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Determination of optical properties of nitrogen-doped hydrogenated
amorphous carbon films by spectroscopic ellipsometry
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Nitrogen-doped hydrogenated amorphous carbon films have been deposited on silicon substrates by
radio-frequency plasma-enhanced chemical vapor deposition using differéZitNgas ratios from

0 to 3. The real and imaginary partsandk, of the complex index of refraction of these films have

been determined for wavelengths between 300 and 830 nm by spectroscopic ellipsometry. Excellent
agreement has been found between measured and modeled spectra, in which an empirical dielectric
function based on classical Lorentz oscillator and Tauc joint density of states, and a linear void
distribution along the thickness of the films have been assumed. Decrease in the optical energy gap
and increase in the extinction coefficiekt, with increase in nitrogen concentration have been
observed. Refractive index, increases rapidly with increase in nitrogen concentration up to 6.8

at. %(~7.0 at. % and then increases slowly with further increase in nitrogen concentration. For all
the samplesn is found to be highest at the film-substrate interface which gradually decreases
towards the film surface. @001 American Institute of Physic§DOI: 10.1063/1.1374501

Considering the widespread application of hydrogenategbarallel-plate rf PECVD reactor, using a capacitively coupled
amorphous carbota-C:H) such as solar celfs;®the control ~ parallel plate, operating at 13.56 MHz was used to deposit
of electronic doping, optical properties, residual defect, and-C:H films on single crystal silicoi100) substrates at 300
chemical bonding must be achieved to realize highK by water cooling of the sample holder. No bias voltage
performance electrical and optical devices. It has been rewas intentionally applied between the substrate holder and
ported that both optical and electrical properties, as well aghe chamber wall. The rf power and the base pressure were
their mechanical properties can be modified by nitrogen in100 W (0.29 W/cnf) and 10 Pa, respectively. The flow rate
corporation into amorphous carbon films without or with hy- 0f CHs was held constant at 30 sccm while that of Was
drogen(a-C or a-C:H).*~® varied from as 0, 10, 30, 60, and 90 SCMICH4 gas rqtios

The material properties of nitrogen dopaC:H grown between 0 and)J¥or samples 1-5, respectively. The nitrogen

by various deposition techniques have been studied by ma nceptratign measured by x-ray photoelectron spectroscopy
workers’~° However, there has been no simultaneous studyXPS in at.%, was found to be 0, 4.6, 6.8, 8.8, and 21.2 for
of the optical constant and depth profile of the films in ordersamprI]es 1-5, respectlvellé/. _  of
to better understand their optical properties. eeall°have J € me?s7u(;?menr:s 0 SElwerehcarrled O;thgtoansggg €o
analyzed ellipsometric data afC films from 1.5 to 5 eV by [Ir_];' gréce Od mft ? ¥_Va"e enlgt rztange f(')tt q '_th 72?}\/
applying Bruggeman effective-medium theory with isotopic N Iuse was I(') rr]f[) ating an%?/zer E_/pel, Ie V\:.' af th
screening, assuming a model of the material as a composi (?enon amp as a ight source. The optical properties of thin

: 3 . Ifms were fitted directly to measured SE&, V) data using
with sp? andsp® carbon components. However, they did not . : . .
: ; . . : empirical dielectric function. All the measurements were per-
investigate the degree of inhomogeneity of the films. f d The details of the th ical

In this study, spectroscopic ellipsomet§B)., a nonde- ormed at room .temperature. e details of the 't eoretical

tructive techni ' ful for the studv of th ' tical treatment for ellipsometric measurement of an inhomoge-
structive technique usetul tor the study of the optical prop-qq 5 fiim have been discussed in our earlier publication.
i h ical X 4 denth | ) ¥h our SE data analysis, the unknown dielectric function of
tigate the optical properties and depth profile of NItrogen, .1 is described by the model developed by Jellison, Jr.
and Modine based on the classical Lorentz oscillator and

