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Bright green electroluminescence with luminance up to 2800 éd/m reported from
indium-tin-oxide/SiQ: Th/Si metal-oxide-semiconductor devices. The Sib®* gate oxide was
prepared by thermal oxidation followed by ‘Thimplantation. Electroluminescence and
photoluminescence properties were studied with variations of tf#& i6h concentration and the
annealing temperature. The optimized device shows a high external quantum efficiency of 16%
and a luminous efficiency of 2.1 Im/W. The excitation processes of the strong green
electroluminescence are attributed to the impact excitation of tié liminescent centers by hot
electrons and the subsequent crossrelaxation ﬁibgto 5D4 energy levels. Light-emitting devices

with micrometer size fabricated by the standard metal-oxide-semiconductor technology are
demonstratec

I. INTRODUCTION and ultraviolet regions, which can be directly integrated into

o N ~_silicon chips for analysis of different biological substances,
The combination of silicon-based electronic circuits with ¢, silicon optical couplers, and high-resolution low-cost mi-

optoelectronic functionality is one of the key challenges forcrodisplays. Rare-earth-doped silicon MOS light emitters

future s_em|conductor technoloé)@\s th_e pac_kaglng density with different emission wavelengths from the visible up to
of transistors becomes higher and higher in ultralarge-scale

integrated(ULSI) circuits, the problems of overheating and ultraviolet are feasible for these applicz.itio.ns. Phot(_)l_umines-
signal delay become serious due to the drastic increase GENC&(PL) from rare-earth-doped SiGhin films on silicon
metallic connects. One possible solution could be optical inh@s been studied extensively in the past, such as Si-rich
terconnects integrated with silicon technoldgyhe imple-  SiO2: Tm** (Ref. 13 and SiQ: Th*"***> However, elec-
mentation of silicon-based optical interconnections requiregoluminescencdérom rare-earth-doped MOS structures has
light emitters, waveguides, modulators, and photodeteétorsnot been studied much due to the limited current injection
Since bulk silicon is an inherently bad light emitter for its into the dielectric SiQ layer and the poor reliability at high
indirect electronic band structure, hybrid systems with IlI-V electric field (charge to breakdown One solution for this
photonic components have to be used until an efficient, reliproblem is the introduction of excess silicon into $iGhe
able silicon-based light source becomes available. rare-earth-doped Si-rich Sithin films have exhibited an

_ Recently, several approaches for gaining light fromj,,4\eq stability under high-density current injection: how-
silicon-based systems have been reported with the prospegt

. . .- ver, it comes at the expense of a lower EL efficiency com-
of sufficient electroluminescend&L) efficiency. The most o . .
. N pared to stoichiometric SiDdue to an increase of low-
prominent systems are porous silicbsilicon nanocrystals lect ¢ lina bet the il lust
in Si0,° p-n diodes’® Ge*-implanted SiQ,° and Er-doped energy electron tunneling between the silicon clusters.
silicon-rich SiQ, sensitized with silicon nanocryst&l‘:’;.“ Rgcently we have reported an gfflClent lapd stable elect.rolu-
The latter ones, realized as metal-oxide-semiconductdiinescent Gd-doped MOS device, emntmg@deep_ UV light
(MOS) light emitters, are especially attractive, since they are/ith an external quantum efficiency above i@n this pa-
fully compatible with silicon complementary metal-oxide- per, efficient green EL from Tb-implanted SiMOS de-
semiconducto(CMOS) technology. Efficient MOS EL de- vices is reported with a maximum luminance above
vices have been fabricated by erbium-doped silicon-rict2800 cd/m3. The maximum external quantum efficiency is
SiO, with the attractive infrared light emission at 1.p4n  16% with a luminous efficiency above 2.1 Im/W. The EL
for telecommu_m_catlonéz. S ~and PL properties of the Th-doped Si@ctive layers are
~Another driving force for developing silicon-based light sydied concerning variations of the Th concentration and the
emitters is the requirement of tiny light sources in the V'S'bleannealing temperature. The excitation process of the EL from
Th®* in the SiQ, matrix is also discussed based on the study
a’Author to whom correspondence should be addressed; electronic maihf the photoluminescence excitation spectra, the intensity ra-
j.sun@fz-rossendorf.de . . .
fio of the blue to green pealB/G ratio), the luminescence
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stanz, Germany. decay time, and the crossrelaxation.
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FIG. 1. Schematic structure of the SiOb** MOS light-emitting device. 3 T ¥
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Il. EXPERIMENTAL METHODS T

