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A detailed model is proposed to explain the electroluminescence spectrum from metal—oxide—

silicon tunneling diodes. This model includes phonon-assisted processes and exciton involvement.
According to this model, the main peak and the low-energy tail of the electroluminescence spectrum
are attributed to the transverse optical phonon and the two-phonon assisted recombination,
respectively. With very few fitting parameters, the model accurately predicts the measured

electroluminescence spectra. Z01 American Institute of Physic§DOI: 10.1063/1.1381000

I. INTRODUCTION form an exciton and then recombine to emit a photon and a
phonon? Other experimental evidence also shows that a sig-
ElectroluminescencéEL) from Si is an important issue nificant number of excitons are present in Si at room
for monolithic integration of optoelectronics in Si ultralarge temperaturé=** Hangleiter deduced a strong influence of the
scale integratiofULSI) circuits. To improve the poor lumi- exciton-mediated process on both the impurity and the band-
nescent properties of Si, many techniques have been reée-band Auger recombinatiott’ Therefore, both excitons
searched. They include Si/SiGe band structure engineeringnd phonons are taken into account in our detailed study of
nanocrystalline Si, porous silicon, Er-doped Si, and sd on.the EL from MOS silicon tunneling diodes.
Unfortunately, the fabrication processes for these techniques
are not compatible with the standard ULSI technology. Re-
cently, we have observed room-temperature EL from metal—”' DEVICE FABRICATION AND CHARACTERIZATION
oxide—semiconductdMOS) silicon tunneling diode$3 The The MOS tunneling diode in this study has the ultrathin
MOS tunneling diodes have the same structure as those usggte oxide that allows significant current to tunnel through.
in ULSI circuits. In addition, the fabrication procedures areThe ultrathin gate oxide with thickness of 30 A was grown
fully compatible with the present ULSI processes, showingoy rapid thermal oxidation at 900 °C on thetype Si(100
promise for practical silicon-based optoelectronics integratedubstrate. The gas flows are 500 sccm nitrogen and 500 sccm
circuits. In this work, a detailed model for EL from MOS oxygen at a reduced pressure. The thickness of the oxide is
silicon tunneling diodes is presented. Physical processes imeasured by ellipsometry and confirmed by high-frequency
volving phonon assistance and exciton-involved radiative reeapacitance—voltage measurements. Transparent indium—
combination are used to fit the EL spectra. The model accuin—oxide (ITO) was deposited as the gate electrode by sput-
rately fits the measured EL spectra with only two fitting tering with the sample held at 150 °C. The electrode with
parameters. area 1. 10 2cn? was defined by photolithography. The
Because of the indirect-band gap nature of crystalline Sithickness of the Si substrate is about 508. Aluminum was
a phonon is required to provide the additional momentum fodeposited on the backside as another electrode of the MOS
radiative recombination. At low temperature, the observediiode. A typical current—voltagel £V) curve is shown in
photoluminescencéPL) spectra from crystalline Si are at- Fig. 1. At the voltages 4 ane-4 V, the magnitudes of the
tributed to exciton-involved recombination with the partici- tunneling current density are 4.3 and20 *A/cm?, re-
pation of phononé&>With PL measurement, the temperature spectively, showing quite fair rectification characteristics.
dependence of Si band gap had also been analyzed usififhe emission spectra correspond to the Si band gap energy
exciton-involved radiative transitions for the temperaturepretty well. The spectra could be explained by the following
range up to 1000 K.MacFarlanceet al. measured the ab- theoretical model.
sorption 7spectra of crystalline Si with high optical
resolution; showing that the exciton process appeared in the
absorption spectra of crystalline Si even at room temperal—“' THEORETICAL MODEL
ture. These studies indicate that the optical properties of Based on the analysis of absorption spectra with the in-
crystalline Si are strongly influenced by both excitons andvolvement of excitoné? the electron and the hole must meet
phonons. Before recombination, an electron and a hole argt the same position before the phonon-assisted radiative re-
first bounded to each other under the Coulomb attraction tgombination occurs. The probability of finding an electron
and a hole at the same space point can be obtained by solv-

