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The mechanisms for siliconSi) defect and nanocrystal related white and near-infrared
electroluminescencegELs) of Si-rich SiQ, films synthesized by Si-ion implantation and
plasma-enhanced chemical-vapor depositicQPECVD) are investigated. The strong
photoluminescenceéPL) of Si-ion-implanted SiQ (Si0,:Si") at 415-455 nm contributed by
weak-oxygen bond and neutral oxygen vacancy defects is observed after 1100 °C annealing for 180
min. The white-light EL of a reverse-biased $i@i* metal-oxide-semiconductéMOS) diode with

a turn-on voltage of 3.3 V originates from the minority-carrier tunneling and recombination in the
defect states of SiOSi*, which exhibits maximum EL power of 120 nW at bias of 15 V with a
power—current slope of 2.2W/A. The precipitation of nanocrystallite silicdmc-Sj in SiO,: Si*

is less pronounced due to relatively small excess Si density. In contrast, the 4-nm nc-Si contributed
to PL and EL at about 760 nm is precipitated in the PECVD-grown Si-richy #i@ after annealing

at 1100 °C for 30 min. The indium-tin-oxide/Si-rich Sip-Si/Al metal oxide semiconductor
(MOS) diode is highly resistive with turn-on voltage and power-curr@htl) slope of 86 V and

0.7 mW/A, respectively. The decomposed EL peaks at 625 and 768 nm are contributed by the
bias-dependent cold-carrier tunneling between the excited states in adjacent nc-Si quantum dots.
© 2005 American Institute of PhysidDOI: 10.1063/1.1886274

I. INTRODUCTION the E’ center[O;=Si-], the neutral oxygen vacan¢iOV)
[O3=Si-Si=03], the nonbridging oxygen hole center
Versatile technologies have been proposed for fabricatNBOHC) [0;=Si-O-], the peroxy radical [O
ing nanocrystallite silicon (nc-S) structures, such as =Sj—0-0],'? the D center[(Si,=Si-),].°>** and other in-
electron-beam evaporatidif-magnetron sputtering, Si-ion terstitial defects. The densities of these defects in the as-
implantation’ and  plasma-enhanced  chemical-vaporimplanted SiQ: Si* samples are changed, normally reduced,
depositiort (PECVD). Most nc-Si-based materials have beenat various rates during thermal annealing. Some of these de-
shown to exhibit strong photoluminescen@t) and visible  fects, such as NOV and NBOHC, are the principal radiative
electroluminescencéEL) at room temperature, in which the recombination centers or the so-called luminescence centers.
blue-green emission is of great interest. The roomHayeset al* found that a transient pair of an oxygen va-
temperature PL of porous $iSi-rich SiO, grown by cancy and oxygen interstice contributes to the 2.7-eV PL.
PECVD, and Si-ion-implanted SiX(SiO,:Si*) has stimu-  Nishikawaet al'® and Tohmonet al*® attributed the origin
lated comprehensive studies on light-emitting devices madef the PL peak at 470 nm to the NOV defect. These Si-O
from nc-Si structures. The nc-Si structures formed by differ-—related species have previously been identified as the defects
ent processing methods yield different PL peaks in the bluein SiO,:Si* that dominate the blue-green light emission,
green band415, 437, 470, and 490-540 jh' the orange-  while the nc-Si embedded in the Si@atrix contributes to
red band(570, 600, 630, and 645 nth®’ and the near the emission at longer wavelengths, due to quantum
infrared region(710-800 nrm8 In particular, a strong PL at confinement! That is, the Si@: Si* material may concur-
340-370 nm from as-growa-Si:H:O films’ deposited by rently exhibit two contradictory mechanisms with different
PECVD at low substrate temperatures has also been remission ranges, which leads to different luminescent result
ported. Recently, the identification of categories of defects iras compared to the PECVD-grown Si-rich Si@<2) ma-
Si-implanted Si@ films with a stable blue emission at 400— terial with similar annealing conditions. Linnros and
500 nm has attracted great intertsSilicon implantation — co-workers”*® have analyzed the nearly coincident PL and
introduces several types of point defects in §jfbsuch as EL spectra of the n*-Si/SiQ/p™-Si metal-oxide-
semiconductofMOS) diode with nc-Si embedding in the
9Author to whom correspondance should be addressed; FAgss-3-  SIOx matrix. laconaet al. further demonstrated the control on
5716631; electronic mail: grlin@faculty.nctu.edu.tw the nc-Si size by varying the Sj@toichiometry or annealing
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temperaturé? giving rise to the shift in central PL wave- [
length from 700 to 900 nm. Franz al*° confirmed that the - ©)
PL and EL of the PECVD-grown Si-rich Sjdilm exhibit
same luminescent mechanism, which result frometere-
combination within the nc-Si, In addition, the observation of

