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Optical absorption and photoluminesceriPé) 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.

I. INTRODUCTION by changing the ammonia percentage in the plasma
[NH3]/[SiHs+NH3] in the range 13%90%, with and
Hydrogenated amorphous silicon nitrogen alloyswithout hydrogen dilution with a percentadged,]/[ SiH,

(a-Si; _4N, :H) deposited by plasma enhanced chemical va-+ NH;+H,] of 93% and a total gas flow in the range of
por deposition(PECVD) have been extensively used for a 7.5+110 sccm. The other deposition conditions, determined
wide variety of microelectronic and optoelectronic applica-by optimizing the film uniformity and optoelectronic proper-
tions such as passivation layers for device packabigate  ties were: substrate temperature of 220 °C, pressure of 0.8—
dielectric ina-Si:H thin-film transistorg,charge storage lay- 0.9 bar, a delivered r.f. power of 4 W, an electrode area and
ers in MNOS nonvolatile memories, hot-carrier injection distance of 144 cfand 20 mm, respectively. The sample
layers® and radiative elements in light-emitting devices boththicknesses were in the range of 8.5 pum. The determi-
in homogeneousand in multilayered structur@sSuch alloy  nation of silicon and nitrogen contents was performed by
presents the peculiarity to have an optical gap tunable fronRutherford-back-scatterindRBS) technique with alpha par-
1.9 up to 5 eV, depending on nitrogen cont®At the same ticles of 1.8 MeV. Optical absorption characterizations were
time, by increasing nitrogen content, the radiative efficiencyperformed by T-R measurement in the range of 200—1500
at room temperature is enhanced by several orders of magim with a grating dispersive spectrophotometer and by PDS
nitude and the emission band is shifted towards higher enetechnique in the range of 440-1100 nm with a conventional
gies, thus making silicon-nitrogen alloys very appealing forexperimental set-up where carbon tetrachloride (L@las
light-emission applications. Early studies established somehe deflecting medium for the probe beam, which was an
relevant features o&-Si;_,N,:H photoluminescencéPL) He-Ne laser. Continuous wave photoluminescence measure-
properties® On the other hand, there is a lack of informa- ments(CW PL) were performed at temperature ranging from
tion about the carrier recombination kinetics and only few77 up to 300 K, using a f/4 monochromator, an"Aaser or
analysis of time-resolved photoluminescence werea Xe-Hg lamp as exciting sourcélne at 2.71 and 3.4 eV,
reported®® In this paper, the optical properties of respectively, and ac-Si photodiode whose signal was pro-
a-Si; 4N, :H samples withx ranging from 0.15 up to 0.52 cessed by a digital lock-in amplifier. Time-resolved photolu-
are investigated by transmittance-reflectai€eR), photo-  minescence measuremefitRL) were performed by using a
thermal deflection spectroscopi®D9), stationary, and mode-locked frequency-doubled Ti:Sapphire laser as pulsed
time-resolved photoluminescence measurements. Such teafixcitation sourcépulse duration 2 ps, wavelength 390 nm,
niques allow us to link the most relevant emission featuresrepetition frequency 4 MHz A single monochromator
such as the PL band-shape and the lifetime distribution, t@oupled to a streak-camera directly interfaced to a computer
the electronic density of staté®OS) and to get an insight was used for the recording of two dimensioritime and
on the radiative and nonradiative processes for the widevavelength luminescence maps.
compositional range here investigated.

IIl. RESULTS

Il. SAMPLES AND EXPERIMENTAL DETAILS . .
The elemental composition of all the examined

