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Optical absorption and photoluminescence properties ofa-Si1ÀxNx :H films deposited
by plasma-enhanced CVD

F. Giorgis
INFM and Physics Department, Polytechnic of Torino, C.so, Duca degli Abruzzi 24, 10129 Torino, Italy

C. Vinegoni and L. Pavesi
INFM and Physics Department, University of Trento, Via Sommarive 14, 38050 Povo, Italy

~Received 13 May 1999!

Optical absorption and photoluminescence~PL! measurements were performed on a series of hydrogenated
silicon-nitrogen thin films deposited by plasma enhanced chemical vapor deposition covering a wide compo-
sitional range with the aim to find how absorption and emission processes are correlated. Our analysis indicates
that the observed broadening of the PL spectra is linked with the existence of band tail states due to topological
disorder, as confirmed by the spectral dependence of the PL decay. Moreover, nitrogen alloying reduces the
temperature quenching of luminescence and increases the radiative recombination rate. Such phenomena are
ascribed to the formation of wide tails in the density of states of N-rich samples and, in turn, to a lower carrier
diffusion.
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I. INTRODUCTION

Hydrogenated amorphous silicon nitrogen allo
(a-Si12xNx :H) deposited by plasma enhanced chemical
por deposition~PECVD! have been extensively used for
wide variety of microelectronic and optoelectronic applic
tions such as passivation layers for device packaging,1 gate
dielectric ina-Si:H thin-film transistors,2 charge storage lay
ers in MNOS nonvolatile memories, hot-carrier injectio
layers,3 and radiative elements in light-emitting devices bo
in homogeneous4 and in multilayered structures.5 Such alloy
presents the peculiarity to have an optical gap tunable f
1.9 up to 5 eV, depending on nitrogen content.6 At the same
time, by increasing nitrogen content, the radiative efficien
at room temperature is enhanced by several orders of m
nitude and the emission band is shifted towards higher e
gies, thus making silicon-nitrogen alloys very appealing
light-emission applications. Early studies established so
relevant features ofa-Si12xNx :H photoluminescence~PL!
properties.7,8 On the other hand, there is a lack of inform
tion about the carrier recombination kinetics and only f
analysis of time-resolved photoluminescence w
reported.9,10 In this paper, the optical properties o
a-Si12xNx :H samples withx ranging from 0.15 up to 0.52
are investigated by transmittance-reflectance~T-R!, photo-
thermal deflection spectroscopies~PDS!, stationary, and
time-resolved photoluminescence measurements. Such
niques allow us to link the most relevant emission featur
such as the PL band-shape and the lifetime distribution
the electronic density of states~DOS! and to get an insigh
on the radiative and nonradiative processes for the w
compositional range here investigated.

II. SAMPLES AND EXPERIMENTAL DETAILS

All the samples were deposited by a 13.56 MHz PECV
system on~100! Si wafers, 7059 Corning glass and qua
substrates. The films were grown in SiH41NH3 gas mixtures
PRB 610163-1829/2000/61~7!/4693~6!/$15.00
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by changing the ammonia percentage in the plas
@NH3#/@SiH41NH3# in the range 13%490%, with and
without hydrogen dilution with a percentage@H2#/@SiH4
1NH31H2# of 93% and a total gas flow in the range
7.54110 sccm. The other deposition conditions, determin
by optimizing the film uniformity and optoelectronic prope
ties were: substrate temperature of 220 °C, pressure of 0
0.9 bar, a delivered r.f. power of 4 W, an electrode area
distance of 144 cm2 and 20 mm, respectively. The samp
thicknesses were in the range of 0.544 mm. The determi-
nation of silicon and nitrogen contents was performed
Rutherford-back-scattering~RBS! technique with alpha par
ticles of 1.8 MeV. Optical absorption characterizations we
performed by T-R measurement in the range of 200–1
nm with a grating dispersive spectrophotometer and by P
technique in the range of 440-1100 nm with a conventio
experimental set-up where carbon tetrachloride (CCl4) was
the deflecting medium for the probe beam, which was
He-Ne laser. Continuous wave photoluminescence meas
ments~CW PL! were performed at temperature ranging fro
77 up to 300 K, using a f/4 monochromator, an Ar1 laser or
a Xe-Hg lamp as exciting sources~line at 2.71 and 3.4 eV,
respectively!, and ac-Si photodiode whose signal was pro
cessed by a digital lock-in amplifier. Time-resolved photo
minescence measurements~TRL! were performed by using a
mode-locked frequency-doubled Ti:Sapphire laser as pu
excitation source~pulse duration 2 ps, wavelength 390 nm
repetition frequency 4 MHz!. A single monochromator
coupled to a streak-camera directly interfaced to a comp
was used for the recording of two dimensional~time and
wavelength! luminescence maps.