Tauc joint density of states,which is given by

dopeda-C:H films deposited by rf plasma-enhanced chemi-
cal vapor depositiofPECVD). A four phase modelair/
rough surface layer/inhomogeneous nitrogen dopetiH
layer/Si substrajehas been used to fit the SE data taken in AE,C(E-Ey? 1] .

the wavelength range of 300—830 nm. Inhomogeneity of the _ [ - pr2 ceez | I E>Eg,

) . ; e (E)=9 | (E°—Ep“+CE°E (1)
film has been taken care of by assuming a volume fraction of
void to vary along the thickness instead of the refractive
index n and the unknown dielectric function of nitrogen
dopeda-C:H is de_scribed by the model developed by ‘Je”i'energy,C is the broadening term, arlis the constant. The
son, Jr. and Modiné. A very good agreerpent between the subscript TL indicates that the model is based on the Tauc
calculated and the measured SE data in the 300-830 rE’Hint density of states and the Lorentz oscillator; the four
wavelength range has been obtained for all the films. itting parameter&,, Eq, C, andA are all in units of energy.
The real part of the dielectric function; is obtained by
¥Electronic mail: yhayahi@theo.elcom.nitch.ac.jp Kramers—Kronig integration. The independent unknown pa-

0 if E<Eq,

whereE, is the optical band gaik, is the peak transition
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FIG. 1. Measuredopen circles and fitted (solid lineg cosA (top) and  tan¥ (bottomy spectra of sample 5.
tan¥ (bottom spectra of sample 1.

the optical gap, therefore, is presumably due to the increase

rametersE,, A, Eo, C, and e;() are numerically deter- in th'e sp? fraction induced by nitrogen incorporation. Ac-
mined by minimizing the following mean squares deviationcording to the cluster model proposed by Robertson and

with a regression program. A four-phase struct{aie/rough O'Reilly, " a-C:H contains botfsp? and sp’ sites, with
surface layer with thickness af;/inhomogeneousa-C:H spi sites segr(_egated Into clusters embeddeid In-—an
film with thickness ofd,/substratg has been used in the SP -bonded_ matrix. The d|ﬁfrence betweegl thew gap
simultaneous fitting of measured parameterand ¥ of S, ©f the sp’ sites and ther—o™ gap of thesp’ sites creates

The rough layer on the surface was modeled as an effectivie’Y strong static disorder fluctuations. This model suggests

mixture of 50%a-C:H and 50% void. Inhomogeneity of a that the size C?fsz clusters(or the disorder in the filin
film results from the nonuniform packing density of the film Increases with increasing nitrogen flow rate, thereby decreas-

which is usually expressed by the volume fraction of voidind the optical band gap. The incorporated nitrogen acts as a
f,. In our fitting analysis, is linearly varied from,,=0 at bridge atom between the clusters leading to an increase in

17,18 . .
the film—substrate interface fg; at the outer surface of the e sp’ clusters sizé/"® This also supports our earlier-
film. This simplifies the calculation than considering the re-mentioned interpretation of an increase in 8y fraction

fractive index varying along the thickness of the film sinceinduced by_ n_it_rog_en incorppration. H(_Jwever, we_did nOt ob-
f, is a function of distance only while refractive index is a S€Ve the initial increase in the optical gap with nitrogen
function of both distance and wavelength. However, itficorporation as observed by Silva and Schvetral.™
should be noted that our assumptionfpfvarying from zero where they reported thatp® fraction increases at low nitro-
at the inner surface tb,; at the outer surface is only for the 9N concentration and then decreases after a certain critical
| . . . . .
sake of obtaining the distribution of dielectric function along value. Amlr and K'al|s.I1? reportgd SImllqr gradual decreasg in
the depth of the film by fitting to ellipsometric data and the optical gap with increase in the nitrogen concentration.

shows only relative variation in the void fraction along the  1he values of Lorentz oscillator parameteAs o, and
thickness of the film. C, are random in nature and do not provide much useful

Measured(open circles and fitted (solid lineg cosA information. Since these parameters illustrate the peak of the

