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We present recent developments in the study of the photoluminescence (PL) lifetime of a-Si:H; in particular, PL excitation 
(PLE) spectra of singlet- and triplet-excitons and distant-pair (DP) components, and the effects of the defect density on the 
triple-peak PL lifetime distributions. PLE of the two excitonic components suggests the presence of exciton absorption. 
Introducing defects significantly quenches the DP components by non-radiative tunneling (NRT) recombination. The lifetime 
distribution of a-SiN:H obtained by wideband quadrature frequency resolved spectroscopy (QFRS) exhibits a triple-peak 
structure as well, and its dependences on temperature and generation rate are similar to those of a-Si:H, except for the 
short-lived lifetime of ∼10 ns in a-SiN:H in contrast to that of ∼1 μs in a-Si:H. The QFRS study gives spin exchange energy 
and photon emission rates of the excitons of a-SiN:H. 
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1. Introduction 
 
Photoluminescence (PL) spectroscopy is one of the 

more sensitive and non-destructive tools for investigating 
recombination mechanisms of photoexcited carriers in 
optoelectronic materials. Particularly, quadrature 
frequency-resolved spectroscopy (QFRS) of the PL is a 
powerful technique to measure the widely distributed 
spectrum of the PL lifetime induced by the disorder of 
amorphous semiconductors. As reported in a previous 
paper [1], using a newly developed wideband QFRS 
technique to analyze the lifetime distribution over almost 
11 decades in time (2 ns to 160 s), we found a triple-peak 
PL lifetime distribution for undoped hydrogenated 
amorphous Si (a-Si:H) at low temperatures and under the 
geminate condition, with the photogeneration rate G ≤ 1019 
cm-3s-1 as described by Bort et al. [2].  

A third lifetime peak τD found by our group in the 
range 0.1–160 s, besides the well-known double lifetime 
peaks, increases continuously with decreasing G, even far 
below the geminate condition. This τD component reflects 
the recombination of non-geminate electron-hole (e-h) 
pairs, i.e., distant-pairs (DPs), in which electrons and holes 
are separately trapped in the respective band-tails through 
rapid thermalization after above-bandgap photoexcitation 
[3]. Thus the observation of the triple-peak lifetime 
distribution suggests the coexistence of excitonic 
recombination and DP recombination, even under the 
geminate condition. At higher temperatures, the 
distribution becomes a double-peak one, with peaks due to 
geminate (non-excitonic) and DP recombination [3]. The 
effect of an external magnetic field on the lifetime 
distribution also supports the involvement of exciton and 

DP recombination, under the geminate condition at low 
temperatures [1].    

Meanwhile, light induced electron spin resonance 
(LESR) signals are generally interpreted as due to 
photoexcited electron-hole pairs separately trapped into 
the respective band-tails [2,4,5]. The LESR signal shows a 
sub-linear G-dependence of the metastable carrier density 
nmet ∝ G0.2 in the range of G from 1015 to 1023 cm-3s-1 and 
the residual LESR signal continues to decay over 104s 
after turning off the excitation light. However, the 
metastable carrier density obtained from the QFRS of the 
PL is linearly dependent on G under geminate conditions 
G ≤ 1019 cm-3s-1, and residual PL decay has not been 
observed at times longer than 10 s, except by an indirect 
method using infrared (IR) superposition as a probe [6].  

We have discovered, however, that the third lifetime 
peak τD increases continuously with decreasing G even far 
below the geminate condition, and shows a sub-linear 
dependence of the metastable carrier density nD = ηDGτD ∝ 
G0.2, where ηD is a quantum efficiency for the DP 
component deduced by deconvoluting QFRS spectra. This 
agrees with the G-dependence of the light induced electron 
spin resonance (LESR) signals [3]. Automatically varying 
the time-constant of the lock-in detection of the residual 
PL after cessation of the PL excitation light, we have 
observed the PL decay over 104 s and demonstrated that 
the integration of the PL decay depends on G as ∝ G0.2 [7]. 
Thus, we have solved the long standing open questions 
concerning the discrepancies of the G-dependence and the 
residual decay between LESR and PL in a-Si:H [3,7,8]. 

Following our previous paper [1], we shall present 
here a further development of PL lifetime studies of a-
Si:H; effects of the PL excitation energy (PLE), defect 
density and infrared (IR) biasing on the triple-peak QFRS 
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spectra. The PL lifetime distribution of a-SiN:H is studied 
by wide-band QFRS, exhibiting a triple-peak structure 
with a short-lived lifetime peak at τS of ∼10 ns, in contrast 
to that of ∼1 μs in a-Si:H.  
 

