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Abstract—White-light and blue-green electroluminescence
(EL) of a multirecipe Si-ion-implanted SiO, (Si02:Si+)
film on Si
photoluminescence (PL)
03 = Si-O0-Si = 03 — 03 = Si-Si = 03 + Ointerstitial
during Si implantation. After annealing at 1100 °C for 180 min,
the luminescence at both 415 and 455 nm is markedly enhanced
by the complete activation of radiative defects, such as weak
oxygen bonds, neutral oxygen vacancies (NOVs), and the precur-
sors of nanocrystallite Si (E; centers). Absorption spectroscopy
and electron paramagnetic resonance confirm the existence of
NOVs and E; centers. The slowly rising E;-related PL intensity
reveals that the formation of nanocrystallite Si (nc-Si) requires
longer annealing times and suggests that the activation energy for
diffusion of excess Si atoms is higher than that of other defects
in ion implanted SiO>. The EL from the Ag—Si02:Si+ /n-Si-Ag
metal-oxide-semiconductor diode changes from deep blue to
green as the driving current increase from (.28 to 3 A. The max-
imum white-light luminescent power is up to 120 nW at a bias
current of 1.25 A.

Index Terms—Electroluminescence (EL), MOS diode, photolu-
minescence (PL), Si-ion implantation, Si-rich silicon dioxide.

1. INTRODUCTION

ILICON-RICH SiOy materials can be synthesized by
S electron-beam evaporation [1], RF-magnetron sput-
tering, Si-ion implantation [2], and plasma-enhanced chemical
vapor deposition (PECVD) [3].. Previously, porous Si [4],
PECVD-grown Si-rich SiO3, amorphous Si:H:O, and Si-im-
planted SiOs (SiO,:Si") have been shown to exhibit photo-
luminescence (PL) and electroluminescence (EL) spreading
from blue—green to the near-infrared region (340-800 nm)
[1], [5]-[9]. Particularly, the structural defects in the sil-
icon-rich SiOy responsible for visible PL at 400-500 nm
have caused great interest [10]. Silicon implantation usually
introduces versatile defects in SiOy [11], for example, the
neutral oxygen vacancy (NOV) and the nonbridging oxygen
hole center (NBOHC) [6], [12], [13]. Some of the radiative
defects such as NOV and NBOHC can be activated via appro-
priate annealing processes. The contribution of NOV defects
to the PL at 450-470 nm has been verified in previous reports
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Fig. 1. TRIM calculations for Si-ion implantation into 500-nm-thick SiOo

film with (a) 5 X 10'® ions/cm? at 40 keV, (b) 5 x 10'° ions/cm? at 80 keV,
(c) 5% 10'% ions/cm? at 150 keV, and (d) multirecipe of 5 X 10'® ions/cm?,
1 X 10'® jons/cm?, and 2 X 10'¢ ions/cm?.

[14]-[16], whereas the nanocrystallite Si (nc-Si) embedded
in the annealed SiO»:SiT matrix contributes to the emission
at longer wavelengths [11]. Although two contradictory PL
mechanisms exist, most studies focus on the nc-Si-correlated
PL characteristics, while few studies have investigated the
defect-induced blue—green PL. In this study, the luminescent
centers in SiO,:Sit before and after thermal annealing are
characterized by absorption spectroscopy and electron para-
magnetic resonance (EPR). The defect-enhanced EL from an
Si0,:Si™-based MOS diode and its corresponding mechanisms
are reviewed.

II. EXPERIMENT

Si0,:Sit samples were prepared by multi-energy Si-ion
implantation into a 5000-A-thick SiOs film on 500-pm-thick,
(100)-oriented, n-type Si substrate with a resistivity of
4-7 Q - cm. The SiO; film was deposited by PECVD under
mixed tetraethoxysilane (TEOS) and O, with fluences of 10
and 200 sccm, respectively. The chamber pressure and power
were 400 mTorr and 150 W, respectively. Si-implantation con-
ditions were 5 x 10" ions/cm? at 40 keV, 1 x 10'° ions/cm?
at 80 keV, and 2 x 10'6 ions/ cm? at 150 keV. This results in
a uniformly distributed Si-implantation profile with a depth of
100 and 5000 A below the sample surface, as calculated by
the simulation program, “transport of ions in matter” (TRIM)
[5], as shown in Fig. 1. Some samples were encapsulated and
annealed at 1100 °C in a quartz furnace tube under flowing

