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C. Y. Lin, Albert Chin, Senior Member, IEEE, Y. T. Hou, M. F. Li, Senior Member, IEEE,
S. P. McAlister, Senior Member, IEEE, and D. L. Kwong

Abstract—We have fabricated Sn : In; O3 (ITO)-Al> O3 dielec-
tric on Si;_,Ge,-Si metal-oxide-semiconductor tunnel diodes
which emit light at around 1.3 pm, for x = 0.7. The emitted
photon energy is smaller than the bandgap energy of Si, thus,
avoiding strong light absorption by the Si substrate. The optical
device structure is compatible with that of a metal-oxide-semicon-
ductor field-effect transistor, since a conventional doped poly-Si
gate electrode will be transparent to the emitted light. Increasing
the Ge composition from 0.3 to 0.4 only slightly decreases the
light-emitting efficiency.

Index Terms—Al; O3, electroluminescence, light, light-emitting
device (LED), SiGe.

I. INTRODUCTION

HE BACKEND resistance—capacitance (RC) delay is one

of the main challenges in very large scale integration
(VLSD) technology. Advanced backend processes incorporating
copper and low-K dielectrics, for instance, do not eliminate
concerns about the ac power consumption and the RC delay in
high performance circuits. Optical interconnects have been pro-
posed and are considered to be a potential option for replacing
the conductor—dielectric system for global interconnects [1].
However, the lack of an Si-based light source is the main bottle-
neck for this technology, in part due to the indirect bandgap in
Si. An Si-based light-emitting device (LED) would also enable
interchip optical wireless communications as well and optical
fiber dense wavelength-division-multiplexing applications [2].
Recently, metal-oxide—semiconductor (MOS) tunnel diodes
[3]-[5] have been proposed as a possible candidate for Si-based
LEDs, because of their good performance and inherit integra-
tion capability with metal-oxide—semiconductor field-effect
transistors (MOSFETs) and current VLSI technology. We have
previously shown that the use of a high-K gate dielectric [6],
[7] in a MOS tunnel diode can improve the light emission ef-
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Fig. 1. Cross-sectional view of ITO-Al>05-Sip.5Geo. SL MOS tunnel

diodes.

ficiency and reliability due to the strong quantum confinement
for providing additional momentum in indirect bandgap Si [5].
However, the emitted photon energy is larger than the energy
bandgap of Si [3], [5], which makes absorption in the Si sub-
strate an issue. To overcome this problem, we have developed
an Sn : In, O3 (ITO)-Al, O3 dielectric on Si; _, Ge,—Si [8]-[14]
tunnel diode which has its emitted photon energy below the
bandgap energy of Si. Combined with the advantage of a
high-K gate dielectric, the ITO-Aly03-Sig.3Geq. 7 device, with
light emission in the ~1.3-um range, shows great potential for
optical interconnects and wireless communications.

II. EXPERIMENTAL PROCEDURE

Standard 4-in (100) p-type Si substrates were used in this
study. Layers of ~20-nm Sig 3Geg 7 were formed on the Si
wafers by solid phase-epitaxy (SPE), first depositing amor-
phous Ge on the native-oxide desorbed Si surface in a modified
molecular beam epitaxy (MBE) system under high vacuum,
followed by a rapid thermal annealing at 900 °C to form SiGe
by SPE [8]. The advantage of SPE compared with ultrahigh
vacuum chemical vapor deposition (UHVCVD) or direct
MBE-grown SiGe is the high temperature stability, smooth
surface, and high MOSFET device performance [8]-[14]. The
low electrical defect in SPE-formed SiGe can also be evidenced
from very small interface trap density close to Si[9]-[11]. Then,
three periods of 2-nm ITO/1.5-nm Al,Oj3 superlattice (SL) gate
dielectrics [5] were formed on the Sip 3Geq 7. Top contacts
were transparent ITO, 0.2 pum thick, which were subsequently
sintered at 450 °C in N ambient, to improve the ITO quality.
For comparison, ITO-Al;O3-Si; . Ge, SL tunnel diodes with
total 30-nm thickness and Ge compositions of 0.2 and 0.4
were also fabricated. Fig. 1 shows the cross-sectional view of
fabricated device. The light emission was measured using a
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Fig. 2. Electroluminescence spectra of ITO-Al;O3-Sig.3Gep.7 SL tunnel
diodes with different injection current levels. The insertion figure is the picture
of light emission at —6 mA.

