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Electroluminescence from metal/oxide/strained-Si tunneling diodes
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The metal-oxide-silicon light-emitting diode under biaxial tensile mechanical strain is studied. The
emission line shape of the device can be fitted by the electron-hole-plasma recombination model.
The energy gap of strained Si extracted by the light emission spectra at the temperature of 120 K is
reduced by 15 meV under 0.13% biaxial tensile strain. The light intensity of the device under 0.13%
biaxial tensile strain increases 9% as compared to the relaxed-Si device. The upshift of valence band
edge under mechanical strain to increase the majority hole concentration at the oxide/Si interface
may be responsible for this light emission enhancement. The mechanical strain is measured by
Raman spectroscopy, strain gauge, and analyzed by the finite element metR685@merican
Institute of Physic§ DOI: 10.1063/1.1937989

Strained Si attracts a great attention recently due to th&—5() cm. Due to the traps in LPD oxide, the trap-assistant
enhancement of carrier mobility. The substrate strain techelectron tunneling is significant even with 3 nm LPD oxide.
nology using the lattice misfit between Si and SiGe can yieldAt negative bias, the electrons tunnel from the Al gate to
global biaxial strairt;? but the high cost and high defect p-type silicon, and the holes also tunnel frquwtype silicon
density make the substrate strain technology difficult for proto Al gate. However, due to the different barrier heights be-
duction. The biaxial strain also suffers the small hole mobil-tween electrong~3.1 eV) and holes(~4.6 eV), the hole
ity enhancement at high fiefiThe process-induced strdin current is smaller than the electron current. Meanwhile, the
and package straircan give the strain large enough for mo- negative gate bias also attracts holes in the silicon/oxide in-
bility enhancement with the low cost. The process-inducederface and the electrons can recombine with holes to possi-
strain technology has been used in the 90 nm technologhly emit light at the accumulation layer. The thickness is
node. The strain in Si not only changes the carrier mobilitymeasured by ellipsometry. Tetype MOS(NMOS) diodes
but also changes the band gap and band edges due to thave Al gate electrodes with the circular area defined by the
deformation potentidl:” The band-gap shrinkage of Ge un- shadow mask. Another Al contact is on the back of the wafer.
der the tensile strain was reported recegngtljaased on ab-
sorption measurement which probes relatively thick sample.

No luminescence results are reported for strained Si or Ge. Ir EL measurement system Water W;She'
this letter, we report the electroluminescend@el) from f o7
strained-Si using metal-oxide-silicofMOS) tunneling di- $ Detector r ,L -—=-n
ode. The radiative recombination of the electron-hole plasme [ Wonoaheomatr | ! |

at the accumulation layer of MOS diode can probe the band- lo! 10|
gap reduction of Si under strain. Note that the EL is origi- Iv’ii:i';:'e“t : 1
nated at the very thin accumulation layer on the order of e ol
nanometer, and can probe the local strain effect, while pho- (o)

toluminescence(PL) is originated from the bulk Si and | % \

probes the average strain effect within the absorption lengtt ; :ict’ne Tip (Top view)
of excitation wavelength on the order of micrometer.

The 3 nm oxide used in the MOS tunneling diode is
grown by liquid phase depositioflLPD) at 60 °C on
12 mmx 12 mm p-type wafer with the resistance of

screw screw

AlLO,

Cryostat

dauthor to whom correspondence should be addressed; electronic maiFIG. 1. Schematic diagram of the mechanical setup to apply strain in the
chee@cc.ee.ntu.edu.tw low temperature cryostat.
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FIG. 2. Raman spectra of the mechanical strained Si. The position of Si-Si
peak of strained Si indicates 0.11%, and 0.13% biaxial tensile strain. L (b)
Strained Si on SigGe, , buffer is also shown for reference.