 
2. Experimental 
 

All the films of a-Si:H and a-SiNx:H for PL measurements 
were deposited on roughened Al substrates by VHF  
plasma CVD (Chemical Vapor Deposition) with a novel 
impedance matching method [9]; a-Si:H films of thickness 
0.9 − 1.1 μm with various defect densities were obtained 
mainly by varying the substrate temperatures at a 
frequency of 50 MHz. The defect densities of the a-Si:H 
films were determined by CPM (Constant Photocurrent 
Method) spectroscopy. Films of a-SiNx:H were produced 
from a mixture of SiH4 and N2 gases at a substrate 
temperature of 350 °C, at frequencies of 50 − 150 MHz 
and power densities of 35 − 280 mWcm-2. The optical 
bandgap Eopt was determined from Tauc plots obtained by 
fiber-optic- transmission measurements using a Perkin-
Elmer Lambda 900 spectrophotometer at 3.7 K. The 
Urbach tail energy EU was also obtained from the optical 
transmission spectrum at room temperature. In addition to 
these data, the nitrogen content x determined from 
transmission spectra using a  JOEL Winspec 100 FTIR 
(Fourier Transform Infrared) spectrophotometer and with a 
thickness d obtained using a SCI Filmtek 2000 fiber-optic-
spectrophotometer are tabulated for the five samples of a-
SiNx:H in Table 1. 

 
Table.1 x; nitrogen content, Eopt; optical bandgap, EU; 
Urbach tail energy, d; thickness, IPL; PL intensity, EPLS; 
PL peak energy of the singlet exciton component, EPLT; 
PL peak energy of the triplet exciton component, Eex; 
exchange energy, τS; singlet exciton lifetime, τT; triplet 
exciton lifetime, ηS/ηT; QE ratio of the singlet- to  triplet 
- exiciton  components  for   the   five  a-SiNx:H  samples. 
                                     
Sample No. SN01 SN02 SN03 SN04 SN05
x (a-SiNx:H) 0.49 0.84 1.14 1.18 1.43 
Eopt (3.7K) 2.07 2.47 2.67 2.89 3.04 
EU [eV] 0.12 0.22 0.34 0.29 0.36 
d [μm] 1.52 2.43 2.29 1.54 8.34 
IPL [a.u.] 0.3 0.5  4  1  6  
EPLS [eV] 1.30  1.96  2.00  1.99  2.15 
EPLT [eV] 1.25  1.78  1.82  1.82  1.97 
Eex [eV] 0.05 0.18 0.18 0.17 0.18 
τS [ns] 10  5.0  10  6.1  13  
τT [ms] 0.5  0.6  2.0  1.0  2.0  
ηS/ηT 2.3 4.9 4.8 5.9 3.9 

 
The PL of a-Si:H was excited mainly at 2.33 eV, and 

PL excitation spectroscopy (PLE) was measured by eight 
semiconductor lasers with emission energies EX ranging 
from 1.46 to 1.94 eV. The PL of a-SiN:H was excited by 
laser light of EX = 2.33, 2.61, 3.04 and 3.31 eV. The 
spectrally integrated or dispersed PL was detected by an 
infrared (IR) photomultiplier tube (PMT; R5509-42, 

Hamamatsu) at photon energies ≥ 0.89 eV. The PL 
intensity IPL of the a-SiNx:H samples in Table 1 is the dc 
photocurrent (arbitrary units) of the PMT detecting 
spectrally integrated PL, excited at EX = 3.31 eV and 13 K. 

PL lifetime distributions were measured by the 
wideband QFRS technique, measurable over almost 11 
decades of lifetime from 2 ns to 160 s, as previously 
reported [1]. The effects of IR on the QFRS spectra of a-
Si:H were studied by employing the wideband QFRS for 
the PL excited with above-bandgap radiation EX = 2.33 eV 
in superposition with sub-bandgap light of 0.37 eV (3.39 
μm) IR laser, with an irradiation intensity of 75 mWcm-2, 

corresponding to 1.3 × 1018 photons·cm-2s-1. 
 
