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Bright green electroluminescence from Tb 3+ in silicon
metal-oxide-semiconductor devices
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Bright green electroluminescence with luminance up to 2800 cd/m2 is reported from
indium-tin-oxide/SiO2:Tb/Si metal-oxide-semiconductor devices. The SiO2:Tb3+ gate oxide was
prepared by thermal oxidation followed by Tb+ implantation. Electroluminescence and
photoluminescence properties were studied with variations of the Tb3+ ion concentration and the
annealing temperature. The optimized device shows a high external quantum efficiency of 16%
and a luminous efficiency of 2.1 lm/W. The excitation processes of the strong green
electroluminescence are attributed to the impact excitation of the Tb3+ luminescent centers by hot
electrons and the subsequent crossrelaxation from5D3 to 5D4 energy levels. Light-emitting devices
with micrometer size fabricated by the standard metal-oxide-semiconductor technology are
demonstrated. ©2005 American Institute of Physics. fDOI: 10.1063/1.1935766g
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I. INTRODUCTION

The combination of silicon-based electronic circuits w
optoelectronic functionality is one of the key challenges
future semiconductor technology.1 As the packaging densi
of transistors becomes higher and higher in ultralarge-
integratedsULSId circuits, the problems of overheating a
signal delay become serious due to the drastic increa
metallic connects. One possible solution could be optica
terconnects integrated with silicon technology.2 The imple-
mentation of silicon-based optical interconnections requ
light emitters, waveguides, modulators, and photodetec3

Since bulk silicon is an inherently bad light emitter for
indirect electronic band structure, hybrid systems with II
photonic components have to be used until an efficient,
able silicon-based light source becomes available.4

Recently, several approaches for gaining light fr
silicon-based systems have been reported with the pro
of sufficient electroluminescencesELd efficiency. The mos
prominent systems are porous silicon,5 silicon nanocrystal
in SiO2,

6 p-n diodes,7,8 Ge+-implanted SiO2,
9 and Er-dope

silicon-rich SiO2 sensitized with silicon nanocrystals.10,11

The latter ones, realized as metal-oxide-semicondu
sMOSd light emitters, are especially attractive, since they
fully compatible with silicon complementary metal-oxid
semiconductorsCMOSd technology. Efficient MOS EL de
vices have been fabricated by erbium-doped silicon
SiO2 with the attractive infrared light emission at 1.54mm
for telecommunications.12

Another driving force for developing silicon-based lig
emitters is the requirement of tiny light sources in the vis
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and ultraviolet regions, which can be directly integrated
silicon chips for analysis of different biological substan
for silicon optical couplers, and high-resolution low-cost
crodisplays. Rare-earth-doped silicon MOS light emit
with different emission wavelengths from the visible up
ultraviolet are feasible for these applications. Photolumi
cencesPLd from rare-earth-doped SiO2 thin films on silicon
has been studied extensively in the past, such as S
SiO2:Tm3+ sRef. 13d and SiO2:Tb3+.14,15 However, elec-
troluminescencefrom rare-earth-doped MOS structures
not been studied much due to the limited current injec
into the dielectric SiO2 layer and the poor reliability at hig
electric field scharge to breakdownd. One solution for thi
problem is the introduction of excess silicon into SiO2. The
rare-earth-doped Si-rich SiO2 thin films have exhibited a
improved stability under high-density current injection; h
ever, it comes at the expense of a lower EL efficiency c
pared to stoichiometric SiO2 due to an increase of low
energy electron tunneling between the silicon clus
Recently we have reported an efficient and stable elec
minescent Gd-doped MOS device, emitting deep UV l
with an external quantum efficiency above 1%.16 In this pa-
per, efficient green EL from Tb-implanted SiO2 MOS de-
vices is reported with a maximum luminance ab
2800 cd/m2. The maximum external quantum efficiency
16% with a luminous efficiency above 2.1 lm/W. The
and PL properties of the Tb-doped SiO2 active layers ar
studied concerning variations of the Tb concentration an
annealing temperature. The excitation process of the EL
Tb3+ in the SiO2 matrix is also discussed based on the s
of the photoluminescence excitation spectra, the intensi
tio of the blue to green peaksB/G ratiod, the luminescenc

l:

