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Luminescence processes in amorphous hydrogenated silicon-nitride nanometric multilayers
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Radiative recombinations in amorphous SN, :H-based nanometric multilayer structures have been stud-
ied by stationary and time-resolved photoluminescence measurements at room temperature. Such structures
show higher photoluminescence efficiency than reference bulk amorphous silicon nitride films. The enhance-
ment is attributed to the localization of electron-hole pairs induced by the multilayer structure. Fast monomo-
lecular recombination processes are shown, with lifetimes dependent on the emission energy. Analysis of
photoluminescence and absorption spectra shows a low density of defects and no intermixing at the multilayer
heterointerfaces. Such features open the potential for the investigated structures to function as fast optoelec-
tronic devices[S0163-18209)13635-X]

In the last decade, many efforts have been devoted to thg in the following as the well laygrand ofa-Si;N,:H with
study of nanometric multilayers based on amorphous silicon optical gap of 5 e\referred to as the barrier layeHere,
and its alloys, likea-SiN- anda-SiC-based systems. Amor- the optical gap is defined as the energy at which the absorp-
phous nanometric multilayers are very promising for opto-tion coefficient is equal to T&m™! (Ey,). The thickness of
electronics applications, such as solar cklighin-film  the well and barrier layers ranges from 5 to 100 A. The
transistor$, optical sensor$, and light-emitting devices compositional periodicity has been verified by secondary-
(LEDS).* With regard toa-Si; ,N,:H alloys, their optical jon-mass spectromefhand cross-section transmission elec-
band gap increases monotonically withaving values from  tron microscopy.
1.9 to 5 eV5 an energy range not fully covered by other  Characterization by optical absorption at energies below
Si-based amorphous alloys such @sSiC:H. This renders the optical gap of the multilayers was performed by photo-
the a-Si; _N, :H system very appealing for the realization thermal deflection spectrosco@yDS in order to extract in-
of multilayers. In additiona-Si; N, :H alloys show high formation about defects located at the surface and at the vari-
radiative efficiency. Such features indicate that composi- ous heterointerfaces. Continuous-wave photoluminescence
tional periodic multilayers based on tleSi;_,N,:H sys- measurement&w PL) were performed at room temperature
tem may be a promising structure for LED applications. It isin a back-scattering geometry using a double monochro-
worth noting that in previous works on amorphous multilay-mator, an A¥ laser line at 2.71 eV with 500 mW/dna
ers, the active layers consisted of low optical gap materialsooled photomultiplier equipped for photon-counting tech-
(where low optical gap means an energy gap below 2 BV  nique, or a Si photodiodéused for longer wavelengths
this paper, we analyze the optical and radiative performancehose signal was processed by a digital lock-in amplifier.
of structures composed entirely of wide-band-gapTime-resolved photoluminescence measurem@rRs) were
a-Si; 4N, :H-based nanometric multilayers. Such structuresperformed at room temperature using a mode-locked
yield an emission energy tunable from the near-infrared tdrequency-doubled Ti:sapphire laser as pulsed excitation
the visible range. source(pulse duration 2 ps, wavelength 390 nm, repetition

Thea-Si; _,N, :H multilayers were deposited by a multi- frequency 4 MHz, and a mean power of 50 mW#EmA
chamber rf 13.56-MHz plasma-enhanced chemical vaposingle monochromator coupled to a streak camera directly
deposition systefrwith SiH,+NH;+H, gas mixture. All the interfaced to a computer was used for the recording of two-
samples were deposited at a substrate temperature of 220 °dimensionaltime and wavelengihluminescence maps.
pressure of 0.8—0.9 mbar, a rf power of 4 W, an electrode Figure 1 shows the room-temperature cw PL spectra of
area of 144 crf) an electrode distance of 20 mm, and a totalthe multilayer samples and of a reference baiy N 4:H
gas flow in the range 75-110 sccm. At each heterointerfacesample 7500 A thick; the spectra are normalized by the fac-
the rf discharge was interrupted and the deposition chambeor [ 1—R][1—exp(—«d)], whereR, «, andd are the reflec-
was evacuated. To achieve a sharp interface the rf plasmance at 2.71 eV, the absorption coefficient at 2.71 eV, and
off-interval was 10 s, a much longer time than that neededhe thickness of the absorbent material, respectively. This
for the growth of an atomic monolayer. In fact, hydrogennormalization takes into account the loss of the impinging
dilution of SiH,+NH; gas mixtures was employed to reduce excitation light due to the reflectivity and transmittance of
the deposition rate to values of around 0.6—-0.7%¢s,as to  the samples. The multilayer samples show a stronger emis-
improve the thickness control of the single layers. sion with respect to that of the bulk. In addition, some sys-