 

3. Results and discussion 
 

3.1. a-Si:H 
 

Figure 1(a) shows the triple-peak QFRS spectra, at 
various excitation energies EX and 3.7 K, for the spectrally 
integrated PL of a high-quality a-Si:H film having a defect 
density Nd ≈ 1.4 × 1016 cm-3 and a thickness of 9.3 μm; 
each spectrum has three lifetimes peaks at τS (∼μs), τT 

(∼ms) and τD well below the geminate condition of G = 
2.0 × 1015  cm-3s-1. The peaks at τS and τT are the well-
known double peaks [10] while the peak at the longest 
lifetime τD is the third one discovered by our group [3]. 
The quantum efficiency (QE) ηD, proportional to the area 
of the third τD component, is larger and τD is longer at 
higher EX. This is a result of DP recombination because 
photo-excited carriers tend to diffuse apart rather than 
form a geminate pair or an exciton during thermalization 
at a photoexcitation energy EX well above the mobility gap 
[1,3]. PLE spectra for the three components, i.e., the QEs 
ηS, ηT and ηD plotted as functions of EX, are shown in 
Fig.1(b), where the QEs were determined by 
deconvoluting the QFRS spectra of Fig.1(a). Both the QEs 
ηS and ηT are larger than ηD in the range of EX from 1.5 to 
1.7 eV. 
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Fig. 1  (a) QFRS spectra of high-quality a-Si:H for 
various excitation energies EX at G = 2.0 × 1015cm-3s-1 

and 3.7 K. (b) Quantum efficiencies (QEs) of (□)ηS, 
(Δ)ηT and (●)ηD of the three lifetime components τS,              
τT    and  τD,  respectively,  as   functions  of  EX,  and  an  
           absorption spectrum (α) obtained at 3.7 K. 
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A self-trapped-exciton (STE), composed of an electron 
bound to a self-trapped hole (STH), is responsible for the 
former two components, having PL peak energies around 
at ∼1.3 eV [1,8]. If these higher absorption coefficients of 
the two components are assumed to be the exciton 
absorptions, the energy difference between the excitonic 
absorption energy and the PL peak energy amounts to ∼ 
0.2 − 0.4 eV, which coincides with the STH trapping 
energies of 0.24 − 0.35 eV [11]. The Coulomb binding 
energy of the electron bound to the STH was estimated to 
be ∼5 meV [8] and the singlet-triplet exchange energy Eex 
was determined from the difference between the PL peak 
energies of the τS and τT components, being ∼40 meV [12]. 
Thus we shall introduce the excitonic recombination 
model as shown in Fig. 2. 

 

EC

EV

Excitonic (STE)

Defect

S
T

~5meV ~40meVEex

Sτ Tτ

STH

r

DP recombination (τD)recombination

R

0.2~0.4eV

~

τ τr nr

 
 
Fig. 2. Recombination model of a-Si:H. consisting of 
singlet (τS ) and triplet (τT ) self-trapped excitons (STE) 
and a distant-pair (DP(τ D)) with e-h pair separation r. 
The exchange energy Eex ≈ 40 meV and singlet-exciton 
binding energy ∼5 meV are obtained in Refs. [8] and 
[12] respectively. The electron of the DP has a distance 
R to a defect. The thin solid arrows indicate radiative 
recombination. An oblique dotted arrow indicates non-
radiative tunneling and a vertical one to the defect 
indicates non-competing non-radiative recombination. 
The   thick  arrows  indicate  the  spins  of  electrons  and  
                                        holes. 
 
 
In addition, the PLE spectrum of the τD component 

declines faster into the bandgap than those of the τS and τT 

components, while the PL peak energy of the τD 
component is the lowest [1,8]. This is a manifestation of 
the largest Stokes shift of the τD component, which 
presumably results from the recombination of DPs deeply 
trapped in tail states in Fig.2.  

Figure 3(a) demonstrates how the triple-peak QFRS 
spectra change as the defect density Nd increases. The 
deconvoluted QFRS spectra show little change of the 
lifetimes τS and τT with increase of Nd, in contrast to the 
decrease of the QEs ηS and ηT. This was interpreted as 
non-competing non-radiative recombination (NRR) 
introduced by the defects, where photoexcited carriers are 
rapidly captured by the defects, usually within 10-12 s, 
during the thermalization process from extended or higher 
tail states after PL excitation [13].  