aAuthor to whom correspondence should be addressed; electronic mailnd the _hydrOg_en'“k_e SChrOding_er equation of the electron—
cflin@cc.ee.ntu.edu.tw hole pair, as given in the followint?
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107 o due to the requirement of the symmetric wave function in the
T ] e spatial coordinaté| ¢,(r=0)|2#0 and|¢(r=0)|?+0).
§ 1071 // Also, the spectral distribution of radiative transition is
> / broadened as a result of the scattering of exciton by impuri-
g 104 T — / ties, electrons, holes or phonons, etc. The Lorentzian line-
S ] width broadening function is used to account for the scatter-
8 10° AY ing effect®
3 !g

10—t 1 fl g

P 2gat; voﬁage1(V)2 > Lo ) = o 7+ Ep—fiw)? @

FIG. 1.1-V characteristics of the ITO/Si3n-Si tunneling diode. where s is the exciton relaxation time. In addition, because
the total spin of the exciton is an integer, the excitons follow
the Bose—Einstein statisti¢3 Therefore, the emission spec-

1 trum from the discrete exciton states is given by
|pn(r=0)|°=—3, (18
7TaBn 1 EB
stho)~3 s | [ akaa-lonr-0) £~ 3
., Zexp(2) n (2m) n
|¢(r_0)| - Sinl’(Z) ' (1b) K q
h2K?2
whereag is the exciton Bohr radiug) is the quantum num- S Ep—ﬁw) - 8(q—ke—kp)
ber of the discrete exciton states m\Eg/(hw—Ey); Eqis 2M
the band gap energy of Si; ariek is the exciton binding 1
energy. Equation€la) and(1b) specify the probability of the : E. 7#2K2 ; %)
electron and the hole at a relative separatien0 for the Eq— 2+ v Fx
discrete and the continuum exciton states, respectively. The exp n -1
energies of the discrete and the continuum exciton¥ate kgT
E—E @ " @ (24 whereE, is the energy of the phonon used to compensate for
T n2t o2M the momentum mismatch between the electron and the hole
F32 52K in Si, F, is the quasichemicgl potentiql of the excitdag, is
Econ=Eq+ 5— + =1, (2b) the Boltzmann constant, aridis the lattice temperature. The
' 2p - 2M factor (2m)% is the volume of each quantum state in the

reciprocal space. The delta function in the integral represents
the conservation of momentum for the radiative recombina-

and the reduced mass of the electron—hole pair, respectively°™ rllae:c:ause the phlpnon useﬁ toB (_:Icljmpensate f((j)r the mis-
The energ\E,, is quantized for the discrete states. The wave atg 0 mome”F“m les near t ﬁ r|houw;]zone € ge,.lt IS a

vectorsK andk are related to the wave vectdts andk,, of good approximation to assume that the phonon enkygis

the electron and the hole composing the exciton by the folmdeper_ldent of the wave vgctquhe q.uasmherr_ucal_ poten-
tial F, in the Bose—Einstein distribution function is deter-

lowing formula®®
g mined by the total number of excitons. Assuming that the
K=Kke+Kp, (38 quasichemical potentidl, of excitons is below the band gap
energyE4 over manykgT, the Bose—Einstein function in

whereK is the center-of-mass wave vector adnib the rela-
tive wave vector of exciton; anil and x are the total mass

_ M} Ke— Mek, (3b) expression5) is reduced to the Boltzmann distribution
my+my

wherem} andmy}; are the effective masses of the electron ! >
and the hole, respectively. E — Es + KT F