III. RESULTS

The elemental composition of all the examine
a-Si12xN x :H has been determined by RBS, revealing
good uniformity of nitrogen and silicon profile. What is ob
served is a fairly linear trend of N incorporation with respe
4693 ©2000 The American Physical Society
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to the N content in the plasma, in agreement with other fi
ings concerning silicon nitride thin films grown by 13.5
MHz PECVD.6,7 T-R and PDS spectroscopies applied
samples with different stoichiometry allows to extract t
absorption distribution in a wide energy range reported
Fig. 1. We define the optical gapE04 as the energy for which
the absorption coefficienta5104 cm21. It is straighforward
to observe that N incorporation causes a monotonical
hancement of the optical gap. Moreover, for Si-rich mater
we can distinguish three typical regions:~a! the fundamental
absorption region~high energy!, ~b! the exponential tail re-
gion ~intermediate energy!, mainly due to static disorder
characterized by the Urbach energy (EU), namely the loga-
rithmic slope of the absorption distribution for whicha
;exp(E/EU), and ~c! the excess absorption region~low en-
ergy!. When the N content increases,EU increases, and thes
three features remain with a less marked demarcation ene

Figure 2 shows typical CW PL spectra at 77 K
a-Si12xNx :H samples. All the samples have been excited
energies higher thanE04 in order to avoid any modification
of emission energy (EL) and full width at half maximum
(DEL), which is known to occur for longer excitation wave
lengths. The PL emission band is gaussian-like for all

FIG. 1. Absorption coefficient distribution fora-Si12xNx :H
films with different atomic composition, the continuous lines a
the symbols represent the T-R and PDS data, respectively.
composition and the optical gap are indicated for each curve.
ponential fits in the Urbach region are shown as dashed lines
two different samples. From fits of this kind, the Urbach energ
were derived for all samples.

FIG. 2. Normalized PL spectra taken at 77 K.
-

n
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samples. As the N content increases two systematic tre
can be observed:~i! the PL spectra shift toward higher ene
gies and~ii ! they get broader, in agreement with the findin
of other groups.7

The alloying strongly modifies also the temperature d
pendence of the PL intensity. Figure 3 shows the lumin
cence efficiency of several samples as a function ofT in the
range 77-300 K. Such efficiencies were obtained by norm
izing the integrated PL spectra for the sample absorbanc
the excitation wavelength, avoiding with care any specim
misalignment. The temperature quenching of the PL is we
ened by alloying. In particular, the room-temperature lum
nescence efficiency increases by several order of magni
by increasingx.

Finally, time-resolved luminescence measurements h
been performed at 77 K on some samples by monitoring
luminescence decay at different emission energyEem. Fast
decays are observed fora-Si12xNx :H samples with different
stoichiometry. The luminescence decay lineshapes follo
stretched-exponential law

I ~ t !5I 0 exp@2~ t/t!b#, ~1!

where I (t) is the luminescence intensity at time t,t is the
decay lifetime, andb is a dispersion exponent. Figure 4~a!
shows a typical PL decays for ana-Si0.6N0.4:H sample at
severalEem with the respective stretched exponential fits.
discuss the experimental data, we consider the time de
dent PL intensityI (t) to be composed of an infinite numbe
of pure exponentials weighted by a decay rate distribut
G(t)/t ~Ref. 11!

I ~ t !}E
0

`G~t!

t
expS 2

t

t Ddt. ~2!

With theb andt parameters obtained by least square
of data, an asymptotic function has been used to estimate
distribution G(t) ~Ref. 12! and an average decay time h
been calculated as:

he
x-
or
s

FIG. 3. PL efficiency versus temperature for different sampl
The efficiencies are extracted by the intensity of the integrated
spectra normalized to the samples’ absorption at the excitation
ergy. The inset shows the variation of the T0 parameter versus
compositionx ~see text!.
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t̄5

E
0

`

tG~t!dt

E
0

`

G~t!dt

. ~3!