0018-9197/$20.00 © 2005 IEEE



442

g} e,
= /
4000 | 5¢ / e
sl o ! JRATaTS sy, (5)
= o M, s (4]
g 5£/~"W’ :. o ( )1
o [t s e
= 3000 | 2 =T b e (2)
s B/ (A
> el e
B 2000 L 400 450 500 550 600 650
c Wavelength (nm)
]
£
1000

Wavelength (nm)

Fig. 2. PL spectra of the SiO»:Si*—Si samples at (a) as-implanted condition
or annealed at 1100 °C for (b) 30, (c) 60, (d) 180 and (e) 240 min. The inset
figure plots the PL spectra of (1) n-type Si substrate, (2) 60-min annealed n-type
Si substrate, (3) SiO>—Si sample, (4) 60-min annealed SiO>-Si sample, and
(5) as-implanted substrate.

N gas for times ranging from 15 to 300 min, in order to help
activate radiative defects and to eliminate the carrier-trapping
centers buried in the SiO»—Si substrate. To excite photoelec-
trons in the SiO,:Sit sample for room-temperature and CW
PL measurements, an He-Cd laser with a wavelength and an
average intensity of 325 nm and 5 W/cm?, respectively, were
employed as the pumping source. The PL from 360 to 700 nm
was resolved by a fluorescent spectrophotometer (Jobin Yvon,
TRIAX-320) using a 1200-g/mm grating with a wavelength
resolution of 0.06 nm and detected by a cooled photomulti-
plier (Jobin Yvon, Model 1424M)-based photon counter. The
working distance between the focusing lens and the sample
was fine-tuned to maximize the PL intensity. A MOS diode
was made by coating 500-A-thick 2-mm? silver contacts on
the SiOQ:Si"'/n-Si substrate. After metallization, a sintering
process was performed at 150 °C for 10 min in the ambient
atmosphere. By using a pair of microprobes (Karr Suss, 253),
the MOS diode was driven by either a pulsed current source
(ILX, LDP-3840) or a voltage source meter (Keithley, 236).
The pulsed current and the CW voltage were scanned from
0V to 3 A and from 0 to 30 V, respectively. The optical power
and bias voltage were measured using an optical multimeter
(ILX, 6810B) and a digital multimeter (Hewlett Packard,
HP34401A), respectively. An integrated-sphere detector (ILX,
OMH-6703B) was employed to collect the light emitted from
the MOS diode. The stability of the output power was measured
at a pulsed current of 3 A for 3 h with a 10-ms period and a
10% duty cycle, respectively.

III. RESULTS AND DISCUSSION
A. CW PL of SiO5:Si™*

The inset in Fig. 2 presents the PL spectra of the Si substrate,
the unimplanted SiO,—Si, and the implanted SiO5:SiT—Si sam-
ples with and without annealing. As indicated by the inset in
Fig. 2, the Si substrate exhibits a relatively weak and broad-
ened PL spectrum between 500-550 nm, which becomes much
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weaker after annealing at 1100 °C for 60 min or longer. Similar
results are observed for the unimplanted SiO>—Si with an even
weaker PL intensity before and after annealing at 1100 °C, re-
vealing that very few radiative defects in the SiO»—Si contribute
to the green PL emission. In contrast, the peak PL intensity of
the as-implanted SiO,:Si™ at 520 nm (in Fig. 2, line a) is equiv-
alent to that of the Si substrate without annealing (Fig. 2 inset,
line 1) and is much stronger than that of the SiO»-Si (Fig. 2
inset, line 3). After annealing, a strong PL peak appears near
410-460 nm, as shown in Fig. 2 (lines b—e). The Si implantation
introduces high concentrations of radiative defects into the SiO»
film, which were thermally activated to enhance the blue—green
PL spectrum at peak wavelengths of 415, 455, and 520 nm with
linewidths of 35, 52, and 150 nm, respectively. The origin of
these luminescent peaks has been reported [1], [8], [12], [13],
but their evolution during long-term annealing has not been ex-
tensively addressed. The PL at 415 nm originates from the weak
oxygen bond (WOB) defect [5] and the 455-nm luminescence
is attributed to the NOV defect. The NBOHCs emit PL near
600 nm and the origin of the PL at 520 nm is associated with the
E§ defect. The increase in PL intensity between 410—455 nm re-
sults mainly from the activation of radiative defects, including
WOB and NOV defects in the SiOz:Si"' film. These structural
defects are caused by the physical bombardment of the SiO2 ma-
trix under a multirecipe Si-implantation process. The strongest
PL peaks at 415-455 nm with linewidths of 35-50 nm are very
similar to those obtained by Nishikawa et al. [17], [18]. Bae
et al. [19] have attributed the PL at 455 nm to the transition in
the NOV defect [20], [21].