Samples were prepared by silicon metal-oxide-
semiconductor technology on a 4-iflL00-oriented n-type
silicon wafer with resistivity of 2—%) cm. The MOS struc-
tures were fabricated by local oxidation of silicdcOCOS
with gate oxide and a field oxide thickness ofufn, as
shown in the diagram of Fig. 1. The active layer in the gate
oxide is a 100-nm-thick thermally grown SjOmplanted
with Th* ions at two energies of 50 and 110 keV. The im-
plantation doses were adjusted to generate a nearly constant
Tb concentration in the depth range of 27—55 nm below the
surface of the active layer. Figure 2 shows the profiles of the 50 400 450 500 550 600 650
as-implanted Tb atoms in the SiGyer with a concentration Wavelength (nm)
of 1.5%. The Tb profiles were calculated byim9s as a first FIG. 3. EL spectra of T ions in MOS devices with different Tb concen-
estimation, and confirmed by Rutherford backscatteringrations and the related electronic transitions. All spectra are measured at a
spectrometry(RBS). The Th atomic concentration was var- constant injection current of 10A and are normalized according to the
ied from 0.05% to 3% for different samples. The implanta-Peak intensity of théD,,—F transitions at 541 nm.
tion was followed by furnace annealing at 800—1100 °C in
flowing N, for 1 h. The gate electrode is a 100-nm transpar2nd a photomultiplie(Hamamatsu H7732-10The EL in-
ent indium-tin-oxide layer deposited by rf sputtering. Varioustensity, the injection current, and the applied voltage were
shapes of MOS devices with different feature sizes in théecorded simultaneously with a multiple channel data acqui-
range from 2 to SOQLm were fabricated for testing the op- sition system. The absolute EL power from the device was
eration of the EL devices in dependence on the geometry. measured using a calibrated optical power mékgwport

EL spectra were measured on a MOS structure with 818-SL. The external EL power efficiency was calculated by
circular indium tin oxide(ITO) electrode of 50Qwm diam-  integrating the total EL output power from the front surface
eter at a constant current Supp“ed by a source méter of the devices and by leIdIng the total electric input power.
thley 2410. EL is observed at both positive and negative PL and PL excitatiofPLE) spectra were also measured with
polarities of the applied voltage. The measurement was nothe same system using a 75-W xenon lamp as an ultraviolet
mally done with electron injection from the silicon substratelight source. The decay time of EL was measured by a mul-
to the Th-doped SiQ The EL signal was recorded at room tichannel scale(Stanford Research System SR430, mini-
temperature with a monochromatg@lobin Yvon Triax 329 ~ mum time resolution of 10 nsunder the excitation of 100

-us voltage pulses.
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20} o :io keV 1.510'5/em? - Ill. RESULTS AND DISCUSSION
§ """ 2 110 keV 3.0x10"/cm” | A. EL and current-field characteristics
?1‘5 Figure 3 shows the electronic transitions and the EL
B . Si spectra of different MOS devices with a 100-nm $ilb%*
‘§ 1or active layer containing different Th concentrations of 0.05%,
= 0.15%, 0.5%, and 1.5%. The spectra are normalized to the
§ 05} same amplitude of the green EL peak at 541 nm. All samples
- . were annealed at 800 °C for 1 h. The spectra exhibit two

00 et N { groups of peaks, fromiD, and °D,,, respectively, to'F; (]