On the other hand, however, the lifetime of the third 
longest-lived component τD ≥ 0.1 obviously decreases as 

the QE decreases with increase of Nd in Fig. 3(a), and the 
logarithmic plot of ηD with arbitrary unit against Nd 
coincides with that of τD in Fig. 3(b). This indicates that 
the DP radiative recombination competes with the NRR 
introduced by the defects. At a low temperature, electrons 
and holes are localized and immobile in the respective 
band-tails [7]. Both the radiative and non-radiative 
transitions must therefore involve tunneling, as shown in 
Fig. 2; a tunneling distance for radiative tunneling (RT) 
recombination is an e-h DP separation r, and that of the 
non-radiative tunneling (NRT) recombination is a distance 
R between an electron and a defect, when the electron is 
assumed to be the particle which tunnels to the defect.  
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Fig. 3. (a) QFRS spectra of a-Si:H samples with defect 
densities Nd = 1.7 × 1016 , 6.7 × 1016, 1.3 × 1017 and 4.6 × 
1017 cm-3. (b) (○) the DP lifetimeτ D and (∗) QE ηD 
obtained from (a) against Nd. The solid curve is derived 
from Street’s model [14]. Also (�) the e-h separation          
r + Rc and (•) the distance R between the electron and 
defect plotted against Nd. Critical length                            
Rc  =  (a/2)ln(ν0τ0)   ≈  32  Å with  a  =  7 Å,  ν0 = 1012 s-1  
                                     and τ0 = 10-8

 s. 
 
 
The model of Street et al. [14], in which all electrons 

trapped in band-tail states within a critical radius Rd of a 
dangling bond are assumed to tunnel to the defect and 
recombine non-radiatively, predicts the reduction of QE by 
a factor of exp(−4π Rd

3 Nd/3). Setting Rd = 100 Å, we can 
fit the factor to the QE ηD as shown by a solid curve in 
Fig. 3(b).  When NRT with a lifetime τnr is competing with 
RT recombination with a lifetime τr, the actual lifetime τD 

and the QE ηD are given by, 
 

τD
-1 = τr

-1 + τnr
-1                                      (1) 

 
and  

 
ηD = τr

-1/(τr
-1 + τnr

-1) = τD/τr.                           (2) 
 

The RT lifetime τr is expressed as 
  

τr = τ0exp(2r/a),                                     (3) 
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where τ0, and a are the dipole transition time usually ∼10-8 

s and the electron localization radius, respectively. The 
NRT lifetime τnr is given by  
 

τnr = ν0
-1

 exp(2R/a),                               (4) 
 

with ν 0  having a typical phonon frequency ∼10 12  

s-1.  
Both τr and τnr are determined from the data of τD 

andηD, using the eqs. (1) and (2). Since ηD ∝ τD in Fig. 
3(b), τr is independent of Nd but τnr decreases with an 
increase in Nd. The RT recombination prevails over the 
competing NRT recombination, or vice versa, depending 
upon whether τr 

–1 > τnr
-1 or τr

-1
 < τnr

-1, which corresponds to 
R > r + Rc or R < r + Rc with a critical length Rc = 
(a/2)ln(ν0τ0), deduced from eqs. (3) and (4). For each 
defect density, Nd, r + Rc and R were determined from τr 
and τnr, using eqs. (3) and (4), respectively. The electron 
localization radius a was assumed to be 7 Ǻ, so that R 
averages Rd = 100 Ǻ approximately, which gives Rc ≈ 30 
Ǻ. As Nd increases, the DP separation r is almost constant, 
but R decreases by ∼10 Ǻ and R < r + Rc holds for 
defective samples with Nd ≥ 6.7 × 1016 cm-3, indicating the 
dominance of NRT over RT. 

The QFRS spectra of the defect-rich sample with              
Nd = 4.6 × 1017 cm-3 are demonstrated in Fig. 4 (a) for 
various G. In particular, the τD component decreases in 
both lifetime and area below G = 1.6 × 1015 cm-3s-1. The 
lifetimes τD and QEs ηD of the high-quality sample with  
Nd = 1.7 × 1016 cm-3 and the defect-rich sample are shown 
in Fig. 4(b) as functions of G. The lifetime τD of the high-
quality sample monotonically increases up to 64 s with 
decreasing G to 9.0 × 1014 cm-3s-1, but that of the defect-
rich sample has a peak at G = 1.6 × 1015 cm-3s-1. Such a 
singular phenomenon of the defect-rich sample arises 
because the metastable carrier density is so much smaller 
than Nd at the very low G that the NRT at the defect sites 
prevails over RT and participates in shortening the fate of 
the metastable carriers [7,15].  

