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The metal–insulator–silicon light-emitting diode~MIS LED! using a high-dielectric-constant
material (HfO2) is studied. The external quantum efficiency for light emission at room temperature
from the MIS LED was observed to be 2.031026, as compared to 0.531026 for the metal–oxide–
silicon ~MOS! LED. The large hole concentration at the Si/HfO2 interface created by the high
dielectric constant of HfO2 may be responsible for the enhancement. The emission line shape of the
MIS LED can be fitted by the electron-hole plasma recombination model, similar to the MOS LED.
The Al/HfO2/silicon LED with a high interface trap density has a continuous spectrum below the Si
gap beside the electron-hole plasma emission, probably due to the radiative recombination between
the electrons and holes via the interface states. ©2004 American Institute of Physics.
@DOI: 10.1063/1.1695604#

Due to the indirect band gap of Si, Si-based devices have
limited applications on optoelectronics as compared to the
direct band gap III–V devices, especially in light-emitting
devices. The image sensors1 and photodetectors2 based on Si
technology have a significant market share of optoelectron-
ics, while few Si-based light sources can reach the practical
applications due to the extremely low efficiency (;1026). It
is interesting to develop the Si light source for the purposes
of applications and scientific research. To increase the light-
emitting efficiency, the carrier concentration has to be in-
creased, and so does the oscillator strength~matrix element!
of the photon emission process for a constant nonradiative
lifetime. The carrier accumulation at SiO2 /Si interface in the
metal–oxide–silicon~MOS! tunneling diodes could increase
carrier concentration in the radiative recombination and the
light emission from MOS light emitting device~LED! was
demonstrated.3,4 The oscillator strength of the radiative pro-
cess can be enhanced by providing an extra momentum con-
servation mechanism such as the oxide/silicon interface
roughness. The emission intensity was reported to be en-
hanced by the rough Si/SiO2 interface.5,6 The high dielectric

constant material such as HfO2 is attractive to the future
scaling of MOS field effect transistors.7–9 We report the
emission properties from the metal–insulator–silicon~MIS!
tunneling diodes using HfO2 as gate dielectrics, and compare
with SiO2 devices. The light emission from the MIS struc-
ture can be a useful diagnostic tool to characterize the
Si/HfO2 interface.

Two kinds of MIS tunneling diodes were fabricated.
Sample A is made by atomic layer chemical vapor deposition
~ALCVD !10 using the HfCl4 precursor and H2O vapor at
300 °C on 10–30V cm p-type wafers. After the deposition,
the HfO2 film was annealed at 600 °C for 60 s in N2 by rapid
thermal annealing. For sample B, the 1 nm oxide was pre-
grown by rapid thermal oxidation~RTO! on 10–25V cm
p-type wafers and a 2 nm HfO2 layer was then deposited by
sputtering. The wafer was annealed at 900 °C for 5 min in N2

by rapid thermal annealing after HfO2 deposition to create
the significant interface trap density (D it) at Si/HfO2 inter-
face. However, theD it cannot be measured reliably due to
the large tunneling current. TheD it estimated from the sili-
mar sample with a low leakage current is on the order of 1
31012cm22 eV21. The HfO2 thickness was measured by
transmission electron microscopy~TEM!. The MIS LED di-
ode had an Al gate electrode with circular areas defined bya!Electronic mail: chee@cc.ee.ntu.edu.tw
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the shadow mask. Another Al contact is on the back of the
wafer. For comparison, the SiO2 insulator is also used as gate
dielectrics grown by RTO at 900 °C.

Figure 1 shows the cross-section TEM image of 2 nm
HfO2 grown by ALCVD on ap-type Si wafer with;0.6 nm
interfacial layer. Figure 2 shows the electroluminescence
spectra at the room temperature from sample A with a device
area of 431022 cm2 at different gate bias. The current to
drive the HfO2 device has a square wave with a period of 30
ms and 17% duty cycle to reduce the sample heating. The
light emission intensity is enhanced as the gate bias in-
creases. The electron-hole plasma recombination model11,12

gives a reasonable fit to the electroluminescence data. The
comparison of external quantum efficiency between the
HfO2 device and the SiO2 device is shown in the inset of
Fig. 2. The MIS LED using the HfO2 shows a high external
quantum efficiency of 231026 at the current of 100 mA,

and the MOS device with 2.3 nm oxide has only one quarter
of external quantum efficiency of the HfO2 device. Note that
in our quantum efficiency measurement, we cannot collect
all the light from the device, and the number presented here
is a lower bound of the true quantum efficiency.

At the accumulation bias, the electrons in the Al gate
electrode tunnel to thep-type Si through the ultrathin SiO2 or
HfO2 . After relaxation to the conduction band edge, the
electrons can recombine directly with the holes at the accu-
mulation region of Si, and recombine with holes via the in-
terface states. If the momentum conservation can be obtained
for both processes, the direct recombination of electrons and
holes can emit band edge light of Si, and the recombination
of the electrons and holes via the interface states can emit
light with the energy lower than the Si band gap.