a small defect-related EL peak at 660 nm was also addressed.
However, the comparisons and interpretations on the defect-
and nc-Si-dependent current—voltage responses, PL and EL
properties, and corresponding mechanisms of the Si- e
implanted SiQ and PECVD-grown Si-rich SiQwere sel- [ {b)
dom addressed before. In this work, the experimental evi- e ' : (a)
dences and corresponding mechanisms of the defect- or nc- 400 450 500 550 600 650 700
Si-related PL and EL from two MOS diodes fabricated on Wavelength (nm)

Si-implanted  Si@:Si*/Si- and  PECVD-grown  Si-rich FIG. 1. PL spectra of théa) n-type Si substratep) SiO,/n-Si sample, and

SiQ,/Si substrates are investigated, compared, and elucine Sig:Si*/Si samples in(c) as-implanted condition, or annealed at
dated in more detail. 1100 °C for(d) 30 min, (e) 60 min, (f) 180 min, and(g) 240 min.

- {f
" (e)
(d)
{c)

Intensity (arb. unit)

working distance between the focusing lens and the sample
was fine-tuned to maximize the PL intensity. The EL ranged
The SiQ: Si* samples were prepared by multienergy Si-from 300 to 1100 nm was detected by a charge-coupled de-
ion implantation of the 5000-A-thick Sicfilm grown on the  Vice (CCD)-based spectrurfOcean Optics, USB-2000The
n-type (100-oriented Si substrate with a resistivity of MOS diode was driven by either a programmable electrom-
4-7 Q cm. The SiQ film was deposited by PECVD at cham- eter(Keithley, model 651ywith resolution as low as 100 fA
ber pressure of 400 mTorr using 10-SCGMandard cubic Or & voltage source metéKeithely, 236, which uses micro-
centimeter per minujeetraethoxysilan€TEOS fluence and ~ Probes(Karr Suss, 258 The optical power was measured
200-SCCM Q fluence at a forward power of 150 W. The using an optical multimetefILX, 6810B). An integrated
recipes of the multienergy Si implantation are 5 Sphere detectdiLX, OMH-6703B) was employed to collect
X 10% ions/cn? at 40 keV, 1x 106 ions/cnf at 80 keV, and  the light emitted from the surface of the SiGi* MOS
2% 10" jons/cn? at 150 keV. On the other hand, the Si-rich diode.
SiQ, film was grown on g-type (100)-oriented Si substrate
by using a PECVD system at pressure of 70 mTorr and &), PHOTOLUMINESCENCE AND CORRESPONDING
N,O/SiH, fluence ratio of 6:1 under a forward power of 60 MECHANISMS
W. The N,O fluence was controlled at 120 SCCM. The ex- . .
cess Si atom density is calculated by using a Monte CarléA" PL of Siimplanted SiO
simulating program “transport of ions in mattérrim) The PL spectra of the Si substratéig. 1, line(a)], un-
code,” which shows a nearly flat-topped implantation profileimplanted[Fig. 1, line (b)], and implantedFig. 1, line(c)]
at depths between 100 and 5000 A below the sample surfac8iO,: Si* on Si samples without annealing are shown in Fig.