In Fig. 4(c), as functions of G, we plot τr of both the 
samples and τnr of the defect-rich sample determined from 
τD and ηD, by using eqs. (1) and (2). Individual points of τr 

lie in a straight line vs. G-0.8, showing that the radiative 
recombination approximately obeys the DP theory even 
for the defect-rich sample. Moreover, the NRT lifetime τnr 

almost lies on the G-0.8 line, which indicates that both the 
DP separation r and the distance from the electron to the 
defect R are dependent on G (Fig. 4(c)). Fig. 4 (c) also 
shows that R < r + RC holds over the whole range of G for 
the defect-rich sample, where the NRT dominates over the 
radiative DP recombination. 
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Fig. 4. (a) QFRS spectra of the defect-rich a-Si:H with 
Nd =4.6 × 1017 cm-3 for various G.  (b) (○) the lifetime τ D 
and (∗) QE ηD as functions of G for the high-quality 
sample with Nd = 1.7 × 1016 cm-3. (□)τ D and (•) ηD  for 
the defect-rich sample. (c) The radiative lifetimes τr for 
(○) the high-quality and (Δ) the defect-rich samples, and 
(× ) non-radiative  lifetimes  τnr ,(□) r  +  Rc, (•)R  for the  
                    defect-rich sample, as functions of G. 
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Fig. 5. (a) QFRS spectra of the high-quality a-Si:H 
sample (○) with and (•) without IR biasing of 0.37 eV 
and  75  mWcm-2.  (b)  The  same   as  (a)  except  for  the  
                         defect-rich a-Si:H sample. 
 
 
Figs. 5(a) and (b) demonstrate the QFRS spectra 

excited at 3.7 K, EX = 2.33 eV and G = 6.0 × 1016 cm-3s-1 
(well below the geminate condition) with and without IR 
superposition for the high quality sample and the defect-
rich sample, respectively. The IR biasing enhances the DP 
component of the high-quality film but shortens the 
lifetime peak τD and its skirt on a logarithmic lifetime 
scale (Fig. 5(a)). Deconvolution of the spectra gives τD = 
1.20 s and ηD = 0.40 without IR and τD = 0.90 s and ηD = 
0.54 with IR, from which the metastable carrier density of 
the τD component nD = ηDGτD amounts to 2.9 × 1016 cm-3 
regardless of IR biasing. On the other hand, IR biasing of 
the defect-rich sample significantly shortens τD from 1.25 
s to 0.31 s whereas ηD slightly increases from 0.12 to 0.17, 
thereby reducing nD from 0.9 × 1016 cm-3 to 0.3 × 1016 cm-3 
(Fig. 5(b)).   
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Fig. 6 Temperature evolution of the QFRS spectra for the 
a-SiN0.49:H SN01 sample at EX = 2.33   eV and               
G ≈  1 × 1017 cm-3s-1. A new hump (τG), which appears 
above 60 K, is attributed to non-excitonic but geminate 
recombination. A very small hump (in the inset) in the 
lifetime   range   from 1 - 10 s  is  the  DP  recombination  
                                          Component. 

By employing the DP recombination model in Fig.2, 
the results are interpreted in terms of the IR-induced 
release of deeply trapped photocarriers; in other words, 
metastable carriers from localization in the band-tail states. 
The IR superposition activates an immobile carrier, e.g., 
an electron localized in a conduction band-tail state at low 
temperature, which makes a hop-up to an unoccupied and 
higher energy tail state or extended state. Since the density 
of localized states is larger for the higher energy state, the 
activated electron will diffuse to a tail state closer to either 
a hole or a defect, i.e., shorten either r or R. If the electron 
is activated to the extended states and diffuses, the 
shortening of either r or R will be more pronounced. 
However, when non-radiative centers such as defects are 
negligible, so that R is not affected by the IR and the 
inequality R > r + Rc always holds, all the carriers thus 
excited into the higher tail-states by IR will recombine 
radiatively and shorten τD, due to the decrease in r. Even 
though the electron is activated to the extended states and 
diffuses, it is recaptured by a tail state and then 
recombines radiatively. Hence, the metastable carrier 
density is scarcely affected by the IR superposition in the 
high-quality sample.  
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Fig. 7. Excitation energy (EX) dependence of QFRS 

spectra of the a-SiN0.49:H SN01 sample. 
 