The investigated structures are formed by periodic repetitematic trends as a function of barrier and well thicknesses
tions ofa-Siy fNp.4:H with an optical gap of 2.6 e\teferred  are observed. In Fig.(&), samples with 30 periods and with
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theory and assuming infinite potential barriers, the energy
gap Eg(d,) for bidimensionally confineda-SiygNg4:H
should vary as

a) <18
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wheremy andmy; are the electron and hole effective masses,

!
\ andd,, is the well thickness.
N Following the model of Dunstain and Boulitrdpthe lu-
- . minescence process in amorphous semiconductors is due to
16 20 24 . . . . .
the recombination of hole-electron pairs that thermalize into
the deepest band-tail states distributed randomly in space but
FIG. 1. Room-temperature photoluminescence spectra oexponentially in energy within a critical volume. The critical
multilayer samples whose parameters @ea fixed barrier thick-  volume depends on the Street’s critical radfufer nonradi-
ness of 100 A and different well thicknesses as indicated(land  ative tunneling, and on the slope of the conduction- and
fixed well thickness of 10 A and different barrier thicknesses asvalence-band tails. This model yields a fairly linear depen-
indicated. As a reference the photoluminescence spectra of atience of the Stokes shifEg,— E,) between energy gapy,
a-Sig gNo.4:H thin film is reported and indicated as bulk. The inset gnd the luminescence ener@y on the broadest band-tail
showsE, vs well thicknes® symbolg, compared with the blue- S|0pe’ and is experimenta”y verified farSiN a”oysi‘-“'rls
shift predicted by Eq(3) (continuous ling
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Energy [eV]

the same barrier thicknesses, & 100 A) but different well EosmEL=a+bEy, @

thickness(d,,=5, 10, and 30 A are compared. As the well wherea andb are constants which mainly depends on the
thickness decreases, a blueshift of the emission p&ak ( critical radius, and is the Urbach energy. cw PL and PDS
and a strong increase of the radiative efficiency are observeeheasurements performed on a large number of homogeneous
In Fig. 1(b) the PL emission of samples with the same wella-Si; _,N, :H films, with x ranging from 0.15 to 0.52, yield a
thickness @,,=10 A) but different barrier thicknessdd,  best linear fit witha=0.56+0.06 eV andb=3.11+0.40%°

=10 and 100 A are compared. Whed, decreases, the PL From Egs.(1) and(2) it follows that

intensity decreases.

In the past, semiclassiabr quantum confinemefit'!
models have been proposed to explain the blueshift and the
increase of emission intensity when the well thickness de-
creases. Following the semiclassical model, the PL intensit}f We consider a linear increase Bf; asd,, decrease$) due
increase is due to the reduction of nonradiative recombinato an enhancement of the structural disorder, ananif
tion center density in the region spanned by ¢k pairs, =0.2my and mf =1.0my,*” a good agreement between the
while the blueshift is due to the concurrent reduction of thePL blueshift predicted by Eq3) and the experimental data
deep tail states. The second model claims that quantum cois found, as shown by the inset in Figal
finement occurs for the-h pairs in the well layers which In the case of thin barriers, no true bidimensional confine-
opens the band gablueshify and increases the energy dif- ment occurs, and E@3) is no longer valid. A “superlattice”
ference between band states and nonradiative mid gap stateect settles in with tunneling of carriers between nearby
which, in turn, reduces the capture rateesh pairs (lumi-  wells and, consequently, a lower-energy confinement. In this
nescence intensity increageh particular, very recent tight- case, the absence of a blueshift for the sample with 10-A-
binding calculations concerning amorphous silicon layers atthick wells and barriers shown in Fig(d) could be attrib-
tribute the observed blueshift of the luminescence touted to a low carrier confinement. Recombination in the gap
quantum confinement for a layer thickness below 37 A.  states of the barrier layers should not be excluded as a con-