In addition, the secondary-ion-mass spectromésiS) of 1. The Si or unimplanted SiDSi substrate presents a weak
excess Si profile in the SIOSI* and Si-rich SiQ samples is and broad PL spectrum between 400 and 600 nm, which
also performed, showing good agreement with tRev re-  becomes much weaker after annealing at 1100 °C for 60 min.
sults. Afterwards, the SiQSi* and Si-rich SiQ films were  In contrast, the Si-ion implantation introduces enormous ra-
postannealed in quartz furnace with flowing, Njas at diative defects into the Si{¥ilm, which causes a strong PL
1100 °C for 30-240 min, which helps to activate the radiapeak at around 410-460 nm for the $iQi* sample, after
tive defects or to precipitate the nc-Si in these samples. Tannealing at 1100 °C for 30 min, as shown in Fig. 1. Previ-
characterize the EL response, the samples were diced todusly, the luminescent centers in the §iSi* corresponding
x1 mm? and were evaporated with Agon the top of to the visible PL were comprehensively investigated, which
Si0,: Si*) or indium-tin-oxide (ITO) (on the top of Si-rich include theB, center’! the weak-oxygen bontWOB),?? the
Si0,) to form the MOS diodes. The contact thickness andNOV defect?*>® the E's defect™® and the NBOHC
diameters were set as 2000 A and 0.8 mm, respectively. Aefectd ™ at emitting wavelengths of around 281, 415, 455,
5000-A Al contact electrode was coated on the bottom of thé20, and 630 nm, respectively. According to the PL spectrum
Si substrate. shown in Fig. 1, it is obvious that there are at least two PL
After annealing, the room-temperature continuous-waveeaks at 400-600-nm region, which is enhanced after fur-
(cw) PL was performed using a He—Cd laser with a wave-nace annealing at 1100 °C for 180 min. After decomposing
length and average intensity of 325 nm and 5 W7cne-  with multi-Gaussian function, three principle luminescent
spectively. The PL range from 360 to 900 nm was resolvectenters at 415, 455, and 520 nm with spectra linewidths of
by a fluorescent spectrophotomet@obin Yvon, TRIAX- 35, 52, and 150 nm, respectively, are demonstrated
320 using a 1200-g/mm grating with a wavelength resolu-The strongest PL peaks at 415-455 nm with linewidths of
tion of 0.06 nm, and detected by a cooled photomultiplier35-50 nm are very similar to those obtained by Cheang-
(Jobin Yvon, Model 1424M -based photon counter. The Wong et al?* and Nishikawaet al®® The luminescence at
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FIG. 2. C-V hysteresis measurement of the MOS diode madedapras- ) )
implanted SiQ: Si* and (b) SiO,: Si* annealed at 1100 °C for 180 min. FIG. 3. EPR spectrum of the as-grown and 180-min-annealeg: SiO