B. Defects in SiO:Si™

During the Si implantation, the oxygen vacancies are
created by the displacement of oxygen from a normal
SiOy structure [15], and the oxygen interstitials (the pre-
cursors for the WOB defects) are generated concurrently.
This process can be described by the reaction rule of
O3 = Si-0-Si = 03 — O3 = Si-Si = O3 + Ointerstitial-
Si implantation not only induces the strong displacement of
the oxygen bonds, but also forms high concentrations of sil-
icon/oxygen interstitials in the damaged lattice. Such oxygen
interstitials have previously been reported in ion-implanted
silica glass under various implantation conditions, including
Si-implanted thermal SiOy (2-3 X 1017 ecm—2, 80-190 keV)
[16], the Ge-implanted SiO5 (5 x 10'° cm™2, 80 keV) [19],
and the Ir’>T-implanted silica glass (0.6-7 x 10*® cm~2,
2 MeV) [18]. After annealing, the oxygen interstitials
could also change into WOB defects by the reaction rule
Ointerstitial + Ointerstitiat — O—0. This reaction can be re-
versed under excessive thermal annealing energies, however,
which explains the decrease in PL intensity from WOB defects
in SiO5:Si* samples that were annealed for more than 4 h.

EPR measurements were made to confirm the existence of
E} defects with a corresponding zero-crossing g value of ap-
proximately 2.0019 [22]-[25]. This EPR spectrum, in the inset
of Fig. 3, reveals a complete activation of the Ej} defects after
annealing the Si0,:Si™ samples for 3 h [22], [23]. To verify
the existence of NOV defects in SiO:Si™, the absorption spec-
trum of the SiO5:Si™ layer was also measured. The resulting
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Fig. 3. Transmission spectrum of the SiO.:Sit layer on a quartz layer

after annealing for 90 min. The inset figure is the EPR spectrum of the
180-min-annealed SiO5:Sit.

derivative absorption spectrum in Fig. 3 clearly indicates an ab-
sorption peak at 248 nm, which is attributed to the B, centers
(= Si:) reported elsewhere [26], [27]. Moreover, another ab-
sorption band related to the nonradiative £’ defect (O3 = Si |
-+Si = 03) [26]-[28] is observed at 214 nm. A well-established
model [29] shows that the optical absorption band at 5.8 eV (i.e.,
A = 214 nm) is related to the photo-ionization of the NOV de-
fect [26]. Recently, Skuja et al. [30], [31] have proposed the
divalent Si defects [= Si: or a more neutral notation B5(Si)
center] as the candidate for the 5-eV absorption peak. They also
performed time-resolved PL measurements of oxygen-deficient
glassy SiO, and observed two luminescence bands at 4.4 eV
(with a decay time of < 4 ns) and 2.7 eV (with decay time of
10.2 ms). Based on their decay-time measurements, these two
bands were individually attributed to the luminescence emission
from the excited states of the By centers and the neutral oxygen
vacancy (O3 = Si-Si = O3, NOV) defects, respectively.