The decay times distributionG(t) calculated by the PL
decays of thea-Si0.6N0.4:H sample are shown in Fig. 4~b!.

In Fig. 5, t̄ is plotted versusEem for two different
samples. An exponential dependence exp(2Eem/g) is found
with the g parameter increasing as x increases.

IV. DISCUSSION

Let us start with the discussion of the optical properties
the analyzeda-Si12xNx :H samples focussing on their ab
sorption ~Fig. 1!. Like for a-Si:H, some groups13 tried to
decompose PDS spectra of silicon nitride films into a we

FIG. 4. ~a! Typical time resolved photoluminescence atT
577 K for a a-Si0.6N0.4:H film. The spectra at several emissio
energy (Eem) are reported. The smooth curves show the results
the best fit using the stretched-exponential function. The lumin
cence is integrated over a wavelength interval 90 nm large.~b!
Distribution of decay timesG(t) calculated for the corrisponding
Eem. Here,t G(t) is plotted to account for the logarithmic tim
scale.
f

k

absorption region~ascribed to defects-extended states tran
tions! and an exponential absorption region~ascribed to tail
states-extended states transitions!. The first region extends to
energies lower than half of the optical gap, where the ex
tence of Si dangling bonds is plausible. It is worth to emph
size that in homogeneous amorphous semiconductors su
a-Si:H, electronic transitions between localized states m
be excluded because of a too small optical matrix elem
for transition between spatially correlated states. Assum
that from a microscopic point of view,a-Si12xNx :H is a
compositionally heterogeneous material with spatial ba
gap fluctuations,14 the localized states are spatially correlat
allowing also optical transitions between states lying in
suboptical gap region. Morover, a noticeable spread of th
dangling bonds levels could be expected due to the gap
ter fluctuations and to the variation of defect levels relat
to each local gap center. These effects could account for
observed features in absorption at low energies. Regar
the exponential absorption region, we can assume that
Urbach energy increase with alloying follows the broaden
of the tail states distribution. Moreover, taking into accou
that the Urbach edge and the bandgap transitions of diffe
regions could overlap, largeEU for samples with high N
content were expected and indeed measured.

To investigate the correlation between the absorption
the emission data, we consider two main models: the Sto
shift and the static disorder models. The first one assu
that the electron- phonon coupling originates both the shif
the emission energy with respect to the optical gap and
PL broadening. The second one ascribes the PL line shap
the band tail states distribution.

It has to be pointed out that, for the following study,E04
and EU has been measured at room temperature, whileEL
and DEL were taken at 77 K. This fact does not affect t
analysis since ina-Si:H both the optical gap and Urbac
energy are weakly influenced by temperature in the ra
77-300 K (DE04@77 K→300 K#'2.6%, DEU@77 K
→300 K#'15%).15 In a-Si12xNx :H alloy, it is arguable a
weaker temperature dependance due to the enhanced
logical disorder.

The Stokes-shift model has been deeply studied

f
s-

FIG. 5. Average decay time versus detection energy for t
different samples. The respective sample optical gapE04, Urbach
energyEU andg values obtained by the best exponential fits~con-
tinuous lines! are indicated.
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crystals16 and its predictions seem well consolidated.DEL
and the dominant phonon energy\vph are correlated by

~DEL!254 ln~2!ES\vph , ~4!

whereES5EA2EL andEA is the peak energy of the absor
tion band. For amorphous semiconductors, Eq.~4! has to be
corrected by a termEth that accounts for the carrier therma
ization in the tail states. By imposingEA5E04 and by con-
sidering an extra-broadening due to static disorderDEL

STAT,

~DEL!254 ln~2!~E042EL2Eth!\vph1~DEL
STAT!2.

~5!

Figure 6 shows that the measured (DEL)2 vs (E042EL) is
in agreement with Eq.~4!. The best linear fit yields a slope o
~0.46360.028! eV and a zero intercept of~20.16460.019!
eV2 with a correlation coefficient R50.986. However, from
the slope of the plot\vph5167 meV is obtained, a valu
too high for a typical phonon energy in amorphous silico
based alloys. In fact, ina-Si:H the dominant phonon energ
is about 60 meV, as can be experimentally verified by R
man spectroscopy.17 Moreover, the extracted thermalizatio
energy by the zero intercept isEth5352 meV when
DEL

STAT50. Such a value is much higher than theDEL of a
typical a-Si:H PL spectrum. In summary, such results e
dence that in our case the Stokes-shift model fails.