-

decay time, and the crossrelaxation.
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II. EXPERIMENTAL METHODS

Samples were prepared by silicon metal-ox
semiconductor technology on a 4-in.h100j-orientedn-type
silicon wafer with resistivity of 2–5V cm. The MOS struc
tures were fabricated by local oxidation of siliconsLOCOSd
with gate oxide and a field oxide thickness of 1mm, as
shown in the diagram of Fig. 1. The active layer in the g
oxide is a 100-nm-thick thermally grown SiO2 implanted
with Tb+ ions at two energies of 50 and 110 keV. The
plantation doses were adjusted to generate a nearly co
Tb concentration in the depth range of 27–55 nm below
surface of the active layer. Figure 2 shows the profiles o
as-implanted Tb atoms in the SiO2 layer with a concentratio
of 1.5%. The Tb profiles were calculated byTRIM98 as a firs
estimation, and confirmed by Rutherford backscatte
spectrometrysRBSd. The Tb atomic concentration was v
ied from 0.05% to 3% for different samples. The implan
tion was followed by furnace annealing at 800–1100 °C
flowing N2 for 1 h. The gate electrode is a 100-nm trans
ent indium-tin-oxide layer deposited by rf sputtering. Vari
shapes of MOS devices with different feature sizes in
range from 2 to 500mm were fabricated for testing the o
eration of the EL devices in dependence on the geome

EL spectra were measured on a MOS structure w
circular indium tin oxidesITOd electrode of 500-mm diam-
eter at a constant current supplied by a source metersKei-
thley 2410d. EL is observed at both positive and nega
polarities of the applied voltage. The measurement was
mally done with electron injection from the silicon substr
to the Tb-doped SiO2. The EL signal was recorded at roo
temperature with a monochromatorsJobin Yvon Triax 320d

FIG. 1. Schematic structure of the SiO2:Tb3+ MOS light-emitting device

FIG. 2. Profiles of the implanted Tb atoms at double energies of 50
110 keV calculated byTRIM98. The Tb+ doses are 1.531015 and 3.0

15 2
310 /cm , respectively, for a Tb concentration of 1.5%.
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and a photomultipliersHamamatsu H7732-10d. The EL in-
tensity, the injection current, and the applied voltage w
recorded simultaneously with a multiple channel data ac
sition system. The absolute EL power from the device
measured using a calibrated optical power metersNewport
818-SLd. The external EL power efficiency was calculated
integrating the total EL output power from the front surf
of the devices and by dividing the total electric input pow
PL and PL excitationsPLEd spectra were also measured w
the same system using a 75-W xenon lamp as an ultra
light source. The decay time of EL was measured by a
tichannel scalersStanford Research System SR430, m
mum time resolution of 10 nsd under the excitation of 10
-ms voltage pulses.

III. RESULTS AND DISCUSSION

A. EL and current-field characteristics

Figure 3 shows the electronic transitions and the
spectra of different MOS devices with a 100-nm SiO2:Tb3+

active layer containing different Tb concentrations of 0.0
0.15%, 0.5%, and 1.5%. The spectra are normalized t
same amplitude of the green EL peak at 541 nm. All sam
were annealed at 800 °C for 1 h. The spectra exhibit
groups of peaks, from5D3 and 5D4, respectively, to7Fj s j
=3–6d levels of the Tb3+ ions,17 as sketched in the diagra
of Fig. 3. The relative intensity of the5D3–7Fj s j =3–6d
transitions decreases with increasing Tb3+ concentration
which is not the case for the5D4–7Fj transitions. Figure 4sad