In the derivation of the emission spectrum due to the TV
discrete exciton states, the expression should sum over th& kT -1
contributions from all the quantized exciton states. The wave 212
vectors of the exciton and the phonon participating in the E — %+ ﬁ_K_F
radiative recombination also need to be integrated to de- 9 n® 2M™ *
scribe the total spectral distribution. However, the relation of ~ ~ ©*P kgT

the wave vectors between the electron, the hole, and the pho-
non must satisfy the requirement of momentum conservaThe factorF, can then be taken out of the integral in expres-

tion. Because the exciton consists of two Fermions, the elecsion (5), so the spectral shape is not influenced by the exact
tron and the hole, such a system of two spin-1/2 particles hgsosition of the quasichemical potentia) .

one singlet spin-0 state and three triplet spin-1 stdt@nly Similarly, the luminescence from the ionization con-
the singlet spin state is taken into account for luminescencénuum exciton states is expressed as
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1 1 cause we integrate over two wave vectgrand K for the
S(ﬁ‘”)wwwj J f d*k *K d*q- [¢(r=0)|? continuum exciton states, the expression is divided by two
k « g unit volume (27)3. Similar to the discussion for the discrete
h2k2  #2K2 exciton states, the Lorentzian linewidth broadening function,
XL| Egt 2n oM Ep_ﬁ“’) -6(q—Kke=kn)  the requirement for momentum conservation, and the Bose—
Einstein statistics obeyed by excitons are used in expression
— 1 — _ (6) (6). Only the singlet spin state is considered because of the
Eg+ ﬂ+ h°K ~F, nonzero overlap of electron and hole wave functions. The
exp 2p - 2M _1 Boltzmann distribution is also applied to simplify the Bose—
ksT Einstein statistics.
Formula (6) should integrate over the variablesince the From Eqs(5) and(6), we obtain the total emission spec-

energy of the continuum exciton states is not quantized. Betrum from both the discrete and the continuum exciton states

1 s 3 ) Eg %%K?
S(he)~2, (zT)g,ffd Kd®q-[y(r=0)"L| Eg= 5 + Sy~ Ep—fiw |- 8(q—ke—kn)
K q
! 1 ! fffd3kd3Kd3 =0)|°L| E —ﬁzkz —ﬁsz E
Eg /2K 2 ' (277)3 (277_)3 q|¢)(r_ )| g+ 2u + 2M “Ep
St am Koo
ex -1
P KT
1
—fho| - 6(g—Ke—Kp)- - 72k2 72K2 i . (7)
o 2 T am Tx
exp -1

kT

The temperature dependence of the band gap erigygan  voltage is applied, the diode operates in the accumulation
be found in Ref. 6. The widely accepted value of the excitorregion. The positive gate voltage will inject holes from ITO
binding energyEg=14.7me\? is used for the calculation. to Si and attract electrons at the Si/SiBterface to form an
The emission of transverse opticdlO) phonon withE,  accumulation layer. The tunneling holes and the localized
=57.8meV is known as the dominant mechanism for mo-electrons in the accumulation layer form excitons, and re-
mentum conservation in radiative recombinatiofi. combine afterward to generate radiative emission, as sche-
Although the analysis of PL spectra of crystalline Si in matically shown in Fig. 2.
Ref. 6 is also based on the concept of exciton-involved ra-  Figure 3 shows the calculated TO phonon-assisted emis-
diative transitions, the mathematical formula there and exsion spectra from the discrete exciton and the continuum
pression(7) are different. In Ref. 6, there are five fitting exciton states at 300 K according to expressid@sand (6),
parameters. In comparison, our express{@n needs only respectively. The discrete exciton states have stronger emis-
two fitting parametersT and 7. The lattice temperatur€  sion than the continuum exciton states because the discrete
influences the linewidth through the Boltzmann distributionstates have more correlation between the electron and the
and the peak wavelength as a result of the temperature-
dependent band gap enerBy. The exciton relaxation time
7, affects the spectral width. A major difference between our

model and the analysis in Ref. 6 is the relative magnitude of 1o 8io, n-Si
luminescence from the discrete and the continuum exciton e
states. Instead of treating the ratio of the contributions from im """
discrete/continuum excitons as a free fitting paranfetee, — -
derive this ratio from the rigorous density-of-state and statis- TTTTTTT

tics functions.