455 nm reported by Baet al?* has been attributed to the defects can be formed and activated after thermal annealing
transition between the ground stasingled and the elevated by the reaction rule of Qersitiart Ointerstitia— O—O. Nish-
state(triplet)®>2° of the NOV defect. ikawaet al. have primarily discussed that the WOB defect is
In principle, the NOV defect§O,=Si—Si=0,) are cre-  the precursor of the NBOHC defeTtwhich is also a preex-
ated by the displacement of oxygen from a normal ,SiO isting defect in silica responsible for the 3.1-eV PL under the
structure during the Si implantatidf, and the oxygen pumping of such paramagnetic centers by 6.4-eV photons.
interstitials are concurrently generated under the physicalhe origin for the cwPL at 520 nm was previously identified
destruction process. This process can be described by tl@s the emission of thE’ ; defect(a paramagnetic state of Si
reaction rule of Q@Q=Si-O-SE=0;—03=Si-Si=0; cluster or a delocalized variant of tl&€ centej by Chou
+ Onterstitiar 22 2% Liao et al. have observed a stable blue et al?® They concluded that a deficiency of oxygen and hy-
emission(~2.7-eV bang*° attributed to the NOV defect, drogenous species could create fhig defect in SiQ:Si*
from the Si-ion-implanted Sigfilms thermally grown on the films after rapid thermal annealing a950 °C. Nishikawa
Si substrate under ultraviolet excitation. Such a 2.7-eV Plet al?® also reported that the intensity of the 2.2-eV band in
can also be found in bulk SiOor high-purity silica glass oxygen-deficient-type amorphous $SiQa-SiO,) is corre-
exhibit at low temperature$;**?* Si-implanted thermal lated with the concentration of thg’ ; center. Some obser-
Si0,,'® Ge-implanted Si@** Ir?*-implanted silica glas&,  vations also suggest that tEe; defect is based on the exis-
etc. The diamagnetic NOV defect is the precursor to the fortence of small amorphous Si clustéror its precursdt in
mation of the paramagnetiE’ center (O;=Si-'Si=03),  SiO,:Si* or Si:O" materials. TheE’ 5 center is generally an
which is formed by trapping a hole at the site of the N@V unpaired spin delocalized over five Si atoms, which can be
positively charged oxygen vacandy That is, Q=Si-Si  examined by the electron-spin-resonar@&R measure-
=0;+h"— 03=Si-"Si=0;, whereh* denotes the trapped ment. Figure 3 shows the EPR spectra for the ,S8I
hole state. Hole trapping yields a positively charged NOVsamples before and after annealing. No significant EPR fea-
defect (O3=Si-"Si=03) or the so-calledE’ center in ture can be observed in the as-implanted ,S&Y. After
SiO,: Si*, which can induce a space-charge effect and ineviannealing, a gradually enlarged EPR signal with zero cross-
tably leads to the clear hysteresis in the capacitance—voltageg g value of 2.0019 is attributed to the formattet}; defect
(C-V) response of a MOS diode made on $i6i*. Accord-  (generally depicted as $8i=Si).?**°The EPR intensity in-
ing to the high-frequencf-V curves for as-implanted and creases by two times as the annealing time more lengthens to
180-min-annealed SiOSi* metal-oxide-semiconductor di- 180 min, which is relatively in good agreement with the
odes(see Fig. 2, the hysteresis is attributed to the trapping cwPL analysis’3?
of hole (or electron in the insulator during the positiver Figure 4 plots the evolution of the peak wavelength and
negative gate voltage sweeping. The concentration of thethe associated intensity, respectively, as functions of the an-
NOV defects can be determined from the flatband voltageealing time. The PL results indicate that the optimized an-
shift of theC-V hysteresis. The density of hole trapped NOV nealing time for stabilizing the PL wavelength is 180 (e
defects in SiQ: Si* (Nyoy) is obtained from the equation of 1100 °Q. The activation of the radiative defects is acceler-
Nnov=—AVreCoy/€, where C,, is the capacitance of the ated during the first 15 min, while the NOV defect becomes
SiO,: Si in strong accumulation regime ad/ is the flat-  more pronounced than that of the WOB defects. This inevi-
band voltage shift. For example, the as-implanted,SBD  tably leads to a slight redshift of the PL from 415 to 455 nm.
exhibits a flatband voltage shifAVgg) of —0.89 V corre-  After annealing for 180 min or longer, the PL intensities at
sponding to a NOV defect concentration ok80* cm™3, 415 and 455 nm decline considerably, whereas the PL inten-
Therefore, the existence of the NOV defect with PL at thesity at 520 nm tends to remain or slightly grows. It is thus
wavelength of 455 nm is confirmed. concluded that the dominant radiative defects have changed
Since the oxygen interstitials are concurrently generateffom Si—O speciesi.e., WOB and NOV defecjsto theE’ 5
with the NOV defects during the Si implantation, the WOB or NBOHC defects. Note that the PL spectra of the annealed
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FIG. 4. Left: central wavelength of the three principal PL peaks in,S8D
as implanted or annealed at 1100 °C for different annealing time. Rightcurs when the precipitating process of nc-Si is initiating. The