0 20 40 60 80 100 =3-6) levels of the TB* ions}’ as sketched in the diagram

Depth (nm) of Fig. 3. The relative intensity of théD,—F; (j=3-6)
> s N .
FIG. 2. Profiles of the implanted Th atoms at double energies of 50 an(grar_]SItl.onS decreases ert_EDlnC?reasmg .Th:onc.entratlon'
110 keV calculated byrrivos. The TH doses are 1.510° and 3.0  Which is not the case for t_ 4= F; tran5|t|0n5: Figure @) _
X 10'%/cn?, respectively, for a Tb concentration of 1.5%. shows the current—electric-field characteristics for devices
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FIG. 4. (@) C Cdensit loctric-fiekiJ_E) characteristics § probably caused by a shift of the flatband voltage of the
. 4. (a: Current-density vs electric-fieldJ-E) characteristics for : .

samples with different Tb concentrations of 0.15%, 0.5%, 1.5%, and S%MOS device du? to an increase of electron ”,aps’ as ,deduced
The unimplanted thermally grown SiGample is also shown for compari- 1'0OM the capacitance-voltag€-V) characteristics. Figure

son. (b): Dependence of the EL luminance on the average electric field ford(b) shows the dependence of the EL brightness of the green
the same Tb-doped samples. peak at 541 nm on the average electric field for devices with
different Tb concentrations. The onset of the EL emission is
with different Tb concentrations of 0.15%, 0.5%, 1.5%, andcorrelated with the strong current injection by FN tunneling.
3%. The current-field characteristic of the unimplanted,SiO This indicates that the excitation of EL from Ttions is due
is also shown for comparison. At a low average electric fieldto a strong FN tunneling injection of hot electrons from the
below 8 MV/cm, the small injection current results mainly silicon substrate to the conduction band of $iO
from the tunneling of electrons between the residual defects Figure 6 shows the dependence of the EL luminance on
in the oxide layer. An onset of strong current injection re-the current density for five samples containing different Th
gime is observed upon increasing the electric field abov&oncentrations from 0.05% to 3% after annealing at 800 °C
8—9 MV/cm. The strong current injection is verified asfor 1 h. Initially the EL intensity has a linear relationship
Fowler—Nordheim(FN) tunneling injection of electrons at With injection current density, and then it saturates at high
the Si/SiQ interface, as shown in Fig. 5. The FN tunneling current density with a maximum intensity limited by the Th
is expressed ad/E>=Aexp(-B/E), whereJ is the current concentration. A high luminance of up to 2800 cd/ s
density, E is the average electric field, andl and B are  achieved for a Tb concentration of 3%. Figure 7 illustrates
constants® From the linear fit of logJ/E?) versus the recip- the dependencies of the EL power efficiency and the external
rocal electric field in Fig. 5, the FN tunneling expression forquantum efficiency on the Th concentration for samples an-
the Tb-implanted Si@layers is valid over a large range of nealed at 800 and 900 °C. A decrease of the EL efficiency is
J/E2 from 1X 107 to 1X 103 A/(MV)2. The current-field oObserved at the higher annealing temperature of 900 °C for
characteristics turn to a linear regime at higher current due t§amples with a Th concentration above 0.5%. The EL effi-
the series resistance of the device structure. The threshofiency increases linearly with increasing the Tb concentra-
electric field for the FN tunneling slightly shifts from

0.35
10" [ —=—800°C 1 hour =
OO e 900°C 1 hour 115
[° ——Tb3.0% & oosl )
103 i —0—Tb1.5% - 2
A ——Tb05% $ €
2 | ~—Tb0.15% g0 110 ¢
i =1
< 10% 4 —#— unimplanted g 0.15 2
W H 3
7 tw 15
R § 0.05 2
r """" 000 i L i 1 N L 0
10° = 0.0 0.5 10 15 20 25 3.0
0.08 0.10 0.12 0.14 0.16 0.18 Thb concentration (%)