 
When NRT is not negligible, a metastable carrier, e.g., 

an electron activated to the higher tail-states by IR biasing, 
will make a transition to a tail state closer to either a hole 
or a competing NRT center. This results in a shortening of 
the distance R between the electron and defect as well as r. 
Furthermore, when the carrier is excited to the extended 
states, it diffuses to either a closer hole to recombine 
radiatively or to a closer defect which acts as a non-
competing NRR center. Thus, the IR superposition during 
QFRS reduces nD as well as τD in the defect-rich sample. A 
slight decrease of the two excitonic components induced 
by IR biasing in Fig. 5(b) is explained as follows; the IR 
radiation releases electrons and holes from excitons into 
the respective extended states.  Some of these carriers are 
recaptured as excitons, and others recombine via non-
competing NRR centers, thereby decreasing the excitonic 
components [16]. 
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3.2. a-SiNx:H        
 
Fig. 6 shows the temperature evolution of the QFRS 

spectra of the a-SiN:H sample SN01 at G ≈ 1 × 1017 cm-3s-1 

and EX = 2.33 eV. The QFRS spectrum at the lowest 
temperature 3.7 K shows the triple-peak lifetime 
distribution where the short-lived lifetime peak τS falls to 
∼10 ns, in contrast to that of ∼1 μs for a-Si:H. The ns 
component was also observed by Ogihawa et al. [17] using 
pulsed PL excitation. It is reasonable to attribute the short-
lived component to the emission from singlet-exciton 
recombination, i.e., the fluorescence, which commonly has 
a lifetime of ∼10 ns or less in luminescent condensed 
matter. This suggests that the singlet-exciton is involved in 
the short-lived component of the double peak lifetime 
distributions of a-Si:H and other amorphous 
semiconductors, of which the rather longer lifetime is 
interpreted by the STE [12]. At the elevated temperature of 
60 K, there appears a small peak around at ∼10 μs between 
τS and τT as observed in a-Si:H, which is due to the 
recombination of geminate pairs prevented from forming 
excitons [3]. We can recognize a small peak due to the DP 
recombination at 3.7 K and the long lifetime 1−10 s. 

The excitation energy (EX) dependence of the same 
sample is shown in Fig. 7; the lifetime peaks τS and τT 
slightly shorten and the QE ratio of the short- to long-lived 
component ηS/ηT increases as EX increases at 3.7 K and            
G ≈ 1 × 1016 cm-3s-1. The latter was also observed in g-
As2S3 and a-Se, having rather large singlet-triplet exchange 
energies Eex ≈ 0.10 and 0.16 eV respectively, and 
explained by the exciton model [18,19]. Namely, as the 
singlet state is higher than the triplet state by Eex, the 
singlet states are more populated under higher EX at low 
temperatures, thereby enhancing the τS component.  
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Fig. 8. (a) QFRS spectra of the a-SiN0.84:H SN02 sample. 
The inset shows the DP component taken at various G. 
(b) (□) the lifetime τ D, (●) QE ηD and (○) radiative 
recombination    lifetime    τ r    deduced   from   τ D/ηD as  
                functions of G for the SN02 sample. 
 
 
 

Fig. 8(a) demonstrates the QFRS spectrum of the a-
SiN:H sample SN02 at 3.7 K, EX = 3.04 eV and G = 1.0 × 
1019 cm-3s-1 and the inset is the τD components for various 
generation rates G. The spectra have clear triple-peaked 
structures with τD depending on G. The dependences of τD, 
ηD and τr = τD/ηD on G are plotted in Fig. 8(b), where τr 
begins to decrease in proportion to G-0.8 as G increases 
from 9.7 × 1019 cm-3s-1. The deviation of τr from the G-0.8 

line below G = 1.0 × 1019 cm-3s-1 can be interpreted by the 
effect of defects, as above-mentioned for the defect-rich a-
Si:H sample in Fig. 4(a). However, here G is unusually 
large compared to that for the defect-rich a-Si:H. This is 
presumably due to the larger defect density of the a-SiN:H 
sample. The maximum ratio of the QE ηD/(ηS +ηT ) is  
∼0.02 for the a-SiN:H sample SN02 at G = 9.7 × 1019 cm-

3s-1 and ∼0.67 for the defect-rich a-Si:H sample of Fig. 
4(a) at G = 3.0 × 1015 cm-3s-1, which suggests that the a-
SiN:H SN02 sample is highly defective compared with the 
defect-rich a-Si:H sample with Nd = 4.6 × 1017 cm-3. This 
is also supported by the small ratio of the PL intensity for 
a-SiN:H SN02 to that of the defect-rich a-Si:H sample, 
being ∼0.12 at 3.7 K in spite of the different EX. 