Hamamatsu PHEMOS-1000 light detection system used in Si
integrated circuit industry and equipped with charged-coupled
device camera for infrared image. A conventional photomulti-
plier tube was used to detect the emitted at energies >1.1 eV,
while an InGaAs detector was used at less than 1.1 eV.

III. RESULTS AND DISCUSSION

Fig. 2 shows the light emission spectra and light emission pic-
ture (Ig = —6 mA) of [TO-Al;O3-Sig 3Ge.7 SL tunnel diodes.
The image shows an uniform light emission from the tunnel
diode with strong light emission. The emitted wavelength range,
from 1.1 to 1.4 pm, covers the important wavelength of 1.3 ym
used for optical fiber communication. The emitted photon en-
ergy increases with increasing gate voltage, which is similar to
the Si MOS tunnel diode [5]. Since the emitted photon energy
is less than the bandgap energy of Si, the optical loss through Si
substrate absorption is reduced. Therefore, it would make such
devices compatible with MOSFETsS and they could be integrated
into current VLSIL.

To investigate whether the light emission originates from the
SiGe quantum well, we have also measured the emission in
ITO-Al;03-Si; _,Ge, tunnel diodes with different Ge compo-
sitions of 0, 0.2, and 0.4. Fig. 3(a) and (b) shows the variation
of the measured spectra and peak photon energy with different
Ge contents. The peak photon energy and spectra shift to lower
energy with increasing Ge composition. This excludes the pos-
sibility that the electroluminescence is generated from the gate
dielectric, because it is the same for all devices. The peak photon
energy in MOS tunnel diode is always greater than the linear in-
terpolated energy bandgap—this is consistent with our previous
result [5]. The larger photon energy in MOS tunnel diode can
be interpreted as due to hole quantization effect in the accumu-
lation layer of the p-Si surface [14]. Due to hole quantization
[15], the effective energy bandgap from conduction to valence
band optical transition will be increased compared to the bulk
SiGe energy bandgap. The energy increment becomes larger at
higher gate voltage because of stronger hole quantum confine-
ment, which is consistent with the peak energy blue shift data
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Fig. 3. Comparisons of (a) electroluminescence spectra and (b) the peak light

emission energy of ITO-Al;,03-Si;_.Ge, (x = 0,0.2, and 0.4) SL tunnel
diodes at —6-mA injection current.
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Fig. 4. Emission efficiency comparison for ITO-Al,O3-Si;_.Ge,
(x = 0,0.2, and 0.4) SL tunnel diodes at —6-mA injection current.

in Fig. 2. The strong confinement is the merit of high-K gate di-
electric to achieve a small inversion layer thickness [5] and high
current drive [6].

Since the light emission efficiency is an important parameter
for optical devices, we compare, in Fig. 4, this parameter for
ITO-Al203-Si; . Ge,. tunnel diodes with different Ge compo-
sition of 0, 0.2, and 0.4 under similar conditions with the same
detection system. We can not compare this efficiency data with
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that of the ITO-Aly03-Siy.3Geg 7 devices because a different
photodetector must be used. Although the luminescence effi-
ciency decreases with increasing Ge concentration, the magni-
tude of the change, when the Ge composition is increased to 0.4,
is not serious. This result is likely due to the excellent quality of
the SiGe, which was deposited at the high epitaxy temperature
of 900 °C. We note that in III-V semiconductors, high growth
temperatures can improve the luminescence efficiency by more
than one order of magnitude [16]-[18] and is the primary mate-
rial epitaxy parameter for optical devices.

IV. CONCLUSION

We have fabricated ITO-Al>;03-Sig 3Geg; MOS tunnel
diodes and demonstrated emission ~1.3 pum. The excellent
optical properties, together with a device structure similar to
that of MOSFET, suggest that these devices may enable the
development of Si-based technology for optical interconnects
and wireless communication.

ACKNOWLEDGMENT

The authors would like to thank Dr. L. H. Lai, Prof. H. C. Kou,
and B. T. Chuang for the discussions and measurements assis-
tance.

REFERENCES

[1] International Technology Roadmap for Semiconductors, 2001 ed: Semi-
conductor Industry Assoc., ch. Interconnect, p. 22.

[2] P.P. Gelsinger, Intel Development Forum: Intel, Feb. 28, 2002.

