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Time-resolved photoluminescence study of hydrogenated amorphous silicon nitride
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Time-resolved measurements of photoluminescence were carried out on a hydrogenated amorphous silicon
nitride film prepared by low-pressure chemical vapor deposition. When excited with 5.0-eV photons, photo-
luminescence occurs over a broad spectrum ranging from 1.8 to 3.6 eV. The peak energy of this photolumi-
nescence varies with time from several nanoseconds to nearly 1 ms. These results are explained by a combi-
nation of an excitonlike recombination process and a radiative tunneling recombination process of
photogenerated carriers within the band-tail states, which are affected by the contributions of thermalization,
the Coulombic interaction, and the extent of localization.
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Near-stoichiometric hydrogenated amorphous silicon
tride (a-SiNx :H, x'1.33) is one of the most important d
electric materials in microelectronics fabrication. This ma
rial is used as a gate insulator in field-effect or thin-fi
transistors, as a charge storage layer in nonvolatile me
ries, or as a capacitor dielectric in dynamic random acc
memories. It is well established that the localized states
the band gap or at the band tails in this material affect dev
performance.1–4 Much work has been carried out on this su
ject. Electrical measurements and electron spin resona
~ESR! studies have revealed that two paramagnetic def
known as theK center1–3 (N3wSi•, wherew and• denote
three separate bonds and an unpaired electron, respecti!
and theN center2–4 ~Si2vN•, wherev denotes two separat
bonds! are the key charge centers ina-SiNx :H.

Photoluminescence~PL!, a powerful tool for the study
of localized states, has been used on this material,
several PL bands between 1.8 and 4.0 eV have b
reported in near-stoichiometric, silicon-rich, or nitrogen-ri
a-SiNx :H.5–9 Among these PL bands a broad PL band c
tered around 2.5 eV has been widely reported for ne
stoichiometric or nitrogen-richa-SiNx :H.5–9 We have re-
cently reported that this PL has very similar properties to
PL observed in hydrogenated amorphous silicon (a-Si:H).5

This fact suggests that the origin of this PL may be similar
that ofa-Si:H. However, the information on this PL band
still not sufficient to understand the mechanism. In this
port, we discuss this mechanism based on the results of t
resolved PL measurements ona-SiNx :H performed over the
time scale from nanoseconds to milliseconds.

The a-SiNx :H samples used in this study were deposi
on ap-type ~100! silicon substrate by low-pressure chemic
vapor deposition with a mixture of dichlorosilane (Si2H2Cl2)
and ammonia (NH3) gases at a pressure of 65 Pa and at 6
or 750 °C. A detailed description of the samples used in
study is listed in Table I. The hydrogen content and
atomic ratio of N/Si~for Table I! were measured by Ruthe
PRB 620163-1829/2000/62~3!/1532~4!/$15.00
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ford backscattering, and the dielectric constant was meas
by the capacitance-voltage method at 1 MHz. The thickn
of each sample, as measured by ellipsometry, was 75 nm

Time-resolved PL spectra were measured at room t
perature using a monochromator equipped with an intensi
charge-coupled device~ICCD! array. The ICCD array was
gated by a pulse generator connected to a delay circuit,
the delay time between the laser pulse and the gate pulse
monitored with an oscilloscope. The gate pulse width or
PL observation time was adjusted from 50 ns to 4ms so that
clear PL spectra could be obtained. Due to the substan
widths of the excimer laser and the gate pulse, this syste
not suitable for decays on the order of a nanosecond. For
purpose, the PL decay was measured at 20 K using a sin
photon counting technique excited by synchrotron radiat
~SR! operated in a single-bunch mode~the time interval of
SR pulses is 177.6 ns; the apparent pulse width is 550 p! at
the BL 1B line of the UVSOR~ultraviolet synchrotron or-
bital radiation! facility ~Institute for Molecular Science, Oka
zaki, Japan!.

Figure 1 shows typical time-resolved PL spectra m
sured in sampleA. Curve ~a! is the spectrum obtained b
measuring over the whole PL time region of 0.1 s witho

TABLE I. Samples.

Sample
Dielectric
constant Atomic ratio N/Si H content~mol %!