FIG. 3. EL spectra of Tb3+ ions in MOS devices with different Tb conce
trations and the related electronic transitions. All spectra are measure
constant injection current of 10mA and are normalized according to
peak intensity of the5D4–7F5 transitions at 541 nm.
shows the current–electric-field characteristics for devices
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with different Tb concentrations of 0.15%, 0.5%, 1.5%,
3%. The current-field characteristic of the unimplanted S2
is also shown for comparison. At a low average electric
below 8 MV/cm, the small injection current results mai
from the tunneling of electrons between the residual de
in the oxide layer. An onset of strong current injection
gime is observed upon increasing the electric field ab
8–9 MV/cm. The strong current injection is verified
Fowler–NordheimsFNd tunneling injection of electrons
the Si/SiO2 interface, as shown in Fig. 5. The FN tunnel
is expressed asJ/E2=A exps−B/Ed, whereJ is the curren
density, E is the average electric field, andA and B are
constants.18 From the linear fit of logsJ/E2d versus the recip
rocal electric field in Fig. 5, the FN tunneling expression
the Tb-implanted SiO2 layers is valid over a large range
J/E2 from 1310−7 to 1310−3 A/ sMV d2. The current-field
characteristics turn to a linear regime at higher current d
the series resistance of the device structure. The thre
electric field for the FN tunneling slightly shifts fro

FIG. 4. sad: Current-density vs electric-fieldsJ–Ed characteristics fo
samples with different Tb concentrations of 0.15%, 0.5%, 1.5%, and
The unimplanted thermally grown SiO2 sample is also shown for compa
son.sbd: Dependence of the EL luminance on the average electric fie
the same Tb-doped samples.

FIG. 5. Fowler–Nordheim plots of the logarithmicJ/E2 vs the reciprocal o

the electric field for samples with different Tb concentrations.

Downloaded 21 Jun 2005 to 134.34.145.184. Redistribution subject to AIP
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8 to 9 MV/cm with increasing Tb concentration. This
probably caused by a shift of the flatband voltage of
MOS device due to an increase of electron traps, as ded
from the capacitance–voltagesC–Vd characteristics. Figu
4sbd shows the dependence of the EL brightness of the g
peak at 541 nm on the average electric field for devices
different Tb concentrations. The onset of the EL emissio
correlated with the strong current injection by FN tunnel
This indicates that the excitation of EL from Tb3+ ions is due
to a strong FN tunneling injection of hot electrons from
silicon substrate to the conduction band of SiO2.

Figure 6 shows the dependence of the EL luminanc
the current density for five samples containing differen
concentrations from 0.05% to 3% after annealing at 800
for 1 h. Initially the EL intensity has a linear relations
with injection current density, and then it saturates at
current density with a maximum intensity limited by the
concentration. A high luminance of up to 2800 cd/m2 is
achieved for a Tb concentration of 3%. Figure 7 illustr
the dependencies of the EL power efficiency and the ext
quantum efficiency on the Tb concentration for samples
nealed at 800 and 900 °C. A decrease of the EL efficien
observed at the higher annealing temperature of 900 °
samples with a Tb concentration above 0.5%. The EL
ciency increases linearly with increasing the Tb conce

.

FIG. 6. EL luminance vs the injection current density for samples con
ing different Tb concentrations from 0.05% to 3%. All samples were
nealed at 800 °C for 1 h.

FIG. 7. Dependencies of the EL power efficiency and the external qua
efficiency on the Tb concentration at a current of 10mA for a device size o

0.5 mm in diameter. The samples were annealed at 800 and 900 °C.
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tion and then saturates above 2% due to the concent
quenching effectssee belowd. A high power efficiency o
0.3% scorresponding to an external quantum efficiency
16% and luminous efficiency of 2.1 lm/Wd is obtained fo
the devices with a Tb concentration of 3%.sThe scaling
factor between external quantum efficiency and power
ciency iseV/"v, whereV is the operating voltage and"v is
the emission photon energy.d The quantum efficiency of ou
devices is comparable to those of InGaN quantum well g
light-emitting diodess16.5%d.19