1/E (MV'em)
FIG. 7. Dependencies of the EL power efficiency and the external quantum
FIG. 5. Fowler—Nordheim plots of the logarithmi¢E? vs the reciprocal of  efficiency on the Tb concentration at a current of /A for a device size of
the electric field for samples with different Tb concentrations. 0.5 mm in diameter. The samples were annealed at 800 and 900 °C.
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107 — cross -relaxation
% 1.5 E©) 5p 7F FIG. 9. Schematic crossrelaxation frotd, to °D, level of TB* ions. It
£ [ 4 5  aa" causes a quenching of tfi®, levels and a simultaneous enhancement for
g 1.0 [ —" . the excitation of theD, levels at high Th concentration.
FL: .7
F A D.-'F . . : .
g05¢ — level in adjacent T# ions, made possible through the very
L L Swa—"y .
ook " . . small energy mismatch of 11 meV for(°®D;—°D,)
10" 10° E(7FO—7F6), as shown in the diagram of Fig. 9. A similar
Tb concentration (%) effect has been previously observed in Th-doped yttrium sili-

cate glas$® As a result the relative intensity of the green

FIC_%. 8. Conqentration deper_lde_ncies of the EL inten@ythe blue/green emission increases for higher Tb concentration.
ratio (B/G ratio) (b), and the lifetime(c) of the two transitions froniD; to
F5 (blue peak at 413 nimand °D, to “F4 (green peak at 541 nmThe
samples were annealed at 800 °C for 1 h. The EL intensity was measured

a constant current injection of 10A. Ef Annealing temperature

The annealing temperature dependencies of the blue

tion and then saturates above 2% due to the concentratid413 nm and the green(541 nm peaks were studied on
quenching effect(see below. A high power efficiency of samples with a constant Th concentration of 1.5%. All EL
0.3% (corresponding to an external quantum efficiency ofspectra were again measured at a constant current injection
16% and luminous efficiency of 2.1 Im/Ws obtained for ~of 10 uA. Upon increasing the annealing temperature from
the devices with a Tb concentration of 3¥he scaling 800 to 1100 °C, the EL intensity of both peaks strongly de-
factor between external quantum efficiency and power efficreases, while the B/G ratio increases in the EL spectra, as
ciency iseV/%iw, whereV is the operating voltage arfto is ~ shown in Figs. 1@&) and 1@b). Since the lifetime of the
the emission photon energyfhe quantum efficiency of our green peak stays nearly constant and the lifetime of the blue
devices is comparable to those of InGaN quantum well green

light-emitting diodes(16.5%9.*° 3 10°
i; . — 5p,F, (a)
B. Tb concentration g 10 ]
, , £ 10°F 5p,7F

Figure 8a) compares the concentration dependence of . ‘\~\35
the EL peak intensity of théD,—"F (blue peak at 413 njn Rl —
and °D,~'F; (green peak at 541 nmtransitions for the
samples annealed at 800 °C for 1 h. The EL intensity is ()
measured at a constant current injection ofyd®. The green S 107"k
peak increases linearly with increasing the Th concentration g i
up to 2% and then saturates, while the blue peak shows a .
strong concentration quenching after increasing the Tb con- 102 N .
centration above 0.15%. Figur@® shows the peak intensity Z1s} 5p 7F (©
ratio of the blue divided by the green ped/G ratio) as a Yy — . 5,
function of the Tb concentration. The B/G ratio decreases -E; 1of 5 7
with increasing Tb concentration, which indicates a more o5k )/4
effective population of théD4 levels. To trace back the ori- ] 0o a '

gin of this behavior, we have measured the EL decay time of 500 900 1000 1100
5 5 H H

the blue(®D,) and green*D,) lines [Fig. 8c)]. The decay Annealing temperature ( °C)

time of the°D, level decreases with increasing Tb concen-

tration, while the decay time of th@4 level slightly in- FIG. 10. Annealing temperature dependencies of the EL intefajfythe

PO P blue/green ratigb), and the lifetime(c) of the two transitions fronD; to
creases. This indicates a faster nonradiative deca§DgJ‘ 'F, (413.nm blue peakand °D, to 'Fy (541-nm green peakior the

|e_adin9 to a higher average population o, We as%ribe samples. The Tb concentration is constant at 1.5% for all samples; and the
this behavior to the crossrelaxation from th, to the®D, injection current is 1QuA.
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> . 015% So4 of 5.16 V(240 nm.
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3 102 at 455 nm is absent in the excitation spectra of other
& Th3*-doped silicate phosphors. Probably it results from the
energy transfer of the excitatid®— T, of the neutral oxy-
10° gen vacancyNOV) (=Si—SiE) centers in SiQ created by