All the samples were deposited by a 13.56 MHz PECVDa-Si; _,N,:H has been determined by RBS, revealing a
system on(100) Si wafers, 7059 Corning glass and quarz good uniformity of nitrogen and silicon profile. What is ob-
substrates. The films were grown in SiHNH; gas mixtures  served is a fairly linear trend of N incorporation with respect
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1.5 2.0 2.5 3.0 3.5 The efficiencies are extracted by the intensity of the integrated PL
energy [eV] spectra nor_malized to the samp_les_’ absorption at the excitation en-
ergy. The inset shows the variation of thg Parameter versus
FIG. 1. Absorption coefficient distribution foa-Si;_,N,:H  compositionx (see text
films with different atomic composition, the continuous lines and

the symbols represent the T-R and PDS data, respectively. Thegmples. As the N content increases two systematic trends
composition and the optical gap are indicated for each curve. Exagn pe observedi) the PL spectra shift toward higher ener-
ponential fits in the Urbach region are shown as dashed lines foéies and(i) they get broader, in agreement with the findings
two differ.ent samples. From fits of this kind, the Urbach energiesof other groupg.
were derived for all samples. The alloying strongly modifies also the temperature de-

, , , . pendence of the PL intensity. Figure 3 shows the lumines-
to the N content in the plasma, in agreement with other findzence efficiency of several samples as a functiof of the
INgS concerning silicon nitride thin films grown by 13.56 5nge 77-300 K. Such efficiencies were obtained by normal-
MHz PECVD>" T-R and PDS spectroscopies applied 10i5ing the integrated PL spectra for the sample absorbance at
samples with different stoichiometry allows to extract thei,e excitation wavelength, avoiding with care any specimen
absorption distribution in a wide energy range reported inyisajignment. The temperature quenching of the PL is weak-
Fig. 1. We define the optical gdfy, as the energy for which - eneq by alloying. In particular, the room-temperature lumi-
the absorption coefficient=10" cm™*. Itis straighforward  pescence efficiency increases by several order of magnitude
to observe that N incorporation causes a monotonical ersy increasing.
hancement of the optical gap. Moreover, for Si-rich materials Finally, time-resolved luminescence measurements have
we can distinguish three typical regioria) the fundamental pgen performed at 77 K on some samples by monitoring the
absorption regiorthigh energy, (b) the exponential tail re- | minescence decay at different emission enegy. Fast
gion (intermediate energy mainly due to static disorder, decays are observed farSi, N, :H samples with different

characterized by the Urbach enerdy(), namely the loga-  gigichiometry. The luminescence decay lineshapes follow a
rithmic_slope of the absorption distribution for which  gyretched-exponential law

~expE/Ey), and(c) the excess absorption regigiow en-

ergy). When the N content increasés, increases, and these

three features remain with a less marked demarcation energy. I(t)=1qexd — (t/7)"], 1)
Figure 2 shows typical CW PL spectra at 77 K of

a-Si;_,N, :H samples. All the samples have been excited at ) ) ) ) ) )

energies higher thaB, in order to avoid any modifications Wherel(t) is the luminescence intensity at timetis the

of emission energy,) and full width at half maximum decay lifetime, and3 is a dispersion exponent. Figuréay

(AE,), which is known to occur for longer excitation wave- SOWs a typical PL decays for @ Sio¢No4:H sample at

lengths. The PL emission band is gaussian-like for all thes@veraEem with the respective stretched exponential fits. To
discuss the experimental data, we consider the time depen-

— dent PL intensityl (t) to be composed of an infinite number

x<0.43"

7 [ =08 x=0.4/ x=046 of pure exponentials weighted by a decay rate distribution
€ X0 o G(7)/7 (Ref. 1)
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With the 8 and r parameters obtained by least square fits
of data, an asymptotic function has been used to estimate the
distribution G(r) (Ref. 12 and an average decay time has
FIG. 2. Normalized PL spectra taken at 77 K. been calculated as:
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FIG. 5. Average decay time versus detection energy for two
different samples. The respective sample optical Bgp Urbach
energyE, andy values obtained by the best exponential fisn-
tinuous line$ are indicated.

absorption regiorascribed to defects-extended states transi-
tions) and an exponential absorption regi@scribed to tail
states-extended states transitjoffhe first region extends to
energies lower than half of the optical gap, where the exis-
tence of Si dangling bonds is plausible. It is worth to empha-
size that in homogeneous amorphous semiconductors such as
a-Si:H, electronic transitions between localized states must
be excluded because of a too small optical matrix element
for transition between spatially correlated states. Assuming
that from a microscopic point of viewa-Si;_,N,:H is a
compositionally heterogeneous material with spatial band-
gap fluctuations? the localized states are spatially correlated
10 allowing also optical transitions between states lying in the