(top) and tan¥ (bottom spectra of undopetsample 1 and dielectric function situated at a relatively shorter wavelength
most heavily nitrogen-dopeiample 5 carbon samples are than the measurement rang#00-830 nm accurate deter-
shown in Figs. 1 and 2, respectively. An excellent agreemerfflination of the parameter values by fitting in the longer
between the experimental and fitted doand tart spectra _ N

for both the samples has been obtained. From these figures,TABLE I. The important coefficients of the TL modgE,, and e;(><)],

- : tical band gapk,), void fraction at the inner surface afC:H film (f,;),
can be clearly seen that there exists a strong interference g‘rﬂ d thicknesses of the rough layat,| and a-C:H film (d,) for all the

the spectra even below 400 nm wavelength for sample lsamples, obtained by fiting the SE data. The 90% confidence limits are

while for sample 5 the interference almost disappears at thgiven with (+).

same wavelength range. The disappearance of interferencse : = e p p
Sample 0 g 1 2

for sample 5 below 400 nm wavelength suggests strong ab V) @) ) ) ) ()

sorption by the film in that range, and a shift of the optical

band gap towards longer wavelength compared to sample 1, 1 6.64 2.28 2.09 0.12 6.6 12350
may be due to nitrogen incorporation aC:H. *0.02 =001 =001 =002 =02 *0.1
. . 2 5.97 2.04 2.27 0.18 538  1154.24
Table | shows the best fit model parameters used in the 4£0001 +0.01 +001 +0001 <004 +0.02
simulation of co\ and tar’ spectra. As shown in Table I, 3 5.21 2.02 2.33 0.25 3.93  1006.91
the optical band gapHg) gradually decreases from 2.28 eV *0.01 +0.02 =*.002 *+0.02 *0.09 =*0.02
for sample 1 to 1.80 eV for sample 5 as the nitrogen concen- 4 5.00 188 225 020 323  802.89
tration increases from 0 to 21.2 at. %. It is reported that ni- iﬁo(')%l if'gg i02.01002 to(.)ogg io'f% ﬂifé—, 5
trogen incorporation ire-C:H leads to graphitization when 4002 +007 +001 +005 +03 <02

deposited with standard PECVD systéht? The decrease in
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In conclusion, a detailed optical characterization of ni-
trogen incorporate@-C:H thin films on Si substrates under
different nitrogen concentration using rf PECVD, has been
carried out by using SE. A four phase model has been used to
fit the SE data taken in the wavelength range of 300-830
nm. Inhomogeneoua-C:H layer has been characterized by
assuming a volume fraction of void to vary along the thick-

1.70

1.65

0.20 Sample 1 . . . .
ness instead of the refractive indexand the unknown di-
015 1% 2::2::; electric function. Very good fitting has been obtained be-
0.10 - - - Sample 4 tween the calculated and measured(@EV) data. Increase
0.05 -+=-- Sample § in the extinction coefficientk, and decrease in the optical

Sree gap are observed with increased amount of nitrogen incorpo-

0.00, 5200 500 600 700 800 ration which are probably due to the graphitization effect and
Wavelength (nm) decrease isp®/sp? ratio. The increase in refractive indax,

FIG. 3. Variation of the refractive index (top) and extinction coefficienk ~ With increase in nitrogen concentration is related to the re-

(bottom at the surface of the samples over the wavelength range 300-83fhoval of hydrogen from the film and formation of carbon

nm. nitride species in the film. Furthermore, refractive index is

found to be higher at the film-substrate interface than at the

wavelength region is not possible. However, though the infilm surface for all the films. It is assumed that crystalline

dividual values are not correct, the three parameters togeth&ilicon substrate helps in the formation of a deas€ film

do yield correct values of the dielectric function in the longerwith higher sp*/sp? ratio near the interface leading to a

wavelength region as obtained by the fitting analysis. higher value ofn.

Figure 3 shows the variation in the refractive index ) )
(top) and extinction coefficienk (bottom) spectra at the sur- This wqu was pgrtly supported by the Japan Society for
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face of the samples, calculated using the film structure pa- L
rameters as listed in Table I. Bothand n increase rapidly (e Future”and by Fujimi Inc.
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