The observation of both the 5-eV absorption peak (B2 center
dependent) and the 2.7-eV luminescence peak (NOV defect-de-
pendent) in our samples provides evidence for the existence of
both Bs centers and NOV defects in the SiO»:Si™ materials.
According to the results of Fig. 3, the intensity of the derivative
absorption spectrum of the By defect is much larger than that of
the E’ defect. In principle, both the intrinsic photo-ionization
induced defect-formation mechanism and the extrinsic implan-
tation-induced dissociation process can contribute to the forma-
tion of E’ defects in SiO5:Si* material. The intrinsic process in-
volves the displacement of oxygen atoms from their positions in
the perfect SiO5 network through UV photon absorption and the
subsequent generation of an E’ center, as described by the reac-
tion O3 = Si-O-Si = O3 — O3 = Si-t Si = O35 + O . Such
a process is relatively common under UV illumination condi-
tions. On the other hand, the extrinsic process is a transforma-
tion of an NOV defect to an E’ center, as described by the re-
action O3 = Si-Si=03 — 03 =Si- T Si= 03+ ¢ .Sucha
process cannot be ruled out since the WOB-related PL peak near
410 nm is also observed in the SiO» Sit sample, which confirms
the generation of NOV defects and oxygen interstitials after the
Si-ion-implantation-induced dissociation process, as described
by O3 = Si-O-Si = 03 — O3 = Si-Si = O3 + Ojpterstitial- At
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present, the experimental evidence reported here is insufficient
to determine whether the dominant mechanism for generating
Ej defects in Si0,:Sit material is the intrinsic photo-ioniza-
tion process or the extrinsic ion-implantation-induced dissocia-
tion process.

C. Evolution of Radiative Defects During the Annealing
Duration

The results of the annealing-time-dependent PL. wavelength
and intensity indicate that the optimized annealing time at
1100 °C for stabilizing the PL wavelength is 3 h (see Figs. 4
and 5). The PL peak intensity increases abruptly during the
first 15 min of annealing time, indicating that the elimination
of nonradiative defects is more pronounced than the activation
of radiative defects at this stage. The nonradiative defects are
eliminated after annealing for 1 h or more. As the annealing
time is increased, the activation of NOV defects becomes more
pronounced than that of the WOB defects, leading to a slight
red-shift of the PL from 415 to 455 nm. The radiative defects are
completely activated after an annealing time of 1.5-3 h. After
annealing for 3 h or more, the PL intensities at 415 and 455 nm
decline considerably, whereas the PL intensity at 520 nm tends
to remain constant or grows slightly stronger. It is thus believed
that either the dominant radiative defects change from Si-O
species (i.e., WOB and NOV defects) to £} or NBOHC defects
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or they are annealed out faster than the E; or NBOHC defects
at a longer annealing time. Nonetheless, it should be noted that
high-temperature annealing is expected to produce a complete
recombination of point defects through the diffusion of mobile
oxygen in SiOz. On the other hand, such a high-temperature
annealing condition (1100 °C for 15-180 min) has also been
employed to precipitate Si nanocrystals in a similar material
system [6], [7], [10]. The excess Si atoms segregate from the
Si0Ox matrix under high-temperature conditions and precipitate
one another to form Si nanocrystals. Shimizu-Iwayama et al.
[7] have observed a strong luminescence peak at 1.7 eV from
high-energy (1 MeV) Sit-implanted silica with an implan-
tation dose of 1 x 10'7 ions/cm? after thermal annealing at
1100 °C for 1 h. In the high-dose (0.3-3 x 1017 ions/cm?)
Sit-implanted SiO, layer grown on silicon substrates, Mutti
et al. [6] observed both a visible luminescence from the as-im-
planted sample and a broad-band near-infrared luminescence
centered beyond 750 nm from the annealed sample. In contrast,
the near-infrared PL spectra from our low-dose-implanted
Si0,:SiT—-Si samples in Fig. 2 are still weak, even after
annealing times as long as 4 h. Indeed, a red-shifted PL is
observed from 826 to 856.5 nm in Fig. 2, which corroborates
the increasing size of Si nanocrystals after annealing from 1 to
4 h. The maximum PL intensity is also obtained in the 3-h an-
nealed sample. Nonetheless, the intensities of the nc-Si-related
near-infrared PL peaks (826-856 nm) are much smaller than
those contributed by the radiative defects, including the WOB
(415 nm), NOV (455 nm), and Ej (520 nm) defects. These
results suggest that the low-dose implantation process used here
provides a low excess Si contribution (<3%) in the SiO, ma-
trix, thus providing insufficient nc-Si precursors and resulting
in a very low density of nc-Si precipitates embedded in the
Si02 matrix after annealing. This low excess Si concentration
may thus explain why the blue—green emission dominates over
the near-infrared emission in our samples, even after annealing
times as long as 4 h.