G (z) = [arb. units]

-1 10

10° 10°
T [s] suboptical gap region. Morover, a noticeable spread of the Si
dangling bonds levels could be expected due to the gap cen-
ter fluctuations and to the variation of defect levels relative

Fo each local gap center. These effects could account for the

the best fit using the stretched-exponential function. The IuminespbservEd features in absorption at low energies. Regarding

10 10°

FIG. 4. (a) Typical time resolved photoluminescence &t
=77 K for aa-SipgNg4:H film. The spectra at several emission
energy E.) are reported. The smooth curves show the results o

the exponential absorption region, we can assume that the
Distribution of decay time$5(7) calculated for the corrisponding Urbach energy increase V_V'th alloying follow:_s th? broadening
E,,.. Here,r G(7) is plotted to account for the logarithmic time of the tail states distribution. Moreover, takmg into account
scale. that the Urbach edge and the bandgap transitions of different
regions could overlap, largg, for samples with high N
o content were expected and indeed measured.
f 7G(7)dr To investigate the correlation between the absorption and
— 70 the emission data, we consider two main models: the Stokes-
(3 ; N ,
* shift and the static disorder models. The first one assumes
JO G(ndr that the electron- phonon coupling originates both the shift of
the emission energy with respect to the optical gap and the
The decay times distributio®(7) calculated by the PL PL broadening. The second one ascribes the PL line shape to

cence is integrated over a wavelength interval 90 nm lafge.

T=

decays of thea-Siy N 4:H sample are shown in Fig(). the band tail states distribution. '

In Fig. 5, 7 is plotted versusE,n, for two different It has to be pointed out that, for the following studgg,
samples. An exponential dependence ex@(,/y) is found ~@ndEy has been measured at room temperature, viile
with the y parameter increasing as x increases. andAE, were taken at 77 K. This fact does not affect the

analysis since ima-Si:H both the optical gap and Urbach
energy are weakly influenced by temperature in the range
77-300 K (AEp{77 K—300 K]=~2.6%, AE,[77 K

Let us start with the discussion of the optical properties 0f—300 K]~15%)!° In a-Si;_,N, :H alloy, it is arguable a
the analyzeda-Si; ,N,:H samples focussing on their ab- weaker temperature dependance due to the enhanced topo-
sorption (Fig. 1). Like for a-Si:H, some group? tried to  logical disorder.
decompose PDS spectra of silicon nitride films into a weak The Stokes-shift model has been deeply studied in

IV. DISCUSSION
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samples analyzed in Fig. 6. The slope of the linear best fit is 2.64.
FIG. 6. Squared PL linewidth versus PL peak separation from

the optical gapEo,—E,, taken fora-Si; ,N,:H samples with Supposing that the tail states are distributed randomly in
0<x=<0.52. The straight line show the best linear fit with slope space but exponentially in enerdwith logarithmic slope
0.463 eV. Eo), and thatR¢ is a constant, the density of such states is

6 ) o ) described by
crystal€® and its predictions seem well consolidatedE,

and the dominant phonon enerfiy,, are correlated by E 4 E
Px(E)xexp — — |exg — - 7RENGE; exp — —

EX 3 c'Y0™=0 E)(

(AE)?=41n(2)Eghwpp, (4) 0 0

whereEs=E,—E; andE, is the peak energy of the absorp-
tion band. For amorphous semiconductors, @&g.has to be
corrected by a terri,;, that accounts for the carrier thermal-
ization in the tail states. By imposing,=Eq, and by con-
sidering an extra-broadening due to static disotEf AT,

)

where X=e¢,h is an index indicating the electron or hole
distribution,Ng is the DOS at the band edge, aBds mea-
sured from the mobility edge. The PL spectrum strictly de-
pends upon th®, andPy, convolution. Thus, when the slope

of the valence tail is higher than that of the conduction one,
AE, is linked to the former slopeE, can be identified with

the Urbach energy extracted by PDS measurement. Hence,
(5) from this identification it follows

(AEL)?=41n(2)(Eos— EL~Em)hiopn+ (AETT)2.