120K —
The experimental setup of mechanism for EL measure-
ment is schematically shown in Fig. 1. The MOS light-
emitting diode(LED) on 12 mmx 12 mm p-type wafer sits
on the tip of a cone. Then, the sample is clamped by a
20 mmx 20 mm square washer with an inner hole of 10 mm
in diameter. The level of strain is determined by the four
screws on each side of the square washer. The strain of the Si
under mechanical strain is simulated by finite element
method(ANSYS), and measured by the Raman spectroscopy 1000 1100 1200 1300
and strain gauge. The whole mechanism is made of copper to Energy Gap(meV)
dissipate the heat from the electrical power. The high thermal
conductity of copper makes he temperalure of MOS LEDES 4 e o e
close to .the cryostat te_mpera_lture. Note that the whole COppémE)del; (b) EL spect%a of strained MOS LE0.13% pstrain measured by
mechanism has the dimension of 20 mrA0 mmXx 7 mm, Raman spectroscopyt 120, 210, and 320 K. The inset @§) shows the
small enough to insert into the chamber of the cryostat.  theoretical curve(-4 meV/%Ge strainand the band-gap reduction data
Raman spectra is excited by the laser with the wavefrom EL.
length of 514 nm, which has a absorption length of 540 nm
in Si. The Si—Si peak of silicon in the Raman spec¢Fi. 2)
shifts towards the negative axis under the external biaxi
tensile strain. The Raman shift of 0.856 and 1.02 tumder
biaxial tensile strain were extracted from the curve fitting
using Lorentzian profile, corresponding to the biaxial strain
of 0.11% and 0.13%, respectivéR/The strain level obtained
from Raman shift agrees well with the ANSYS simulation,
and has a small deviation from strain gauge measureme
(Fig. 3. The strain gauge measures the strain of a relativel
large area(2 mmx1 mm) on the strained Si surface. The
shift of Si-Si peak for strained $strain=0.6% on SiGe is
also shown for reference.
Figure 4a) shows the EL spectra at 120 K from the
unstrained/strained MOS LED samples with the device siz
of 4x 1072 cn?. The current used to drive the device is the

Energy gap reduction(meV)

[ Strain=0.13%

Experiment
|- — Fitting

EL Intensity(a.u.)

Periodical pulse with the period of 30 ms and 17% duty cycle
%o reduce the Joule heating. The on current of the pulse is
200 mA. The electron-hole plasma recombination model is
used to fit the EL spectrd:*>The band gap and device tem-
perature are obtained from the fitting of the EL spectra. The
energy gap extracted by the light emission spectra at the
temperature of 120 K from the relaxed device is reduced by
5 meV under 0.13% biaxial tensile strain measured by Ra-
¥nan spectroscopy. Figure(b} shows the EL spectra of
strained MOS LED at 120, 210, and 320 K. It is found that
the EL spectrum is broadened with the increasing tempera-
ture due to the wide distribution in energy of electrons and
holes at high temperature. The theoretical curve and experi-
fnental data of Si band-gap reduction as a function of strain
are also shown in the inset of Fig(bd. The strain in Fig.
4(b) is measured by Raman shift. It shows that the Si band

0.16 F —A—ANSYS gap is reduced under the biaxial tensile strain. The theoretical
—e—Raman / value of AE; due to strain is calculated to be -4 meV/Ge%
0.12f —4—Strain gauge A strain’® which is close to the experimental result. Figure 5
9 shows integral light emission intensity as a function of biax-
g 0.08p ial tensile strain at 300 K. Under the 0.13% biaxial tensile
& 0.04k strain, the light inte_nsity from MO_S _LED increases 9%. It
| could be due to the increase of majority hole concentration at
oool oxide/silicon interface, since the large hole concentration in-
creases the radiative recombination rate of electrons and

00 02 04 06 08 1.0 holes. The upshift of valence band edge to increase the hole
Screw turn tunneling barrier may be the origin to increase hole concen-

FIG. 3. Strain measured by Raman, strain gauge and simulated by ANsy#§ation at Si/oxide interface. Using different parameters in

as a function of the number of screw turn. Refs. 14-16 with the formula in Ref. 7, and the data in Refs.
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2358 duction as a funcfcion of _strain, which is_ approximate_ly
veo O -4 meV/%Ge strain. The increase of the integral emission
: E; intensity with increasing strain suggests that the valence
24 679 ¥ AEcafer strain . band edge of Si shifts upwards and the hole tunneling barrier
g ————— B ¢ increases.
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