Let us consider the static disorder model, within the Du
stain and Boulitrop theory.18,19 The PL line shape is due t
the photogenerated carrier distribution in the exponen
band tail density of states available for radiative recombi
tion. After a fast thermalization to the band edges, holes,
electrons start a slower thermalization in the tails. The rad
tive recombination happens when the carriers reach the d
est states within spheres with a critical radiusRC , namely
the carrier-tail state for which the radiative recombinati
and thermalization rates are equal, given by18

RC5
Re

2
ln~v0tR!, ~6!

where Re is the localization length of the electron,v0 is a
typical acoustic-phonon frequency andtR is the radiative
lifetime.

FIG. 6. Squared PL linewidth versus PL peak separation fr
the optical gapE042EL , taken for a-Si12xNx :H samples with
0<x<0.52. The straight line show the best linear fit with slo
0.463 eV.
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Supposing that the tail states are distributed randomly
space but exponentially in energy~with logarithmic slope
E0), and thatRC is a constant, the density of such states
described by

PX~E!}expS 2
E

E0
XD expF2

4

3
pRC

3 N0
XE0

X expS 2
E

E0
XD G ,

~7!

where X5e,h is an index indicating the electron or ho
distribution,N0 is the DOS at the band edge, andE is mea-
sured from the mobility edge. The PL spectrum strictly d
pends upon thePe andPh convolution. Thus, when the slop
of the valence tail is higher than that of the conduction o
DEL is linked to the former slope.E0 can be identified with
the Urbach energy extracted by PDS measurement. He
from this identification it follows

DEL5jEU , where j52.45. ~8!

j is independent onRC . Moreover, it is straightforward to
demonstrate from Eq.~7! that the shift of the PL peak with
respect to the optical gap is given by

E042EL5EU ln~ 4
3 pRC

3 N0EU!. ~9!

In addition, considering also electron-phonon coupling
fects, Eq.~4! becomes

~DEL!25~jEU!21~DEL
e2ph!2. ~10!

PL analysis of amorphous silicon based alloys fou
j.2.45. For instance, for tethraedrally coordinateda-SiC:H
alloy it was foundj53.85.20 Such large value ofj has been
explained by the fact that absorption is sensitive only to
tiparallel potential fluctuations while radiative recombinati
follows a thermalization process where the carriers can s
tail states related to both parallel and antipara
fluctuations.20 Hence, the slope of the tail density of stat
probed by the luminescence process is understimated by
tical characterization through the Urbach energy. The Sh
field’s group found a slope of 4.4 fora-Si12xNx :H,8 how-
ever, they analyzed only one sample with high-N cont
~say with optical gap higher than 2.5 eV!. In the present
paper, several samples have optical gap in the range 2.5
3.4 eV, making the analysis more reliable.

Figure 7 representsDEL versusEU for our samples. The
slope of the best linear fit is 2.6460.25, with R50.965, that

FIG. 7. PL linewidthDEL versus Urbach energyEU for the
samples analyzed in Fig. 6. The slope of the linear best fit is 2
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accounts quite well for the trend predicted by the static d
order model. On the other hand the zero intercept is (
638) meV. Such a value could be justified by the prese
of the electron-phonon coupling, which however does
represent the dominant process. In fact, assuming\vph
560 meV, it is straightforward from Eq.~4! to obtain a
Stokes shift ES5160 meV, a value too low to justify
electron-phonon disorder as the only cause of the PL ba
width even fora-Si:H.

In order to deepen the analysis of the static disor
model, we check also the validity of Eq.~9!, by plotting in
Fig. 8 the PL peak separation from the gapE042EL versus
EU . In our case, for N content increasing from 0 up to 0.5
EU increases from 60 to 215 meV. Equation~9! would yield
a fairly linear dependence ofE04-EL on the Urbach energy
The best linear fit (R50.958) gives a zero intercepta
5(0.2960.08) eV and a slopeb5(4.9560.52)31023.
However, if we assume reasonable values forN0
55 1021 cm23eV21 and RC5125 Å, as they were found
for a-Si:H,21,18Eq. ~9! predictsb'7.6. Thus, the experimen
tal data do not agree with the predictions of Dunstain a
Boulitrop model, as stated by previous analysis.8 On the
other hand, if we consider a decrease of critical radiusRC
with alloying, a sublinear behaviour ofE04-EL vs EU , at
high-N content becomes plausible. In Fig. 8, it is shown t
Eq. ~9! accounts for the experimental data when a lin
decrease ofRC from 125 Å for EU560 meV ~i.e., for
a-Si:H) down to 46 Å for the sample with the higherEU is
considered. Following Eq.~6!, such a decrease could be a
counted for by a reduction of the radiative lifetime induc
by alloying. This reduction is indeed measured, as we w
show later.