Figure 6 shows that the measureXE, )2 vs (Eos— E,) is AE, =¢E,, where £=2.45. )
in agreement with Eq4). The best linear fit yields a slope of '
(0.463+0.028 eV and a zero intercept df-0.164-0.019 ¢ is independent oR¢ . Moreover, it is straightforward to

eV2 with a correlation coefficient R0.986. However, from demonstrate from Ec{?) that the shift of the PL peak with
the slope of the ploﬁwph=167 meV is obtained, a value respect to the optical gap is given by

too high for a typical phonon energy in amorphous silicon-
based alloys. In fact, ia-Si:H the dominant phonon energy Eos— EL=Ey IN(27RINGE). 9
is about 60 meV, as can be experimentally verified by Ra-
man SpeCtrOSCOpJS]. Moreover, the extracted thermalization In addition, Considering also e|ectr0n-phonon Coup"ng ef-
energy by the zero intercept i&;,=352 meV when fects, Eq.(4) becomes
AEPTAT=0. Such a value is much higher than th&, of a
typical a-Si:H PL spectrum. In summary, such results evi- (AE)?=(£Ey)%+ (AES PM2, (10)
dence that in our case the Stokes-shift model fails.
Let us consider the static disorder model, within the Dun- PL analysis of amorphous silicon based alloys found
stain and Boulitrop theor}?'° The PL line shape is due to &>2.45. For instance, for tethraedrally coordinate&iC:H
the photogenerated carrier distribution in the exponentiahlloy it was foundé=3.852° Such large value of has been
band tail density of states available for radiative recombinaexplained by the fact that absorption is sensitive only to an-
tion. After a fast thermalization to the band edges, holes, antiparallel potential fluctuations while radiative recombination
electrons start a slower thermalization in the tails. The radiafollows a thermalization process where the carriers can span
tive recombination happens when the carriers reach the deefail states related to both parallel and antiparallel
est states within spheres with a critical radRs, namely  fluctuations® Hence, the slope of the tail density of states
the carrier-tail state for which the radiative recombinationprobed by the luminescence process is understimated by op-
and thermalization rates are equal, giveri®oy tical characterization through the Urbach energy. The Shef-
field's group found a slope of 4.4 fa-Si;_,N,:H,% how-
Re ever, they analyzed only one sample with high-N content
Rczjln(wOTR)v (6) (say with optical gap higher than 2.5 gMn the present
paper, several samples have optical gap in the range 2.5 eV-
where R is the localization length of the electromy is a 3.4 eV, making the analysis more reliable.
typical acoustic-phonon frequency ang is the radiative Figure 7 representAE, versusk for our samples. The
lifetime. slope of the best linear fit is 2.6.25, with R=0.965, that
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1.6 It is worth emphasizing that Eq11) is consistent with ther-
mal excitation from exponential tails, whose slope is propor-
tional to the factofT,.1! T is shown as a function ofin the
inset of Fig. 3. The increase @f, with x is consistent with
. the trend ofE, versus composition, in agreement with other
results’ The increase of; asx increases is due to the large
Ey, which reduces the thermal excitation of carriers from
To0_TE0 20 tail states to extended states through_ which carriers diffuse
T T and, eventually, recombine via nonradiative processes. In ad-
40 80 120 160 200 240 dition, the carrier diffusion is also reduced by the increase of
E, [meV] the Coulomb interaction between electrons and holes due to
v the decrease of the dielectric constaniascrease$.