IV. RESULTS AND DISCUSSION

Figure 1 shows typicall-V characteristics of the gig. 2 schematic band diagram of the ITO/§i@-Si tunneling diode
ITO/SIO, /n-Si tunneling diodes. When the positive gate operated in the accumulation region.
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FIG. 5. Low-temperature PL spectrum from the MOS tunneling diode.

FIG. 3. Theoretically calculated TO phonon-assisted luminescence spectra
from the discrete exciton states and the continuum exciton states at 300 K,
respectively. . . .
process gradually mixes with the main TO peak and forms
the low-energy tail similar to Fig. 4. Decomposition of the
calculated EL line shape in Fig. 4 to the main TO peak and
hole. This indicates that the Coulomb attraction enhances th@]e two-phonon 5igna| is demonstrated in F|g 6. The emis-
probability of finding an electron and a hole at the samesjon spectrum of the two-phonon process is obtained using
position, hence improving the radiative recombination. Eq. (7) with E,=57.8+64.5meV (TOrO").* The ratio of
With significant current tunneling through the thin oxide, the magnitude between the two-phonon and the TO peaks is
the luminescence could be observed through an infraredh.07, which is the same as the relative magnitude of the two
viewer even with a low injection current densityl A/cn’.  signals in the PL spectrum at 26°KThe excellent match of
The diode was operated at room temperature under cw ORhe theoretical spectrum to the measured data in Fig. 4 indi-
eration without cooling. The EL spectra of the cates that the exciton-involved radiative recombination and
ITO/SIO, /n-Si tunneling diode are shown in Fig. 4. The the participation of optical phonons take place in the room-
diode had been OperatEd at 3 and 3.5 V with injection Currer]_remperature EL from MOS silicon tunne“ng diodes.
88 and 133 mA, respectively. These spectra were measured We also fit the low-temperature PL spectrum in Fig. 5
using an InGaAs detector placed at the exit of a monochrogsing expressiori7) to further confirm the validity of our
mator. The dash lines are calculated spectra using(Bg. theoretical model. The phonon  energie&,=57.8
Temperatures at 300 and 310 K corresponding to the current g4.5 meV(TO+0"), 57.8 meV(TO), and 18.3 me\(TA),
at 88 and 133 mA are used for the two fitted spectra, respegre used in Eq(7) to fit the three peaks, respectively. With
tively. Also 75=60fs is used for the calculation. Itis in good the parameterd=65K and 7,=220fs, the linewidth and
agreement with the intraband carrier Scattering it the position of peak Wa\/e|ength are well predicted by the
only two fitting parameters, the theoretical prediction ismodel. In the PL measurement, the cold finger is cooled at 12
pretty good. K. The temperature increase for the model could be ex-
The low-energy tail in Fig. 4 is due to the two-phonon plained by the local heating of the sample under argon laser
process in the radiative recombination. The PL spectrum Oéxcitation intensity 35 W/cfa Figure 5 also shows a good
the MOS tunneling diode at low temperature is shown in Figmatch between the theoretical model and the measured PL
5. There are three major peaks corresponding to two-phonogpectrum.
TO, and transverse acoustitA) phonon-assisted recombi- Possible reasons for the occurrence of EL from the MOS
nation processes, respectivélJhe two-phonon process in- silicon tunneling diodes at room temperature are discussed as
volves the emission of a momentum-conserving TO phonofollows. The roughness of the Si/Sinterface is shown to
and a zone center (¢ phonon When the temperature in- pe important for EL from the MOS tunneling diod&¥’ It
creases to room temperature, the signal of the two-phonoRas been proposed that the effect of quantum confinement
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FIG. 4. Room-temperature EL spectra from ITO/gi@-Si tunneling diode  FIG. 6. Calculated emission spectra of the TO phonon and the two-phonon
and the theoretical fittings. assisted recombination.
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