B. Tb concentration

Figure 8sad compares the concentration dependenc
the EL peak intensity of the5D3–7F5 sblue peak at 413 nmd
and 5D4–7F5 sgreen peak at 541 nmd transitions for the
samples annealed at 800 °C for 1 h. The EL intensit
measured at a constant current injection of 10mA. The green
peak increases linearly with increasing the Tb concentr
up to 2% and then saturates, while the blue peak sho
strong concentration quenching after increasing the Tb
centration above 0.15%. Figure 8sbd shows the peak intensi
ratio of the blue divided by the green peaksB/G ratiod as a
function of the Tb concentration. The B/G ratio decrea
with increasing Tb concentration, which indicates a m
effective population of the5D4 levels. To trace back the o
gin of this behavior, we have measured the EL decay tim
the blues5D3d and greens5D4d lines fFig. 8scdg. The decay
time of the 5D3 level decreases with increasing Tb conc
tration, while the decay time of the5D4 level slightly in-
creases. This indicates a faster nonradiative decay of5D3,
leading to a higher average population of5D4. We ascribe

5 5

FIG. 8. Concentration dependencies of the EL intensitysad, the blue/gree
ratio sB/G ratiod sbd, and the lifetimescd of the two transitions from5D3 to
7F5 sblue peak at 413 nmd and 5D4 to 7F5 sgreen peak at 541 nmd. The
samples were annealed at 800 °C for 1 h. The EL intensity was measu
a constant current injection of 10mA.
this behavior to the crossrelaxation from theD3 to the D4

Downloaded 21 Jun 2005 to 134.34.145.184. Redistribution subject to AIP
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level in adjacent Tb3+ ions, made possible through the v
small energy mismatch of 11 meV fors5D3–5D4d
>s7F0–7F6d, as shown in the diagram of Fig. 9. A simi
effect has been previously observed in Tb-doped yttrium
cate glass.20 As a result the relative intensity of the gre
emission increases for higher Tb concentration.

C. Annealing temperature

The annealing temperature dependencies of the
s413 nmd and the greens541 nmd peaks were studied o
samples with a constant Tb concentration of 1.5%. All
spectra were again measured at a constant current inj
of 10 mA. Upon increasing the annealing temperature f
800 to 1100 °C, the EL intensity of both peaks strongly
creases, while the B/G ratio increases in the EL spectr
shown in Figs. 10sad and 10sbd. Since the lifetime of th
green peak stays nearly constant and the lifetime of the

at

FIG. 9. Schematic crossrelaxation from5D3 to 5D4 level of Tb3+ ions. It
causes a quenching of the5D3 levels and a simultaneous enhancemen
the excitation of the5D4 levels at high Tb concentration.

FIG. 10. Annealing temperature dependencies of the EL intensitysad, the
blue/green ratiosbd, and the lifetimescd of the two transitions from5D3 to
7F5 s413-nm blue peakd and 5D4 to 7F5 s541-nm green peakd for the
samples. The Tb concentration is constant at 1.5% for all samples; a

injection current is 10mA.
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peak even shows an increase with increasing annealing
perature in Fig. 10scd, the decrease of the EL intensity can
result from a faster nonradiative decay. Instead it has to c
from a reduction of the number of effective Tb3+ luminescen
centers. This is probably due to the formation of optic
inactive Tb clusters at a high annealing temperature, whi
similar to clustering of Er atoms in Er-implanted SiO2.