FIG. 8. Eg,— E, versusE,, for a-Si;_ N, :H films with several Carrying on the analysis of the correlation between emis-
compositions. The line shows the calculation by applying @y.  Sion and absorption properties afSi; _,N,:H we investi-
where a linear decrease 8% vs E, from 125 to 46 A is im- gate the recombination kinetics yielded by TRL data.
posed. The inset shows the trend of the radiative lifetimeEys The presence of broad tail states in #&i; N, :H al-

(line is drawn as guides for the eyes loys, well account for the average lifetimedependence on

accounts quite well for the trend predicted by the static disthe emission energyE., shown in Fig. 5, wherer
order model. On the other hand the zero intercept is (163 €Xp(—Een/7). In fact, such a dependence could be ex-
+38) meV. Such a value could be justified by the presenclained by the thermalization process through which photo-
of the electron-phonon coupling, which however does nogenerated carriers span lower-energy tail states. The thermal-
represent the dominant process. In fact, assunfimg,, ization rate is proportional to the density of localized states
=60 meV, it is straightforward from Eq4) to obtain a that are involved in the process. Thuswill depend on the
Stokes shift Es=160 meV, a value too low to justify slope of the exponential DOS. A sharper DOS profile leads
electron-phonon disorder as the only cause of the PL bando a smallery. Consequently,y and E are strictly corre-
width even fora-Si:H. lated. This explains the weaker spectral dependence of the
In order to deepen the analysis of the static disordemverage decay time on emission energy for N-rich samples
model, we check also the validity of E¢), by plotting in  with respect to the Si-rich ones.
Fig. 8 the PL peak separation from the dag,—E, versus When radiative and nonradiative recombination rat#fg (
Ey. Inour case, for N content increasing from 0 up to 0.52,andWyg, respectively are competingy andr are given by
Ey increases from 60 to 215 meV. Equati(®) would yield

1.2+

0.8}

E,,-E, [eV]

t, [arb. units]

0.4

a fairly linear dependence d&,,-E, on the Urbach energy. o We — 1

The best linear fit R=0.958) gives a zero intercep = Wgr+Wyr = Wgr+Wyr' (12)
=(0.29-0.08) eV and a slopeb=(4.95+0.52)x 10 3.

However, if we assume reasonable values fbl Thus, the average radiative lifetimeg=1MWg= /7.

=5 10! cm %eV ! andRc=125 A, as they were found Such a ratio, calculated &,,=E, , is shown in the inset of

for a-Si:H.?**®Eq. (9) predictsb~7.6. Thus, the experimen- Fig. 8 as a function oE,. Alloying reduces the radiative

tal data do not agree with the predictions of Dunstain andifetime. This is consistent with the reduced carrier diffusion

Boulitrop model, as stated by previous analysi®n the and enhanced Coulomb interaction that leads to a smaller

other hand, if we consider a decrease of critical radds intrapair separation. In fact, considering radiative tunneling

with alloying, a sublinear behaviour d&y,E; vs Ey, at  between pairs localized in tail states and separated by a dis-

high-N content becomes plausible. In Fig. 8, it is shown thatancer, the radiative lifetimerg is given approximately by

Eq. (9) accounts for the experimental data when a linear

decrease ofRc from 125 A for E;,=60 meV (i.e., for 2r

a-Si:H) down to 46 A for the sample with the highEy, is TR™ TOR exp< R_6)

considered. Following Eq6), such a decrease could be ac- ) S

counted for by a reduction of the radiative lifetime inducedWhere 7or is the radiative lifetime for completely overlap-

by alloying. This reduction is indeed measured, as we willPing electron and hole wave functions. Increasig re-

show later. duces and hencey. The 7 shortening induced by alloying
The topological disorder induced by alloying, reflected inis, in turn, fully consistent with the decrease R¢ above

wider tail states, that is in high&, , would also explain the Postulated.

weakened temperature quenching of the PL intensity. For all

the samples the PL efficiency versus temperature data are V. CONCLUSIONS

fitted by the semiempirical rule

(13

We presented optical and PL data farSi;_,N,:H

7n(T) 1+yx samples in a wide compositional range (Gsb6<0.52). The
7 = T 11 N incorporation yields a widening of the tail states due to
0 1+Xexp_|_— static disorder. Such a feature is responsible of the PL line
0

shape, while electron-phonon coupling appears to be weakly
where 7, is the radiative efficiency at low temperaturg, influent and cannot be considered the dominant process as
and T, are constants depending on the sample compositiomreviously stated foa-Si:H. The luminescence decay is also
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