Zggeglri]rég&-stizger;gnependent PL intensities at different wavelengths of 415growth of nc-Si becomes very fast as the excess Si atoms in
' ' the SiQ, film experience sufficient energy. In Fig. 6, the

Sio,: Si* | v sh K Si-g q bright-field cross-sectional viewing photograph of cross-
10,:SI" samples only show very weak nc-Si-depen eNlectional high-resolution transmission electron microscopy

fluqrescence at the wavelength range from 700 to_ 900 nr.'W(HRTEM) supports the existence of nc-Si with diameters of
which reveals the extremely low density of the nc-Si embed, ¢ i ihe Sirich Sipsample annealed at 1100 °C for

ded in the Si@. This result follows from the low-dose im- 0 min. By employing the lattice distance of 0.63 nm be-
plantation process, which yields a low Si excess density o ween two(111)-oriented planes of the Si substrate as a stan-
<3% in the SiQ matrices. In this case, insufficient nc-Si dard ruler, the smaller plane-to-plane distance (220)-
precursors are formed during the annealing process. .Hence'dl;iented nc-Si of about 0.19 nm is observed. The observed
is not contradictory that only the blue-green emisspaith- nc-Si size correlates well the theoretical value bf

out any distinct sign of red or infrared emissjas observed =1.24/(1.12+3.73639 as reported by Deleruet al 34 ng

from the SiQ:Si* samples. the annealing time lengthens to 30 min, the strongest PL
intensity is redshifted to 760 nm with the remaining line-
width. The redshift in PL between the 30-min and 15-min-
The PL spectra of the PECVD-grown Si-rich Si@t  annealed sample is about 26 nm. Figure 5 shows that the
different annealing conditions are shown in Fig. 5. The asformation and the size increase of nc-Si are pronounced dur-
grown sample shows a small but broadband PL signal ang the first 30 min. Nonetheless, a longer annealing time
400-650 nm due to the structural defects, whereas the Ptlecreases half the PL intensity and makes the PL signal
signal between 700 and 800 nm is too weak to be found. Islightly blueshifted and broadened. During long-term anneal-
was found that the PL is attributed to the radiative defectsng, the nc-Si reduces its size since the oxygen atoms invade
including the NOV(Ref. 24 and the NBOHC(Ref. 33 in the silicon atoms to construct SjOAfter annealing for 120
the as-grown SiQsample. However, the defect-related PL ismin or longer, the PL of the Si-rich SiObecomes even
eliminated and the near-infrared PL intensity is greatly ensmaller and broader than that annealed for 15 min.
hanced after annealing at 1100 °C for 15 min, which exhibits  The reoxidation problem of the nc-Si buried in the SiO
a central wavelength of 735 nm and a spectral linewidth ofmatrix is considered since the PL is blueshifted and attenu-
about 130 nm. Such a variation in the wavelength only oc-ated due to the decrease in size and density of the nc-Si. This
has been confirmed by transmission electron microscopy
(TEM) analysis of the annealing-time-dependent nc-Si size

B. PL of PECVD-grown Si-rich SiO

F U in the Si-rich SiQ (see Fig. 6, which clearly indicates a
y — @] decreasing trend in both the diameter and surface density as

5 [ a function of the annealing time. According to the equation
AN < ag(t)(1/7-)N, the intensity of PL is proportional to the
pumping flux, the cross-section area, and density of nanoc-
rystallite Si, and is inversely proportional to the lifetime of
nc-Si. This means that the density of nc-Si can abruptly de-

i N crease with either the PL intensity or the lifetime of the nc-Si

if the absorption cross-section area of nc-Si and the pumping

PL Intensity (a. u.)
Pé

5 (a) flux is kept constant. A time-resolved PL analysis reveals that
200 500 s 700 200 900 the lifetime of the nc-Si is decreased from 52 to 29 for
Wavelength (nm) the samples annealed from 30 to 120 min. Furthermore, the

FIG. 5. PL spectra of the PECVD-grown Si-rich Sild (a) as-grown con- TEM estimated den_smes_ of nc-Si also show a decreasing
dition, or annealed at 1100 °C fé) 15 min, (c) 30 min, (d) 60 min,(9) 120  trend as the annealing time lengthens. On the other hand,
min, and(f) 180 min. laconaet al. reported another possible mechanism corre-
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FIG. 7. Annealing-time-dependent PL intensisplid) and size(dashedl of AQ/Si0,:SI/n-Si/ Al MOS diode at bias of 12 V.

nc-Si. Inset: the normalized PL intensity for the annealed PECVD-grown
Si-rich SiQ samples. voltage for the emission of light from the SjC8i* sample