21

D. Excitation mechanism

Figures 11sad and 11sbd show the PL and PLE spectra
the electronic transitions from the two excited energy le
5D3 and 5D4, respectively. The PLE spectra in Figs. 11sad
and 11sbd were measured by monitoring the blue peak f
5D3 to 7F5 and the green peak from the5D4 to 7F5 transition,
the PL spectra were measured by 240-nms5.16-eVd UV ex-
citation. Similar to the EL results, comparable concentra
dependencies of the green and blue peaks were obser
the PL spectra. Both peaks have an excitation pea
240 nm, which is observed in many silicate phosphors
as Tb3+-doped Y2SiO5 sRef. 20d and YSiAlON glasses.22

This excitation peak has ascribed to the7D level of Tb3+

respectively. The different excitation peaks at aro
300–380 nm may come from the excitation from
ground-state7F6 to several close energy levels,5D1,

5D2,
5 5 5 3+ 17,22

FIG. 11. PL spectra of the electronic transitions from5D3 to 7Fj s j =3–6d sad
and from5D4 to 7Fj s j =3–5d sbd, excited with 240-nm radiation. In additio
the PLE spectra are shown, detected at 413sad and 541 nmsbd, respectively
The excitation goes from the7F6 ground state to different excited levels,
indicated in the figures. The excitation of theS0→T1 transition of the neu
tral oxygen vacancysNOVd swSi–Siw d centers in SiO2 is also marked
in sbd.
L9, L10, and D3 of the Tb ions. The excitation peak

Downloaded 21 Jun 2005 to 134.34.145.184. Redistribution subject to AIP
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in
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at 455 nm is absent in the excitation spectra of o
Tb3+-doped silicate phosphors. Probably it results from
energy transfer of the excitationS0→T1 of the neutral oxy
gen vacancysNOVd swSi–Siw d centers in SiO2 created by
ion implantation, which has a similar transition energy
around 2.65 eVs470 nmd.23 The peak at 490 nm can be
tributed to the excitation of electrons from the7F6 to the5D4
level.

The EL from rare-earth ions embedded in a matrix u
high electric field can be excited via two processes. On
the direct impact excitation of the rare-earth ion by energ
hot electrons in the conduction band of the matrix.
charge states of the rare-earth ions do not change durin
excitation process. The other process is the excitation a
the host band gap or of defects, and subsequent energy
fer to the rare-earth ions. In the former process, the rel
intensity of the peaks from higher excited levels norm
increases faster with increasing electric field than thos
lower energy levels due to an increase of the average e
of the hot electrons. This phenomenon was observe
ZnS:Er and ZnS:Tb thin-film EL devices.24,25 In the latter
process, since the excitation comes from the energy tra
the relative intensity of the emission peaks of rare-earth
is mainly controlled by the thermal equilibrium between
ferent energy levels of the rare-earth ions. Therefore
relative intensity of the different peaks will not change d
matically with increasing electric field. Examples
ZnS:Tm or CaS:Tm thin-film EL devices.26

In order to check the probable EL excitation proces
the SiO2:Tb MOS devices, the B/G ratio of the EL spectr
plotted versus the average electric field in Fig. 12
samples with different Tb concentrations. An increase o
B/G ratio of the EL spectrasprior to the saturation of exc
tationd was observed with increasing electric field. This g
strong evidence that the EL excitation is dominated by d
impact excitation from FN tunneling injection of hot el
trons into the conduction band of SiO2, as shown in Fig. 5
The strong decrease of the B/G ratio with increasing Tb
centration shows that the crossrelaxation from the highe

5 5

FIG. 12. Dependence of the blue/green ratio of the EL spectra on the
age electric field for samples with different Tb concentrations of 0.0
0.15%, 0.5%, and 1.5%. The horizontal lines show the values of the
ratio of the PL spectra under the excitation by UV light with a photon en
of 5.16 eVs240 nmd.
citation level D3– D4 is also involved in the excitation of
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the lower-lying 5D4 level. Therefore, the peaks of5D4–7Fj
s j =3–6d transitions were excited by both the impact exc
tion and the crossrelaxation from5D3 states at high Tb con
centration. The above excitation mechanism explains
change of EL spectra with Tb concentration and anne
temperature in Tb-doped SiO2 MOS devices. It also explain
the correlation between the onset of the EL and the st
FN tunneling injection of hot electrons as shown in Fig.