The topological disorder induced by alloying, reflected
wider tail states, that is in higherEU , would also explain the
weakened temperature quenching of the PL intensity. Fo
the samples the PL efficiencyh versus temperature data a
fitted by the semiempirical rule

h~T!

h0
5

11x

11x exp
T

T0

, ~11!

where h0 is the radiative efficiency at low temperature,x
andT0 are constants depending on the sample composit

FIG. 8. E042EL versusEU for a-Si12xNx :H films with several
compositions. The line shows the calculation by applying Eq.~9!,
where a linear decrease ofRC vs EU , from 125 to 46 Å is im-
posed. The inset shows the trend of the radiative lifetime vsEU

~line is drawn as guides for the eyes!.
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It is worth emphasizing that Eq.~11! is consistent with ther-
mal excitation from exponential tails, whose slope is prop
tional to the factorT0.11 T0 is shown as a function ofx in the
inset of Fig. 3. The increase ofT0 with x is consistent with
the trend ofEU versus composition, in agreement with oth
results.7 The increase ofh asx increases is due to the larg
EU , which reduces the thermal excitation of carriers fro
tail states to extended states through which carriers diff
and, eventually, recombine via nonradiative processes. In
dition, the carrier diffusion is also reduced by the increase
the Coulomb interaction between electrons and holes du
the decrease of the dielectric constant asx increases.6

Carrying on the analysis of the correlation between em
sion and absorption properties ofa-Si12xNx :H we investi-
gate the recombination kinetics yielded by TRL data.

The presence of broad tail states in thea-Si12xNx :H al-
loys, well account for the average lifetimet̄ dependence on
the emission energyEem shown in Fig. 5, wheret̄
}exp(2Eem/g). In fact, such a dependence could be e
plained by the thermalization process through which pho
generated carriers span lower-energy tail states. The ther
ization rate is proportional to the density of localized sta
that are involved in the process. Thus,g will depend on the
slope of the exponential DOS. A sharper DOS profile lea
to a smallerg. Consequently,g and EU are strictly corre-
lated. This explains the weaker spectral dependence of
average decay time on emission energy for N-rich samp
with respect to the Si-rich ones.

When radiative and nonradiative recombination rates (WR

andWNR , respectively! are competing,h andt̄ are given by

h5
WR

WR1WNR
t̄5

1

WR1WNR
. ~12!

Thus, the average radiative lifetimetR51/WR5 t̄/h.
Such a ratio, calculated atEem5EL , is shown in the inset of
Fig. 8 as a function ofEU . Alloying reduces the radiative
lifetime. This is consistent with the reduced carrier diffusi
and enhanced Coulomb interaction that leads to a sma
intrapair separation. In fact, considering radiative tunnel
between pairs localized in tail states and separated by a
tancer, the radiative lifetimetR is given approximately by11

tR5t0R expS 2r

Re
D , ~13!

wheret0R is the radiative lifetime for completely overlap
ping electron and hole wave functions. Increasingx,r re-
duces and hencetR . ThetR shortening induced by alloying
is, in turn, fully consistent with the decrease ofRC above
postulated.

V. CONCLUSIONS

We presented optical and PL data fora-Si12xNx :H
samples in a wide compositional range (0.15<x<0.52). The
N incorporation yields a widening of the tail states due
static disorder. Such a feature is responsible of the PL
shape, while electron-phonon coupling appears to be we
influent and cannot be considered the dominant proces
previously stated fora-Si:H. The luminescence decay is als
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linked to the DOS shape, in particular the spectral dep
dence of the lifetimes is a consequence of the widened
states distribution. The temperature quenching of the lu
nescence intensity is weakened by the alloying, which
consistent with a widening of the tail states and an increas
Coulomb pair interaction. Such findings are further su
ported by the trend of the radiative lifetime versus compo
tion, which decreases as the N content increases.
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