D. Electroluminescence of Ag/SiO»:Si™/n-Si/Ag MOS Diode

Fig. 6 presents the measured CW and pulsed current—voltage
(I-V') characteristics of the Ag/SiO,:Si*/n-Si/Ag MOS diode.
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is the lifetime and decaying rate of the Ag/SiO»:Si/n-Si/Ag MOS diode under
pulsed-current EL operation.

The turn-on voltage of the MOS diode under the pulsed driving
condition is 5.8 V, which is much smaller than that of the
Ag/SiO2/n-Si/Al MOS diode reported previously [32]. The
CW I-V measurements of the Ag/SiO,:Sit/n-Si/Ag MOS
diode further reveal a negative-differential-resistance effect
with a threshold field strength (300 kV/cm) comparable to
that of the GaN semiconductors (80-150 kV/cm) [33], [34].
The resistance of the Ag/SiO,:Si*/n-Si/Ag MOS diode is
about 7.9 € at a bias voltage between 0-9 V, but the resistance
decreases to 0.6 2 after turn-on. Significantly, the turn-on
voltage of the Ag/SiO,:Si*/n-Si/Ag MOS diode is almost one
order of magnitude lower than that of an Ag/SiOs/n-Si/Al diode
(up to 50 V) reported by Yuan et al. [32]. Under pulsed current
driving conditions, the optical power of the SiO:Si" MOS
diode driven from O to 3 A is shown in Fig. 7. Extrapolating the
output optical power as a function of the bias current or voltage
reveals that the threshold current of the Ag/SiO,:Sit/n-Si/Ag
MOS light-emitting diode is 0.28 A. Such a low turn-on voltage
of the emission of light from the Ag/SiO,:Si*/n-Si/Ag MOS
diode SiO,:Sit sample with a SiO,:Si* thickness of 500 nm
is mainly attributed to the improvement (modification) of the
carrier transport of the Ag/SiO,:Si*/Si/Ag MOS diode, which
is strongly related to the enhanced Fowler—Nordheim tun-
neling behavior induced after the multi-energy Si-implantation
process. The optical power increases by nearly four orders of
magnitude as the drive current is increased from 0.28 to 0.97 A.
The maximum optical power is about 120 nW at a bias current
of 0.97 A. By measuring a single luminescent point of the
Ag/Si0,:Sit/n-Si/Ag diode with a lensed fiber, the power—cur-
rent (P-I) slope is determined as to be 1.56 X 1075 mW/A.
Note that such a small slope is due to the measuring limit of the
power sensor. The optical power at a constant drive current is
relatively stable, with a fluctuation of less than 5%. As the drive
current exceeds 1 A, the output power tends to saturate due to
the finite density of minority carrier (holes) in n-Si injected into
the SiO,:Si™ layer (see Fig. 7).