[3] R. Versari, A. Pieracci, M. Manfredi, G. Soncini, P. Bellutti, and B. Ricci,
“Light emission from MOS tunnel diodes,” in IEDM Tech. Dig., 2000,
pp. 745-748.

[4] C. W. Liu, M. H. Lee, C. F. Lin, I. C. Lin, W. T. Liu, and H. H. Lin,
“Light emission and detection by metal oxide silicon tunneling diodes,”
in IEDM Tech. Dig., 1999, pp. 749-752.

IEEE PHOTONICS TECHNOLOGY LETTERS, VOL. 16, NO. 1, JANUARY 2004

(51

(6]

(71

(8]

(91

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

A. Chin, C. S. Liang, C. Y. Lin, C. C. Wu, and J. Liu, “Strong and effi-
cient light emission in ITO/Al; O3 suprelattice tunnel diode,” in IEDM
Tech. Dig., 2001, pp. 171-174.

A. Chin, C. C. Liao, C. H. Lu, W. J. Chen, and C. Tsai, “Device and relia-
bility of high-K Al, O3 gate dielectric with good mobility and low D;,”
in Symp. Very Large Scale Integration Technol., 1999, pp. 133-134.

M. Y. Yang, S. B. Chen, A. Chin, C. L. Sun, B. C. Lan, and S. Y. Chen,
“One-transistor stacked gate memory,” in IEDM Tech. Dig., 2001, pp.
795-798.

Y. H. Wu, W. J. Chen, A. Chin, and C. Tsai, “The effect of native oxide on
epitaxial SiGe from deposited amorphous Ge on Si,” Appl. Phys. Lett.,
vol. 74, no. 4, pp. 528-530, 1999.

Y. H. Wu and A. Chin, “High temperature formed SiGe p-MOSFETs
with good device characteristics,” IEEE Electron Device Lett., vol. 21,
pp- 350-352, July 2000.

—, “Gate oxide integrity of thermal oxide grown on high temperature
formed Sig.3Geo.7,” IEEE Electron Device Lett., vol. 21, pp. 113-115,
Mar. 2000.

Y. H. Wu, A. Chin, and W. J. Chen, “Thickness dependent gate oxide
quality of thin thermal oxide grown on high temperature formed SiGe,”
IEEE Electron Device Lett., vol. 21, pp. 289-291, June 2000.

C. Y. Lin, W. J. Chen, C. H. Lai, A. Chin, and J. Liu, “Formation of
Ni germano-silicide on single crystalline Sig. 3 Geo.7/Si,” IEEE Electron
Device Lett., vol. 23, pp. 464—466, Aug. 2002.

C. H. Huang, S. B. Chen, and A. Chin, “La>03/Siy.5Geo.7 p-MOSFETs
with high hole mobility and good device characteristics,” IEEE Electron
Device Lett., vol. 23, pp. 710-712, Dec. 2002.

C. H. Huang, M. Y. Yang, A. Chin, W. J. Chen, C. X. Zhu, B. J. Cho,
M.-F. Li, and D. L. Kwong, “Very low defects and high performance
Ge-on-insulator p-MOSFETs with Al,O5; gate dielectrics,” in Symp.
Very Large Scale Integration Technol., 2003, pp. 119-120.

Y. T. Hou and M. F. Li, “Hole quantization effects and threshold
voltage shift in pMOSFET,” IEEE Trans. Electron Devices, vol. 48, pp.
1188-1193, June 2001.

A. Chin, T. M. Cheng, S. P. Peng, Z. Osman, U. Das, and C. Y. Chang,
“Strong luminescence intensities in Alg 22 Gag,7s As grown on misori-
ented (111)B GaAs,” Appl. Phys. Lett., vol. 63, no. 17, pp. 2381-2383,
1993.

A. Chin, P. Martin, J. Ballingall, T.-H. Yu, and J. Mazurowski, “Com-
parison of high quality (111)B and (100) AlGaAs grown by molecular
beam epitaxy,” Appl. Phys. Lett., vol. 59, no. 19, pp. 2394-2396, 1991.
A. Chin, P. Martin, J. Ballingall, T. Yu, and J. Mazurowski, “High quality
materials and heterostructures on (111)B GaAs,” presented at the 11th
Molecular Beam Epitaxy Workshop, Austin, TX, Sept. 1991.