ion implantation, which has a similar transition energy at
around 2.65 eM470 nm.% The peak at 490 nm can be at-
tributed to the excitation of electrons from thg, to the®D,
FIG. 11. PL spectra of the electronic transitions frey to 'F; (j=3-6) (a) level.
1”";?&“5‘34 t? Fi :r?_S) (2)'tex‘t3it§d xg‘;“dogn ri‘igﬂon- In at‘_jdi:“’” The EL from rare-earth ions embedded in a matrix under
EI'hee excitsaﬁieocnrgség fsro(r)nwtnr;ﬁ:: gr%Sndastate ?o differr;nt e%gizrc)lel(;\llveﬁs%as high _e'ecmc field Can b_e excited via two prqcesses. One _IS
indicated in the figures. The excitation of tBg— T transition of the neu- ~ the direct impact excitation of the rare-earth ion by energetic
tral oxygen vacancyNOV) (=Si—-SE=) centers in SiQis also marked  hot electrons in the conduction band of the matrix. The
in (b). charge states of the rare-earth ions do not change during the
excitation process. The other process is the excitation across
peak even shows an increase with increasing annealing terthe host band gap or of defects, and subsequent energy trans-
perature in Fig. 1@), the decrease of the EL intensity cannot fer to the rare-earth ions. In the former process, the relative
result from a faster nonradiative decay. Instead it has to comiatensity of the peaks from higher excited levels normally
from a reduction of the number of effective ¥duminescent increases faster with increasing electric field than those at
centers. This is probably due to the formation of opticallylower energy levels due to an increase of the average energy
inactive Tb clusters at a high annealing temperature, which isf the hot electrons. This phenomenon was observed in
similar to clustering of Er atoms in Er-implanted §i6 ZnS:Er and ZnS:Tb thin-film EL devicé&?® In the latter
process, since the excitation comes from the energy transfer,
the relative intensity of the emission peaks of rare-earth ions
is mainly controlled by the thermal equilibrium between dif-
Figures 11a) and 11b) show the PL and PLE spectra of ferent energy levels of the rare-earth ions. Therefore, the
the electronic transitions from the two excited energy levelgelative intensity of the different peaks will not change dra-
°D, and °D,, respectively. The PLE spectra in Figs.(@1 matically with increasing electric field. Examples are
and 11b) were measured by monitoring the blue peak fromZnS:Tm or CaS:Tm thin-film EL deviceS.
°D, to ‘F; and the green peak from tAB, to ’F transition, In order to check the probable EL excitation process in
the PL spectra were measured by 240(mi6-e\) UV ex-  the SiG:Th MOS devices, the B/G ratio of the EL spectra is
citation. Similar to the EL results, comparable concentratiorplotted versus the average electric field in Fig. 12 for
dependencies of the green and blue peaks were observedsamples with different Th concentrations. An increase of the
the PL spectra. Both peaks have an excitation peak a/G ratio of the EL spectrgprior to the saturation of exci-
240 nm, which is observed in many silicate phosphors suckation) was observed with increasing electric field. This gives
as TB*-doped Y,SiOs (Ref. 20 and YSIAION glasse&®  strong evidence that the EL excitation is dominated by direct
This excitation peak has ascribed to tfi2 level of TB**  impact excitation from FN tunneling injection of hot elec-
respectively. The different excitation peaks at aroundtrons into the conduction band of SiCas shown in Fig. 5.
300-380 nm may come from the excitation from the The strong decrease of the B/G ratio with increasing Th con-
ground-state’F to several close energy leveRD,, °D,,  centration shows that the crossrelaxation from the higher ex-
%Ly, °L,,, and®D, of the T ions!”** The excitation peak citation level°D,—°D, is also involved in the excitation of

200 300 400 500 600 700
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D. Excitation mechanism
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FIG. 14. (Color online (a) Photograph of an array of 615 Th-doped
SiO, MOS light-emitting devices with a diameter of 20m and a space of

70 um under an optical microscope; each of the devices is driven by a
current of 0.2uA. (b) Photograph of a comblike MOS light-emitting device

FIG. 13. Calculated EL excitation cross sections of ibg and®D, levels  \ith a stripe width of 4um taken under an injection current of 1GA.

as a function of the Tb concentration.

the lower-lying®D, level. Therefore, the peaks 5D4—7Fj from the D, to °D, level with increasing Tbh concentration.

