state density of rf PECVD grown nitrogen
based on thesp? bonded cluster size and its distribution dopeda-C:H film.
model for thea-C:H thin films® According to this, the PL/
emission strongly reflects the largest cluster size, whereas,
the Tauc optical gap represents the average value of clustévely. In this model, we consider the nitrogen lone pair band
size distribution. (LP)*** and the Urbach tail energy, which was previously
The ESR spin density and the total luminescence effidiscussed, is assigned to the edgertfantibonding conduc-
ciency are shown in Fig. 9. The total luminescence efficiencyion band. The Urbach tail energy increases by nitrogen in-
was obtained by calculating the integrated intensity betweenorporation. According to the model for the film deposited
2 to 3 eV of the PL spectra. The ESR spin density initially without nitrogen, the energy gdp,_ .« , between bondingr
rises with the incorporation of nitrogen and then rapidly in-valence band andr* conduction band, corresponds to the
creases between the nitrogen flow rates of 30 and 60 sccr2.4 eV PL emission. The energy g&s_ .+, betweens
The rapid increase in ESR spin density and an increase imalence band and extended conduction bandDB) due to
AH,, just mentioned indicate that a large structural modifi-defects, corresponds to 1.7 eV PL emission. As mentioned,
cation has occurred. The loss of PL integrated intensitythe nitrogen incorporation does not affect the PL overall
arises from nonradiative recombination. We have found apectral shape. If a crystal becomes disordered involving
strong correlation between PL integrated intensdy effi-  a-C:H, it will lose thek-selection rule in the interband optical
ciency and ESR spin densitiyesidual defect densitywhere  transitions. Therefore, the interband optical transitions for-
there is a trend of decreasing PL integrated intensity witthidden byk-selection rule can also be realized and will lead
increasing ESR spin density. The detailed PL mechanisno a broad PL emission band &C:H. To explain the PL
associated with the ESR spin density for th€:H films has  phenomenon in our films, the origin of 2.4 eV PL emission is
been discussed elsewhére. changed fronE _ .« t0 Epgyp_,+ betweens* conduction
Considering the UV-VIS absorption and PL spectra, aband and the enhanced DB/LP state density due to both de-
refined electronic state density of undoped and nitrogeffiects and LP induced by nitrogen incorporation. The origin
dopeda-C:H is presented in Figs. 18 and 10(b), respec- of 1.7 eV PL emission is basically unchanged, however, the
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