By analyzing the cw PL results of our structures, the in-current reason.
crease of PL efficiency can be ascribed to a strong spatial Another striking result of Fig. 1 is the absence of the PL
localization of electron-hole pairs in the well layers which quenching which was observed by other authors when the
adds to the disorder induced localization typical of amor-well thickness is lower than few tens of RThis effect was
phous systems. Such localization is due to the nanometrigscribed to a large density of nonradiative recombination
thickness of the well layelisee the trend in Fig.(d)] and to  centers present at the well/barrier heterointerfaces. To check
the presence of the barrier layers which prevents carrier difthis, we performed PDS measurements on thick alloy
fusion among the various well layers. Such a statement isamples whose composition is equal to that of the well layer
confirmed by the spectra shown in Figbll In fact, the PL  material. By comparing the results for a 7500-A-thick
intensity decreases as the barrier thickness decreases. Whgample, where bulk defects predominate, with those for a
tunneling between well layers through the barrier layers ig#50-A-thick sample, where defects present at the air-film and
possible, the spatial confinement of carriers in the well is ndilm-substrate interfaces predominafean increase of one
longer effective, and an escape mechanism exists which rerder of magnitude in the low-energy absorption is measured
duces the radiative recombination. (see Fig. 2 Interestingly, a 25-period multilayer sample

On the other hand, the blueshift could be explained by shows an absorption almost equal to the 450-A-thick sample,
guantum confinement effect. Within the effective-masswhose thickness is comparable to that of a multilayer. This
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FIG. 2. Absorption coefficient for a 7500-A-thiak Siy N 4:H 1 192ev

film (M symbols, 450-A-thicka-Sip fNg 4:H film (® symbolg, and
a multilayer sample with 25 periods of 10-A-wide barrier and well
layers(A symbols.

fact indicates that no additional optically active defects have
been introduced in the multilayer structure by the presence of
the multiple barrier/well heterointerfaces. These observations
explain the absence of the PL quenching for the very thin 102 0
well layers in our samples. o Decay time [ns]

The PDS spectra of Fig. 2 yield a similar value of Urbach
energy for both homogeneous and multilayer samples, that FIG. 3. Time-resolved photoluminescence at room temperature
would seem to contradict the above assumptions concerninfgr (a) an a-SiggNg.4:H film, and (b) an a-SiygNg 4:H/ a-SizN,:H
the disorder enhancement in multilayer structure with verymultilayer (d,,=10A, d,=100A). The spectra at several emission
thin well layers. On the other hand, it is worth underlining energy are reported. The smooth curves show the results of the best
that the Urbach parametEy, , related to the disorder, can be fit using the stretched-exponential function.
different for optical and recombination processes. In detall,
absorption is sensitive only to antiparallel potential fluctua-infinite. number of pure exponentials weighted by a decay
tions, while in a recombination process involving thermali-rate distributionG(7)/ 7 (Ref. 20:
zation the carriers interact with states related both to parallel -G
and anti.parallell fluctuation's. Thgs, the broadening of the I(t)=constf (7) ex;{ _ i)dr. (5)
electronic density of states that influences the photolumines- o 7 T

cence process could be underestimated by absorption Chaéi(tracting theg and ~ parameters of Eq4) by least-square
acterizations. fits, an asymptotic function has been used to estimate the

Figure 3 shows the PL decays for a reference bulk, ' . . 21 X )
a-SioNoa:H sample [Fig. 3@] and for a 30-period glsstnbunonG(r), and the average decay time was defined

a-Sip gNg.4:H/a-SisN,:H multilayer structurg[Fig. 3(b)] at
several emission energi€s,,,. As the detection energy in- %
creases, the decay time shortens. To exclude any contribu- f G(7)d7

tions of direct recombinations in the barrier layer, a thick = 0 _ (6)
a-SisN,:H film was also investigated. Within the sensitivity J“’G(T)dT

of our instrumentation, no PL was measured. Very short de- 0

cays are observed both for the reference aBiy ¢Ng.4:H _

sample and for the multilayer. The decay line shapes do ndh Fig. 4, 7 is plotted versus,,, for a multilayer structure
follow single or double exponential laws, as reported in Ref(30 periods ofa-Siy gNg 4:H/a-SisN,:H, d,=10A, andd,
6, but a stretched-exponential law. The mathematical expres=100A) and two homogeneousa-Si; ,N,:H alloys

PL intensity [arb. units]
=

sion of the stretched exponential is (a-Sig gNg 4:H anda-SiN:H samples with an emission band
at the same energy as the multilgye8mallerr values are
[(t)=1gexd — (t/7)"], (4)  measured for the alloys than for the multilayer. An exponen-

tial dependencecexp(—E/vy) fits the experimental data with
wherel(t) is the luminescence intensity at timer is the  higher y for a-Si; _4N, :H alloys with a highN content.
decay lifetime, andB is a dispersion exponent. Short Such a dependence could be accounted for by a dominant
~0.01-0.2ns and smaB~0.3-0.4 are deduced by least- hopping process through which photogenerated carriers ther-
square fits of the decay data. To discuss the experimentahalize in lower-energy tail states. Hopping opens an escape
data, we consider the PL intensitft) to be composed of an mechanism which acts to reduce the recombination lifetime.