For Al/SiO2 /Si and Al/HfO2 /Si systems shown in Fig.
3, the electron barrier tunneling from Al metal to Si is 3.15
and 1.28 eV, respectively, and the hole barrier tunneling from
p-type Si to Al electrode is 4.78 and 3.35 eV,
respectively.13,14 For both systems, the electron tunneling
barrier is much smaller than the hole tunneling barrier, and
the electron tunneling is the dominant current component. At
the accumulation bias, most of the gate voltage drops on the
insulator of the MIS diode, and thus the electric field in the
oxide should be similar to that in the HfO2, if both have a
similar thickness. Due to the high dielectric constant of HfO2

~;20! as compared to oxide~3.9!, the same voltage bias can
yield a larger electric fluxD5eE in the HfO2. Because of
electric flux continuity, the electric field~E! in Si for the
HfO2 device should be larger as compared to the SiO2 de-
vice. The larger electrical field can attract more holes accu-
mulated at the HfO2 /Si interface as compared to the SiO2 /Si
interface. The inset of Fig. 3 shows the simulated electrical
fields in Si for both the HfO2 device and the SiO2 device
with the same thickness~2 nm!. Therefore, the tunneling
electrons from Al gate can have large recombination rate in
the HfO2 device and this yields an enhanced light emission.
However, the quantitative analysis is still required for the
complete understanding this enhancement effect. For ex-
ample, the soft phonons15 in HfO2 may also enhance the

FIG. 1. Cross-section TEM micrograph of HfO2 on p-type Si wafer, after 1
min postdeposition annealing at 600 °C.

FIG. 2. The measured electroluminescence spectra of HfO2 LED with the
fitting curves by the electron-hole plasma recombination model. The inset
shows the external quantum efficiency of the HfO2 and SiO2 devices.

FIG. 3. A schematic energy band diagram of a MIS diode onp-type Si
wafer at accumulation bias. The dashed line and solid line represent the
band alignments of HfO2 and SiO2 devices, respectively. The inset is the
electric field at different gate bias by numerical simulation.
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scattering to conserve the momentum required by radiative
recombination. For sample B, intentionally created interface
states are obtained by annealing at 900 °C in N2 with the
estimatedD it on the order of 1310212cm22 ev21. Note that
the large tunneling current of the MIS diode~sample B!
yields the difficulty to measure theD it accurately. The tun-
neling electrons can recombine with holes at Si/SiO2 inter-
face via the interface states. A long tail spectrum~Fig. 4! is
observed with the energy lower than the Si band gap. This
tail has not been observed in the SiO2 device probably due to
the low interface trap density (%1011cm22 eV21). How-
ever, the soft phonons in HfO2

15 may also help the radiative
recombination via the interface states. The inset of Fig. 4 is
the integrated intensity ratio at the different current density.
The integrated intensity ratio is the ratio of the integrated
intensity in the long tail region to that of the band edge
emission due to the electron-hole plasma recombination. The
ratio almost does not change with current density, since the
band bending of valence band edge does not increase signifi-
cantly at the increasing accumulation bias, and the electrical
field maintains the same at the increasing gate bias~inset of
Fig. 4!. The line shapes of normalized electroluminescence
intensity for SiO2 LED and HfO2 LED ~sample A! with low
D it are basically the same, as shown in Fig. 5. The SiO2

device has a continuous current excitation, and therefore the
device temperature is slightly higher than the HfO2 device,
and this yields a slightly broad line shape at higher energy.

In summary, the light emission from Al/HfO2 /p-Si tun-
neling diodes has an enhanced intensity of the band edge
electron-hole plasma recombination, as well as a long tail
spectrum with the energy lower than the Si band gap, which
has not been observed in the SiO2 devices. The high dielec-

tric constant of HfO2 to increase the hole concentration at
Si/HfO2 interface at the accumulation bias can be one of the
origins of the enhancement. The soft phonons in HfO2 can
also play an important role in the radiative recombination
process, which is worth doing further investigation.

The ALCVD sample supply by ASM is highly appreci-
ated, and the NTU group is supported by National Science
Council, Taiwan, R. O. C., under Contract Nos.~NSC 92-
2120-E-002-006 and NSC 92-2212-E-002-007!.
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FIG. 4. The electroluminescence spectrum of a HfO2 LED with a long tail
at the energy lower than the Si band gap at room temperature. The inset is
integrated intensity ratio vs gate current density.

FIG. 5. The comparison of the normalized electroluminescence spectra of
the HfO2 and SiO2 LEDs.

6488 J. Appl. Phys., Vol. 95, No. 11, 1 June 2004 Chen et al.

Downloaded 12 Feb 2009 to 140.112.113.225. Redistribution subject to AIP license or copyright; see http://jap.aip.org/jap/copyright.jsp