with a thickness of 500 nm is mainly attributed to the im-
sponding to the abrupt decrease of the nc-Si-related PL inprovement (modification of the carrier transport of the
tensity, which states that the peak PL wavelength is mainlyAg/SiO,: Si*/Si/ Al MOS diode, which is strongly related to
determined by the large nc-Si since the luminescence frorthe enhanced Fowler—Nordheim tunneling behavior of the
the smaller nc-Si can be reabsorbed by the larger'dA&.  multienergy Si implantation process. Besides, the other
though the density of the nc-Si with size ranging between 0.Transparent schemes, such as hopping, also take place con-
and 2.1 nm is increased, there are only longer PL tails in theurrently such that the current can be as large as several
shorter-wavelength region. In this case, a sharp PL shape imilliamperes. These results have revealed that the EL mecha-
the longer-wavelength region of the PL spectra is obtainedpism of the Si-rich Si@:Si* layer may somewhat differ
which correlates well with our experimental observationsfrom that of typical semiconductors, which originates
shown in the inset of Fig. 7. The broadened and blueshiftedrom the electron-hole recombination under forward-bias
PL signal strongly supports the reoxidation effect of nc-Si inconditions?****” The maximum optical output power is
the long-term-annealed samples. about 120 nW at a bias voltage of 15V, corresponding to the

bias current and electric field of 56 mA and 300 kV/cm,

respectively. The resistances of the Ag/giS/n-Si/Al
IV. ELECTROLUMINESCENCE AND CORRESPONDING MOS diode before and after turn-on are 19 knd 250(),

MECHANISMS .
respectively.

A. EL and -V of SiO,:Si*-based MOS diode The EL of the Ag/SiQ: Si*/n-Si/ Al MOS diode is only
The current-voltagél-V) and power—currentP—I) re- observed under reverse biases witP-d slope of 2.2uW/A
sponses of a Ag/180-min-annealed SiSi*/n-type Si (see Fig. 9, which facilitates the injection of the minority
substrate/Alreferred to as Ag/SiQ Sit/n-Si/Al) MOS di-  holes ilccumtljlated in the inversion layer beneath the
ode are shown in Fig. 8. The threshold current, voltage, ang!Oz: Si/n-Si interface. Yuan and Hanen?s?robse_rved the
electric field of the Ag/Si@:Si*/n-Si/Al MOS diode are  ViSiPle EL from a negatively biased Ag/native-SiD-type
0.15 A/cn?. 3.3 V. and 66 kV/cm. which are almost one Si substrate/Al(referred to as Ag/Si@In-Si/Al). Bae et
order of magnitude smaller than that of a Ag/$i6-Si/Al al.** also reported that strong EL can only be observed in a

diode reported by Yuan and Haner&rSuch a low turn-on Au/SiQ,/p-Si structure under reverse-bias conditions. A for-
ward bias fails to induce EL since the holes can hardly be

injected from the positively biased metal contact. In particu-

2F 60 lar, the EL of the Ag/Si@:Si*/n-Si/Al MOS diode under

00l 50 the reverse bias of 15 V deviates slightly from the PL of a
g |E0 5000-A-thick, 180-min-annealed SjCBi*, as compared in
'-f— 80 _E 30} Fig. 10. In principle, the PL is obtained by optically pumping
$ 520 all of the ground-state electrons in different defects of
S el 10 SiO,:Si*, whereas the EL of the Ag/SiOSi*/n-Si/Al
s ] sample results from bias-dependent carrier injection or im-
Z& wp 0 \‘r,’onag, (v)’ 15 pact ionization of different defects in SjC8i*. The PL in-

tensity is determined by the concentration of defects, but EL
intensity is determined by the density of the minority holes
in n-type Si substrate tunneling into the defect ground states.
A negative bias provides energy for the electrons and holes
to tunnel from the metal and the-Si substrate into the
FIG. 8. Pl and I-V (insed responses of EL from the Ag/Sjcsit/n  ground and excited states of the luminescent defects in the
-Si/Al MOS diode. SiO,: Si*. The minority-hole tunneling process is dominated

n
o
T

5 n L
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FIG. 10. Normalized PlL(dashedl and EL (solid) spectra of the 180-min-
annealed Si@ Si* and the Ag/SiQ: Si*/n-Si/Al MOS diode at bias current
of 15 V. B. EL and /-V of PECVD-grown SiO ,-based MOS
diode

even though the impact ionization process also occurs in the The |-V andP-I responses of the MOS diode made on
SiO,:Si* at higher biases. Besides, a high electric field re-30-min-annealed PECVD-grown Si-rich Si@re shown in

quired to initiate the impact ionization process usually cause§i9- 11. The forward turn-on voltage and current density are
the substrate overheating effect. 86 V and 215uA/cm?, respectively. The maximum output