10-9 10-7 10-5 10-3 10-1 101

N
or

m
al

iz
ed

 Q
FR

S 
Si

gn
al

 [a
.u

.]

PL Lifetime      [s]

x=3.04[eV]    =3.7[K]E

G

T

τ

(a)

=1.0X1019[cm-3s-1]
10-2 10-1 100

1.2X1021

9.7X1019

1.0X1019

1.2X1018

[cm-3s-1]:G
τD

[s]

(b)

Fig. 9 Emission rates (1/τ) for singlet- and triplet- 
exciton recombination vs. PL photon energy ħω plotted 
on a double-logarithmic scale for the SN02 sample at (×) 
EX = 2.61eV, G ≈ 7× 1020   cm-3s-1 and (○) EX = 3.04 eV,   
                                G ≈ 1× 1020  cm 
 

10-2

10-1

100

101

10-3

10-2

10-1

100

1015 1017 1019 1021

Li
fe

tim
e

Generation Rate      [cm-3s-1]G

G
-0.8

a-SiN     :H0.84

τD

η D

τ r

[a
.u

.]
η D

1

Q
E



T. Aoki, K. Ikeda, N. Ohrui, S. Kobayashi, K. Shimakawa 
 

 

76 

The recombination rates 1/τS and 1/τT, as functions of 
PL photon energy ħω, are deduced from the lifetime peaks 
of the ħω-evolved QFRS spectra of the PL dispersed by a 
monochromator for the sample SN02, as shown in Fig. 9. 
This also supports the suggestion of excitonic emission for 
the τS and τT components, since both the emission rates 
depend on ħω in proportion to (ħω)3 for ħω higher than 
∼1.4 eV [12]. Deviations of 1/τS and 1/τT from the (ħω)3 
law for ħω below 1.4 eV are presumably due to defect 
luminescence, as observed in a-Si:H in the region              
0.7 − 0.9 eV [14], since the PMT, sensitive to ħω ≥ 0.89 
eV, may detect radiative recombination from the defect 
luminescence of a-SiN:H. We have recorded the PL 
spectra of the QFRS signal by fixing the PL modulation 
frequencies corresponding toτ

          References     

S and τT, i.e., the 
approximate PL spectra of the two components 
discriminated by lifetimes τS and τT, which resemble each 
other in spectral shape but differ in PL peak energy EPL by 
the spin exchange energy of singlet- and triplet-excitons 
Eex ≥ 0.05 eV [1,8]. The PL peak energies EPLS and EPLT for 
the τS and τT components, respectively and Eex are listed in 
the table 1. It should be noted that Eex ∼0.05 eV of SN01 
with a small nitrogen content of x = 0.49 is close to that of 
a-Si:H ∼ 0.04 eV [12], but it increases to 0.18 eV and 
keeps almost constant for the samples with x = 0.89 − 
1.43. 

 
 
4. Conclusions 

 
The PLE of the two excitonic components 

discriminated from QFRS spectra of high-quality a-Si:H 
films at a low temperature indicates the excitonic 
absorption in the photon energy range from 1.5 eV to 1.7 
eV. Significant quenching of the DP components upon 
increasing the defect density indicates that NRT 
recombination at defect sites competes with the RT 
recombination of DPs. The effects of IR biasing on the 
QFRS were found to be noticeable for the DP component 
of the defect-rich a-Si:H film. In particular, IR promotes 
localized carriers to recombine through both competing 
NRT and non-competing NRR at the defect sites.  

 The PL of a-SiN:H films was also found to show 
triple-peaked QFRS spectra and support the three 
recombination mechanisms, i.e., the two excitonic and the 
DP recombination. The a-SiN:H films possess normal 
fluorescence lifetimes, supporting the universal 
involvement of the singlet-exciton in amorphous 
semiconductors. The DP component of a-SiN:H is very 
small compared with that of even defective a-Si:H films, 
due to the higher defect density. It should be noticed that 
the exchange energy Eex is close to that of a-Si:H for a-
SiNx:H with a low nitrogen content x = 0.49, but keeps 
constant at ∼ 0.18 eV for x ≥ 0.89.  
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