PRB 60 LUMINESCENCE PROCESSES IN AMORPHGRU. . . 11575

thermalization process affects mainly the decay rat¢ at
>1ns. Measurement performed as a function of the tem-
perature should allow a discrimination of various contribu-
tions to the luminescence decay.

No dependence of the decay line shape on the excitation
intensities(ranging from 5—510? W of average power

ﬁ is observed. Furthermore, there is a linear dependence of the
Ie PL intensity on the excitation intensity. This signs a mono-
. : molecular recombination regime that is observed even at
o a-Si N, ,H . . .
o aSi N -H/a-SiN - H room temperature in this work. This has already been ob-
o aSLNGH served in C-richa-SiC:H alloys, and was justified by the
o1 ——— , , , , strong electron-hole Coulomb interactibh.Similarly, in
1.0 1.5 2.0 2.5 a-Si; N, :H-based alloys and multilayers, an enhancement
E,. ..o [€V] of the Coulomb interaction by increasing the nitrogen con-

tent is possible due to a decrease of the refractive iRdex.
FIG. 4. Average decay time vs detection energy for It is worth emphasizing that a comparison of the photolu-
a-SipeNos:H and a-SipNgs:H films and for an minescence spectra of the multilayers excited with photons
a-Sip gNg 4:H/ a-SigN,:H multilayer d,=10A,d,=100A). The of 2.71 eV (the cw PL measurementsvith those excited
respectivey values yielded by the best exponential fits are indi- with photons of 3.2 e\(both time-integrated and spectrally
cated. resolved TRL measuremeitdoes not exhibit any appre-
ciable energy shift between the spectral features. Such a be-

The hopping rate is proportional to the density of IocalizedhaVior seems .to exclude the fact that 'the strong enhancement
states which are involved in the thermalizatfidrMoreover, I the PL efficiency observed for multilayer structures is due
due to the static disordea; Si; _,N, :H alloys are character- to the parti:_al intermixing qf the bgrrier and well layers with
ized by a density of state®OS) which shows exponential the formation Qf a N-richa-Si,_,N,:H layer at the
band tails at the band edgegwill depend on the slope of h_eteromterface%. In such a case, a_blueshlft of_the_ PL emis-
the exponential DOS: a sharper DOS profile leads to £ would be observed by varying the excitation energy
smallery. In a-SiN:H the exponential slope of the DOS is a ffom 2.71 to 3.2 eV, as found ia-Si; _;N, :H alloys excited
decreasing function of N content, and the DOS extent it €nergies below the gap energy.

larger for N-rich alloy$3 These facts help to understand the N conclusion, the optical measurements performed on

N content and energy dependencies?ofWhen the same a-Si _«Ny :H-based nanometric multillayers Sth.' room-.
. ) o S temperature fast monomolecular emission with high efficien-
energy interval is observed for the emissionaeSiN:H al-

o : . ; &ies due to the spatial localization of carriers in the narrow
Vs, by increasing the N content one expects and, indeed, . . . . !

. — ; ' well layers, which seems compatible with carrier confine-
measuresi) a largers due to the lower tail DOS, andi) a  mnent associated with a disorder enhancemg@nta low het-
highery due to a lower slope of the exponential DOS. Thegrginterface defect concentration and an absence of interface
high decay times and the weak energy dependencefof  intermixing; and(iii) a recombination dynamic dominated at
multilayers, compared to alloys, can be explained by thaoom temperature by hopping that induces, more markedly
same arguments taking into account a widening of tail statefor Si-rich a-SiN than for multilayers, a dependence of the
in the well layers due to static disorder and to a decrease afecay times on the emission energy. In the light of such
edge state$lt has to be pointed out thatis just the average results, wide-band-ga@-Si; - N, :H-based multilayer struc-
of the effective lifetime distribution. On the other hand, if we tures open the possibility of applications in optoelectronic
use a single exponential fit exp/r;) to I(t) for Ot  devices, such as fast light-emitting devices with high bright-
<1 ns, a more smooth energy dependence, afith respect nesses in the visible range.
to 7 is found for Si-richa-Si; _,N, :H alloys, while almost The authors wish to thank Dr. P. Rava for samples depo-
no energy dependence is measured for N-de8i; _,N,:H  sition and the LAMEL-CNR Institute, where the multicham-
or multilayer samples. The above results suggest that thieer PECVD system is located.
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