A redshift phenomenon of the EL from deep blue to power 9f / nW associated \_Nithl%‘_l SI_Opi of 0.7 mW/A is
white and green-yellow light was observed with the increas-determmed' I_n contrast with _the S"CB.I _-bas_ed_ one, the
) i _ —ITO/Si-rich SiQ/Si/Al MOS diode exhibits similar EL re-

ing bias voltage or current, as shown in the upper part of Figy,,nses under both forward and reverse biases. However,
10. The change in EL color can be persuasively interpretefljgher reverse-bias condition is required to form an inverse
using the energy-band diagram of the Si6i*. The deep- n-channel at SiQY p-Si interface. The tunneling-based carrier
blue EL spectrum of the Ag/SiOSi*/n-Si/Al MOS diode  transport mechanism is dominated due to the exponential-
(see the left in Fig. Pat the bias voltage of 3.8 V is located like |-V behavior. The PECVD-grown Si-rich SiGample
between 350 and 450 nm. The white-light EL spectrum ofshows a higher turn-on voltage as compared to the, S0

the Ag/SiQ: Si*/n-Si/Al MOS diode at the bias voltage of sample, which is attributed to the fewer nonradiated and ir-
12 V (corresponding to a bias current of 50 ini& ranging ~ radiated defects within the PECVD-grown Si-rich 3ia-
between 400 and 700 nm. Under such operation, a brigHgral- A better crystallinity of the PECVD-grown SjGilm
edge-emitting far-field pattern of the Ag/SiGSi*/n-Si/Al makes the current hard to tunnel through, which has also

. o been corroborated by the lack of structural damag®©B
MOS diode can be observeske lower part in Fig. DAs the and NOV defects-related PL and EL signals at blue-green

bias voltage exceeds 13 V, the intensity of output pOWetoqinn The far-field pattern of the ITO/Si-rich SiSi/Al
tends to saturate and the green luminescence is clearly efyos diode at a forward bias of 100 V is shown in Fig. 12.

hanced. It is worth noting that the EL centers of theThe EL spectrum of 30-min-annealed PECVD-grown Si-rich
Ag/SiO,: Si*/n-Si/ Al MOS diode are changed under differ-

ent bias. Under a reverse bias, an inversion layer can be
formed beneath the SiOSi*/n-Si interface, which accumu-
lates the minority carriergholes in n-Si. As the inversion
layer becomes more bending at higher biases, the accumu-
lated minority holes can be gradually tunneling into the
ground states of weak-oxygen bond defect, NOV defects,
andE’ ; defects in the Ag/Si@ Si*/n-Si/Al MOS diode. A
stronger bias seriously bends the inversion layer beneath the
Si0,:Si*/n-Si interface and thus greatly accumulates the
holes at lower states, which facilitates the tunneling of the
minority holes into the ground states of defects with smaller
band-to-band transition energy, such that the transitions con-
tributed to the luminescence at longer wavelengths can be
greatly enhanced. The green EL contributedBy defects
thus becomes dominated when the bias current becOmes &4t 15 Far-field EL patter of the ITO/Si-rich Si(p-Si/Al MOS diode
tremely high. biased at 100 V.
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. . FIG. 14. The cold-carrier tunneling mechanism happened in high-excited
FIG. 13. Normalized PlUsolid) and EL (square dottedspectra of the 30-  giates between adjacent nc-Si quantum dots in the ITO/Si-rich/BiO
min-annealed PECVD-grown Si-rich SjCGand the ITO/Si-rich SiQ¥p -Si/Al MOS structure.
-Si/Al MOS diode biased at 100 V. The decomposed EL components at 625
and 768 nm are showfdasheql
order quantized stateh=2) in the adjacent nc-Si, as illus-

. o e , . trated in Fig. 14. This provides a higher population in the
SiQcbased ITO/Sk-rich SiGJSI/Al MOS diode sample is second-ordefn=2) state as well as an enhanced spontane-

shown in Fig. 13, which is decomposed into dual lumines- us emission at larger energy. According to the theory of

cent peaks at wavelengths of 625 and 768 nm with spectreﬂ . 41 .
linewidths of 189 and 154 nm, respectively. Note that the g duantum combined systerffs;” the band-to-band transition

components at longer wavelength coincide well with that ofEnergies of first-order and second-order excited states for a