The EL wavelength of the Ag/SiO,:Si™/n-Si/Ag MOS diode
is completely different from that of an Ag/SiO2/n-Si/Al diode
(with red luminescence at wavelengths of 620-640 nm) [10]. In
particular, the far-field EL patterns of the Ag/SiO,:Sit/n-Si/Ag
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MOS diode biased at various pulsed currents (see Fig. 8) re-
veal different colors under different bias conditions. The deep-
blue EL is more pronounced at a bias current near threshold,
which turns into the white-light luminescence at a bias current of
1.25 A. However, the dominant EL wavelength further increases
into the green region as the bias current becomes extremely high
(>2 A). At a bias current of 0.35 A, the deep-blue EL spec-
trum (see Fig. 9) of the MOS diode is between 400—450 nm
since the recombination by WOB defects is preferable under
near-threshold conditions. The white-light EL spectrum of the
MOS diode at a bias current of 1.25 A is between 400-600 nm,
while the green EL spectrum at 3 A is between 450-550 nm. At
a bias current of 1.25 A, the white-light emission is attributed to
a full recombination through three different centers, including
the WOB defects (~415 nm), the NOV defects, and the E} de-
fects (~520 nm). At a high bias current (>2 A), the green-region
spectrum is clearly enhanced due to the highest density of NOV
defects in SiO,:Si™. The EL intensity at a bias current of 3 A is
six times higher than that at 0.35 A. Additionally, the emission
spot becomes larger at a higher bias. The lifetime testing of such
an EL emitting diode is performed by measuring its time-de-
pendent power characteristic, as shown in the inset of Fig. 7.
Under a pulsed bias of 3 A, the decay in output power of the
Ag/Si0,:Sit/n-Si/Ag MOS diode under TEC cooling is up to
58% within 3 h.

E. Electroluminescent Mechanism of Si05:SiT

The EL spectrum of the Ag/SiO:Sit/n-Si/Ag MOS diode
deviates slightly from that of the PL, which originates from an
impact ionization and subsequent electron—hole recombination
under a high electric field. Previously, Heikkild er al. [35]
have studied versatile carrier transport mechanisms of the

metal/SiOy/p-Si/metal diode. The light emission from such
a MOS diode is mainly dependent on the defects near the
interface of the SiOy/p-Si, which exhibits EL under both the
forward and reverse bias conditions only when the contact
metal is ohmic-like. The schematic energy-band diagrams of
the metal/SiO»/p-Si/metal structure under forward and reverse
bias are shown in previous work [19], [32], [35]. If a forward
bias is sufficiently large, most electrons from the negatively
biased metal contact can tunnel through the SiO, into the
conduction band of p-Si substrate, and some electrons can be
trapped by the higher energy levels of the defects in the SiO,
[19], [35]. The holes (majority carriers) in p-Si can also be
injected into the SiOy and be trapped by higher energy levels
of the defects in the SiO,. The radiative recombination of
charged carriers at these occupied defect states in the SiO» is
responsible for the visible EL. When the metal/SiO»/p-Si/metal
diode is negatively biased, the holes can hardly be supported
by the metal contact, and the electrons are the minority carriers
in p-Si. Consequently, a strong EL is rather difficult unless the
MOS diode is strongly reverse-biased.

In addition, Yuan er al. [32] also observed a visible EL at
620-640 nm from a reverse-biased Ag/native-SiOy/n-Si/Al
(referred to as Ag/SiO2/n-Si/Al) diode, which results from the
recombination of NBOHC centers near the SiO»/n-Si interface.
The carrier injection of such a diode structure relies on the
field-dependent impact ionization [19], [32], [35]. Under a
reverse bias, an inversion layer can be formed just beneath the
SiO2/n-Si interface, which accumulates the minority carriers
(holes) in n-Si as shown in [32, Fig. 5(b)]. The tunneling
electrons from the metal contact and holes from the n-Si are
subsequently trapped and radiatively recombine through the
NBOHC states. In particular, a forward bias fails to induce EL
since it is difficult to inject holes from the positively biased
metal contact. These observations correlate well with previous
reports where the metal contact must supply electrons rather
than holes. Such polarization dependence also excludes the
possibility of EL from nc-Si (if it exists) within the SiOs.
Later on, Bae et al. [19] stated that the EL observed in an
Au/SiO, /p-Si/metal diode under reverse bias is attributed to
the impact ionization of the ground-state electrons of the NOV
centers in SiO,. It is considered that luminescent efficiency
by direct tunneling under a forward bias is less pronounced
than that by impact ionization under reverse bias, although the
direct tunneling helps the transport of carriers under forward
bias conditions.