E. EL excitation cross section

If the excitation process is dominated by the direct
pact excitation, the change of the B/G ratio of the Tb3+ lu-
minescence may reflect an increase of the average ene
hot electron with increasing the electric field. The hot e
trons for EL excitation may have an equivalent average
ergy similar to the PL excitation photon energy for the
spectra with the same B/G ratio compared to the PL spe
The B/G ratio of the PL spectra under excitation of pho
energy of 5.16 eVs240 nmd is also marked by the horizon
lines for different Tb concentrations in Fig. 12. The inters
tions indicate that the average hot electrons may hav
equivalent average energy around 5.16 eV at an electric
around 10–11 MV/cm. This value is consistent with the
erage hot electron energy determined at the same el
field in SiO2 by different techniques such as vacuum em
sion, carrier separation, and EL.27

The dependence of the EL intensity,IEL, on the charg
flux, J/e, can be simulated by the equation

IEL = Imax
J/e

J/e+ 1/st
,

whereImax, s, andt are the saturated EL intensity, the ex
tation cross section, and the total lifetime of an excited le
respectively. The product ofst can be evaluated by fittin
the dependence ofIEL vs J/e for the blue and green pea
from the 5D3 and the5D4 levels. Figure 13 is the calculat
EL excitation cross sections of the5D3 and the5D4 levels as
a function of the Tb concentration. The excitation cross
tion of the 5D4 level strongly increases from 2.1 to 4
310−15 cm2 with increasing Tb3+ concentration from 0.15%
to 2%, whereas the cross section of the5D3 level stays nearl

FIG. 13. Calculated EL excitation cross sections of the5D3 and 5D4 levels
as a function of the Tb concentration.
constant. This can again be interpreted by the crossrelaxatio

Downloaded 21 Jun 2005 to 134.34.145.184. Redistribution subject to AIP
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from the 5D3 to 5D4 level with increasing Tb concentratio

F. Device geometry

Small devices are usually needed for the integratio
MOS light emitters on silicon chips for different applic
tions. Therefore, various shapes of MOS devices with di
ent feature sizes in the range of 2–500mm were fabricate
for testing the operation of the EL devices in dependenc
the geometry. Figure 14sad shows a photograph of an array
15315 MOS light-emitting devices with a diameter
20 mm and a distance of 70mm, which was taken under
optical microscope by a normal digital camera. Each o
devices was driven by a small current of 0.2mA. Figure
14sbd shows a photograph of a comblike MOS light-emitt
devices with a stripe width of 4mm. The smallest fabricate
MOS light-emitting device had a diameter of 2mm, only
limited by the optical lithography system available to us.
green light emission under the microscope was well vis
with the bare eye at an injection current of a few nano
peres. This demonstrates that the MOS light-emitting de
with a feature size in thessubdmicrometer range could b
directly integrated on ULSI circuits or lab-on-a-chip s
tems.

IV. SUMMARY

In summary, efficient green electroluminescence was
tained from indium-tin-oxide/SiO2:Tb/Si MOS device
doped by Tb+ implantation. The EL efficiency increases l
early with increasing the implantation doses for a Tb con
tration below 2%. The optimized device shows high exte
quantum efficiency above 16% and a luminous efficienc
2.1 lm/W. The excitation of the EL can be attributed to
direct impact excitation of the Tb3+ ions by hot electron
with an impact excitation cross section up to
310−15 cm2. The crossrelaxation from the higher exci
levels to the lowest excited levels of Tb3+ restricts the con
centration quenching of the green luminescence p
which enables the fabrication of efficient green EL device
a high Tb concentration. Light-emitting devices with a
crometer feature size were demonstrated by the metal-o

FIG. 14. sColor onlined sad Photograph of an array of 15315 Tb-doped
SiO2 MOS light-emitting devices with a diameter of 20mm and a space o
70 mm under an optical microscope; each of the devices is driven
current of 0.2mA. sbd Photograph of a comblike MOS light-emitting dev
with a stripe width of 4mm taken under an injection current of 10mA.
nsemiconductor technology.
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