PL, which reveals that the nc-Si-related PL and EL are 4t"c-Si quantum dot with the diameter of 4 nm are calculated
. : o .~ asAE;=1.64 eV (or \{=756 nm and AE,=2.01 eV (or A,
tributed to the same carrier recombination mechanism in the

buried nc-Si. Franzet al® have attributed the EL at 700— ~616 nm), respectively. These values exactly coincide with

. S A . the wavelength of the EL components decomposed from
850 nm to the impact ionization and recombination in bu”edour experimental results. the enerav difference between two
nc-Si. More important, Irrerat al® clarified that the impact P ! 9y

ionized carriers are confined and recombined within tharanSitions is - theoretically ~calculated  a\By-p -

. 2% 2 1 2= *
nc-Si without accelerating under the high electric field. De_, 3m*h"/2m, L°=0.37+0.01 eV, where In, , andL denote

39 the angular momentum state, the electron effective mass, and
La Torreet al> found a very weak temperature dependencethe diameter of nc-Si quantum dot, respectiviiyn con-
on the I-V response of the Al/SiQnc-Si/p*-Si light- q ' P

emitting diode(LED) with a 40-nm-thick Si@film, which is trast, there is no significant PL contn.buted by the §econd—
. . . . . order states as compared to that contributed by the first-order
relatively in agreement with the tunneling conduction pro-

cess. Our results indicate that the Fowler—Nordhéi) states in view of the previous r_eports, which could be attrib-
. o uted to the absence of band-filling effect under such a low
process did not occurr due to a low electric field of

<5 MV/cm. It is thus concluded that the carriers in nc-Si pumping density in PL measurements. The second-order

are neither thermally activated nor field-enhanced FN tunnel§.tate rela_ted PL 1S detectable as the first oro_ler states are ful
S ) . . . . filled by increasing the pumping flux density of photons.
ing injected, but is possibly assisted by direct tunneling be-: . : : . .
tween nc-Si<® These observations primarily elucidate that the bias-

However, the mechanism of secondary EL peak eX_dependent and blueshifted EL is mainly attributed to the

panded to shorter-wavelength regiés00—700 nmiis yet cold-carrier tunnel@ng induced. high-excited state transitioq
unclear. Previously, Franzet al?® suggested that the blue- effect bgtween aglagent nc-Si quantum dots under a suffi-
shifting EL is mainly due to the impact excitation of smaller ciently high electric field.

nc-Si (_em!ttmg at shorter V\(avelengtﬂny _the mjected carr-\, ~ONCLUSIONS

ers with increasing energies under high biased condition.

Even though, the effect of oxygen-related defects on the sec- Oxygen defect-dependent white-light electrolumines-
ondary EL at about 660 nm was ever considered. De La&ence from a Si@Si* MOS diode, and Si nanocrystal-
Torre et al® also attributed the 540—690-nm EL to the pre-dependent near-infrared electroluminescence from a
existing defects in the SiOmatrix. Similar EL side peak at PECVD-grown Si-rich SiQ MOS diode have been investi-
650 nm was discovered by Valené al*’ Up to now, no  gated. The Si-ion implantation introduces enormous radiative
further explanations are addressed on the enhancement dé¢fects into the Si©film, which causes a strong PL peak at
short-wavelength EL under electrical instead of opticalaround 410-460 nm after annealing the Si€* at 1100 °C
pumping process. Nonetheless, a possible cold-carrier tuder 180 min. Three radiative defects in the $iSi* sample,
neling process was considered to happen in the ITO/Si-ricincluding WOB, NOV, ancE’ ; defects corresponding to PL
SiO,/Si/Al MOS diode under appropriate bidsSince the  at 415, 455, and 520 nm, respectively, are confirme@hy
band structure of Si-rich SiQOis seriously bending under and EPR measurements. The generation of NOV and WOB
extremely high electric field, the electrons could tunnel fromis described by the reaction of ;& Si—-O-SEO;— O;

a first-order quantized state=1) in one nc-Si to a second- = Si—Si=O03+Ojyersiitial @Nd  Onersiitiar™ Cinterstitia— O—0-
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