A 4.7 1.24 3.93
B 5.2 1.54 6.05
C 6.0 1.57 5.43
D 6.1 1.36 4.01
E 6.2
F 6.3 1.44 4.00
G 6.3 1.43 3.84
1532 ©2000 The American Physical Society
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any delay. A Gaussian-shaped broad PL band, which is v
similar to the PL’s observed in near-stoichiomet
a-SiNx :H,5–9 was observed. The curves~b!–~g! correspond
to the spectra measured at given time intervals after
excimer laser excitation. A shift of the PL peak as a funct
of the delay time was observed, i.e., first to red, then to b
and then back to red again. Similar phenomena were
served in all the samples tested. Figure 2 shows the deta
the shift observed in samplesA, B, andF. The ordinate in
Fig. 2 is the difference between the peak position of
different spectra, measured at various delay times, and
peak position of the time-integrated spectrum, e.g., curve~a!
of Fig. 1. The horizontal bar at each data point shows
time interval used for the spectrum measurement. Furt
more, the vertical bar whose height is equal to the full wid
of the three-hundredth maximum of the spectrum is show
order to provide a measure of the error in determining
peak energy. The redshifts at the initial and the final sta
are common to all the samples, but the blueshift, afte
delay of;100 ns, is not apparent in sampleF.

Similar time-resolved PL measurements have been car
out by several authors ona-Si:H and its alloys10–17 with
oxygen (a-SiOx :H) and carbon (a-SiCx :H) and reveal vari-
ous patterns in the PL peak shifts for these materials. H
ever, it is widely accepted that three different effec
namely, thermalization, the Coulombic interaction, and
energy distribution of localized states, influence the reco

FIG. 1. Typical time-resolved PL spectra of sampleA excited by
5.0-eV photons from the KrF excimer laser. The numerals follo
ing ~a!–~g! indicate the observed time regions.
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bination of photogenerated carriers within the localiz
states at the band tails and are responsible for the sh
After excitation, the electrons or holes lose their energy
thermalization at the band-tail states, which induces the
redshift at an early stage.11 The decay process at this stag
will be discussed later.

The blueshift is generally observed in the middle tim
range.10,11,16,17 If the upper and lower localized states in
volved in the recombination become charged, when th
capture, respectively, an electron and a hole, and the C
lombic interaction energy will be lost on their return to ne
tral states through the electron-hole recombination. Assu
ing a tunneling process in the recombination, the PL lifetim
becomes longer because the recombination probability
creases if the distance between the electron-hole pa
longer, while the Coulombic energy loss decreases. He
the PL shifts to a higher energy as the delay tim
increases.10,11,16,17Good examples of the blue shift can b
found in a-SiOx :H ~Refs. 10 and 11! and a-SiCx :H ~Ref.
17!. The carbon or oxygen incorporation ina-Si:H leads to a
decrease in dielectric constant and an increase in the C
lombic energy of the electron-hole pair.10,11,17A similar phe-
nomenon can be found in the present samples in which
trogen is incorporated. As shown in Fig. 2, the blueshift
not pronounced in sampleF, where the dielectric constant i
the largest. The relationship in which the sample with
lower dielectric constant shows that a clearer blueshift w
observed among all seven samples. This shows that the b
shift observed in the presenta-SiNx :H results from the Cou-
lombic interaction.

The final redshift is attributed to the extent of localizatio
of the carriers, which varies with the energy of the band-
states. Electrons and holes in the deeper states are mor
calized, and this leads to a longer lifetime of the electro
hole pair in the flame of the radiative tunneling model.11 As
a result, the PL shifts to lower energies with time.

Figure 3~a! shows the changes in the total PL intensity
a function of time observed in samplesA, B, andF. The PL
decays are nonexponential, ranging from;1028 to 1023 s,
which indicates that the PL has a broad lifetime distributio