(j=3-6) transitions were excited by both the impact excita-
tion and the crossrelaxation froAD, states at high Tb con- F. Device geometry
centration. The above excitation mechanism explains the
change of EL spectra with Tb concentration and annealingﬂ/I : . . . . )
: : : : OS light emitters on silicon chips for different applica-
temperature in Th-doped S)10S devices. It also explains . i . A
P ped S P ons. Therefore, various shapes of MOS devices with differ-

the correlation between the onset of the EL and the strong ; . )
nt feature sizes in the range of 2—50M were fabricated

FN tunneling injection of hot electrons as shown in Fig. 4. for testing the operation of the EL devices in dependence on
the geometry. Figure 14) shows a photograph of an array of
15X 15 MOS light-emitting devices with a diameter of

If the excitation process is dominated by the direct im-20 um and a distance of 7@m, which was taken under an
pact excitation, the change of the B/G ratio of the*Thu-  optical microscope by a normal digital camera. Each of the
minescence may reflect an increase of the average energy @évices was driven by a small current of QuA. Figure
hot electron with increasing the electric field. The hot elec-14(b) shows a photograph of a comblike MOS light-emitting
trons for EL excitation may have an equivalent average eneevices with a stripe width of 4m. The smallest fabricated
ergy similar to the PL excitation photon energy for the EL MOS light-emitting device had a diameter ofi@n, only
spectra with the same B/G ratio compared to the PL spectrdéimited by the optical lithography system available to us. The
The B/G ratio of the PL spectra under excitation of photongreen light emission under the microscope was well visible
energy of 5.16 e240 nn) is also marked by the horizontal with the bare eye at an injection current of a few nanoam-
lines for different Th concentrations in Fig. 12. The intersec-peres. This demonstrates that the MOS light-emitting devices
tions indicate that the average hot electrons may have awith a feature size in thésubhmicrometer range could be
equivalent average energy around 5.16 eV at an electric fieldirectly integrated on ULSI circuits or lab-on-a-chip sys-
around 10—-11 MV/cm. This value is consistent with the av-tems.
erage hot electron energy determined at the same electric
field in SiO, by different techniques such as vacuum emis-

Small devices are usually needed for the integration of

E. EL excitation cross section

sion, carrier separation, and EL. IV. SUMMARY
The dependence of the EL intensity,, on the charge In summary, efficient green electroluminescence was ob-
flux, J/e, can be simulated by the equation tained from indium-tin-oxide/SiQTh/Si MOS devices
Je doped by Tb implantation. The EL efficiency increases lin-
leL = Imaxm_a early with increasing the implantation doses for a Th concen-

tration below 2%. The optimized device shows high external
wherel, .. o, andr are the saturated EL intensity, the exci- quantum efficiency above 16% and a luminous efficiency of
tation cross section, and the total lifetime of an excited level2.1 Im/W. The excitation of the EL can be attributed to the
respectively. The product afr can be evaluated by fitting direct impact excitation of the b ions by hot electrons
the dependence dt, vs J/e for the blue and green peaks with an impact excitation cross section up to 4.4
from the °D, and the®D, levels. Figure 13 is the calculated X 107*°cn?. The crossrelaxation from the higher excited
EL excitation cross sections of th®, and the’D, levels as  levels to the lowest excited levels of Threstricts the con-
a function of the Th concentration. The excitation cross seceentration quenching of the green luminescence peaks,
tion of the 5D4 level strongly increases from 2.1 to 4.4 which enables the fabrication of efficient green EL devices at
X 10715 cn? with increasing TB* concentration from 0.15% a high Th concentration. Light-emitting devices with a mi-
to 2%, whereas the cross section of f’% level stays nearly crometer feature size were demonstrated by the metal-oxide-
constant. This can again be interpreted by the crossrelaxati@emiconductor technology.
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