In comparison, our experimental results are somewhat similar
to those reported previously [10], [22], which reveals that the
EL of the Si-rich SiO,:Si* layer decreases under forward-bias
conditions [19], [36], [37]. The EL can only be obtained when
the Ag—Si0,:Si*/n-Si-Ag diode is reverse biased in our case,
which is enhanced by stronger impact ionization on the ground
states of defects via the accumulation of injected holes in the
inversion layer formed beneath the SiO,:Si*/n-Si interface. In
general, multi-energy Si-ion implantation introduces high den-
sities of various defects that are uniformly distributed in the thin
Si0,:Si™" layer. With increasing bias, the tunneling electrons
and holes can be trapped and subsequently recombine in the oc-
cupied WOB defect, NOV defects, and Ej defects. A higher
electric field increases the band bending in the accumulation
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the WOB defect, (b) 455 nm from the NOV defect, and (c) 520 nm from the E;
defect.

layer, which facilitates the tunneling of holes from the n-Si sub-
strate to the ground states of NOV and E} defects (see Fig. 10).
Such an operation greatly enhances the transitions contributing
to the blue—yellow luminescence. Both of the transitions con-
tributed by the WOB defects and NOV defects can emit the
deep-blue luminescence at lower bias currents. The white-light
EL emission is observed when the bias current increases be-
fore the saturation of output power. The green EL from the E
will be enhanced when the bias current (as well as the elec-
tric field) becomes extremely high. The reason for the saturated
output power at a bias current of nearly 1 A is due to the lim-
ited density of the minority carriers (holes) in the n-Si substrate.
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 subsequently tunnel into the E defects at
higher energy levels (see Fig. 10). This effect results in longer
luminescent wavelengths at higher bias conditions. Nonethe-
less, such an impact ionization process usually requires a strong
bias, which inevitably causes the substrate to overheat.

IV. CONCLUSION

The white-light and blue-green EL from an
Ag/Si0,:Sit/n-Si/Ag MOS diode with the defect-en-
hanced blue-green PL, made on a thermally annealed
multirecipe Si-ion-implanted SiO:Si™ film on an Si substrate
with a nearly depth-independent Si-dose distribution profile,
are studied. After annealing for 180 min, the main radiative
defects corresponding to PL at 415, 455, and 520 nm are
completely activated. These defects are identified as WOB, the
NOV-related defects, and Ej-related defects, respectively. Ion
implantation introduces more dangling bond defects than other
methods (such as PECVD and sputtering) for synthesizing
the Si-rich SiOy. During the Si implantation (or physical
bombardment with high-energy ions), the oxygen vacancies
and the oxygen interstitials (the precursors for the WOB
defects) are created due to the relatively large quantities of
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oxygen that are displaced from their atomic positions in the
SiO2 matrix. In comparison with NOV defects, additional
energy is required to form WOB defects from the oxygen
interstitials. The NOV defects are therefore activated faster
than the WOB defects for a given annealing condition,
however, the increase in the number of both NOV and WOB
radiative defects are of the same order of magnitude. This
result again confirms the reaction rule for oxygen vacancies
and interstitials in SiO,:Si*. The reduction in the density
of the WOB defects is more pronounced than that of NOV
defects since two oxygen interstitials are required to generate a
WOB defect. The complete activation of the Ej defects does
not happen in experimental results, which reveals the nc-Si
structures have not yet been well constructed. The EL power
of the Ag/SiO,:Sit/n-Si/Ag MOS diode increases linearly
with bias current after turn-on and saturates near 0.97 A. The
EL of the Ag/SiO,:Sit/n-Si/Ag MOS diode turns from blue
to white-light emission when the bias current is close to the
saturation condition and eventually changes to a yellow—green
emission as the bias current is increased to 3 A. The EL
spectrum of the MOS diode under different reverse-bias
conditions indicates that the radiative recombination is due
to enhanced impact ionization of ground states of defects,
such as WOB, NOV, and Ej defects, through the injection of
holes accumulated in the inversion layer formed beneath the
Si0,:Si*/n-Si interface.
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