-

FIG. 2. The shifts of the PL peak position as a function of tim
after excitation for samplesA, B, andF. The shift was obtained by
subtracting the peak energy of the time-integrated spectrum,
~a! of Fig. 1, from those of spectra measured at various delay tim
The horizontal and vertical bars on the data points indicate the t
interval used for the spectrum measurement and the full width
the three-hundredth maximum of the spectrum, respectively.
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Therefore, it is convenient to analyze the PL decay b
distributionG(t) of lifetime t. The curves in Fig. 3~a! were
drawn by choosingG(t) so as to yield the best fits to th
decays according to the procedure suggested by Tsang
Street.12 Figure 3~b! shows the producttG(t) or the lifetime
distribution as calculated from Fig. 3~a!. The lifetime distri-
bution tG(t) shows a peak att51.231024 s regardless of
the sample. It has been reported thata-Si:H ~Ref. 12! and
a-SiCx :H ~Refs. 17 and 18! have similar peaks a
1026– 1023 s, and radiative tunneling was suggested as
main recombination mechanism. This suggested mechan
is quite consistent with the above-noted explanation for
blueshift and the final redshift in PL in the present expe
ment.

In Fig. 3 a steep drop intG(t) is seen att'1027 s, the
same time range wherein the initial redshift in the tim
resolved spectra is observed. In order to study this furt
the PL decay at this early stage was investigated using
Figure 4 shows nanosecond-order PL decay curves
sampleB monitored at various emission energies. All of t
measurements were performed at 20 K, and under excita
by SR photons with an energy of 5.0 eV. The decays
nonexponential and can be expressed by a stretched e
nential function,

I ~ t !}~t8/t !12b exp@2~ t/t8!b#, ~1!

whereI is the PL intensity,t the time,t8 the effective life-
time, andb a parameter that has a value between 0 and
The curves in Fig. 4 are the results of the least-squares fi
the decay profiles to Eq.~1!. As the photon energy increase
t8 becomes shorter whileb stays almost constant at;0.4.
The average lifetimetave was obtained by assuming th
stretched exponential to be composed of an infinite num
of single exponentials with their distributionG(t).19 Figure
5 shows the calculatedtave for each emission energy. A
negative exponential dependence,tave}exp(2E/g), on the
emission energyE is seen, and the logarithmic slopeg was

FIG. 3. ~a! The PL decays and~b! lifetime distributions of
samplesA, B, andF measured over the time range of 1028– 1023 s
using the excimer laser excitation at room temperature.
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determined to be 316 meV by the least-squares fit. This
pendence is explained by a nonradiative hopping proces
photogenerated carriers within the localized states at
band tails.19 At low temperatures, the phonon-assisted ho
ping is a dominant process that decreases the populatio
carriers at a certain energy state together with radia
recombination.20 Because the hopping rate is proportional
the density of states~DOS! and the DOS profile at band tail
in a-SiNx :H is exponential,21 the average lifetime is ex
pected to decrease exponentially with an increase in pho
energy.19

A fast PL decay component (t,1028 s) at low tempera-
tures around 15 K was also found ina-SiCx :H.18 Based on
the fact that this component appears only in the samples
x.0.25, acceleration of the radiative recombination rate b

FIG. 4. The nanosecond-order decays of sampleB monitored at
various PL emission energies,~a! 2.4 eV,~b! 2.8 eV, and~c! 3.2 eV
using SR excitation at 20 K. The curves are the best fits of
stretched-exponential function, Eq.~1!.

FIG. 5. The average lifetime of the nanosecond-order decay
function of the emission energy. The solid line is the least-squa
exponential fit to the data.
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strong Coulombic interaction has been suggested as b
responsible for this component.18 The same logic can be ap
plied to the presenta-SiNx :H, because the fast decay
commonly observed in a-SiNx :H but is absent in
a-Si:H.5,11–15,19 Therefore, recombination of an electro
hole pair bound by a strong Coulombic force, e.g., an ex
ton, is considered to be the radiative mechanism for the
decay component. Continuing the discussion develope
relation to Fig. 2, the excitonlike electron-hole pairs are th
malized while they recombine with each other via the abo
mentioned radiative process.

In summary, the time-resolved PL measurements
a-SiNx :H indicate that the photogenerated carriers with
the band-tail states recombine first through an exciton
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mechanism and then through a radiative tunneling mec
nism, leading to a broad lifetime distribution expanding fro
nanoseconds to milliseconds. Furthermore, contributi
such as thermalization by the hopping process, the Coul
bic interaction, and the extent of localization on the reco
bination process result in a time-evolved PL shift.
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