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Electroluminescent devices have been fabricated based on Ge1-implanted SiO2 films thermally
grown on crystalline silicon. Both room-temperature electroluminescence and photoluminescence
spectra are found to have three luminescent bands peaked at 3.1, 2.1, and 1.6 eV. The
electroluminescent devices have onsets for emission under forward bias of 5 V and under reverse
bias of 213 V. Its emission is stable and reproducible. Spectral analyses suggest that the
electroluminescent excitation of the 3.1 eV band may be related to the impact ionization by hot
electrons, whereas that of the 2.1 and 1.6 eV bands to the radiative recombination of hole-electron
pairs. © 1997 American Institute of Physics.@S0003-6951~97!03443-8#

Germanium-doped silica glasses have widely been in-
vestigated because they play an important role in optical fi-
ber waveguides. Their photoluminescence~PL! has also been
studied in order to explore the properties of the germanium
oxygen deficiency center~GODC! in them.1 Recently, much
attention has been paid to Ge-nanocrystal-embedded silica
glasses due to their excellent third-order nonlinear optical
properties and the possibility for developing novel light-
emitting devices.2,3 Although porous Si is expected to be the
most promising Si-based light-emitting material,4 Ge-
nanocrystal-embedded silica glasses have their own advan-
tage. Ge is much easier to change the electronic structure
around the band gap than Si due to its larger exciton Bohr
radius.2,3 The nanocrystal/matrix interface is well passivated
from the external ambient, and enables better control of non-
radiative recombination processes.3,5 So far, a series of tech-
niques have been used to fabricate Ge nanocrystals embed-
ded in SiO2 matrices, including sol-gel,6 cosputtering,2,7

ultraviolet-assisted oxidation,8 hyrothermal oxidation,9 and
ion implantation.5,10 Especially, ion implantation is a favor-
able technique because it is compatible with convental sili-
con processing technology.5

To put the Ge-nanocrystal-embedded SiO2 materials into
optoelectronic application, it is necessary to study their elec-
troluminescent~EL! properties. Shchegiovet al.5 have re-
cently reported the visible broadband EL devices with
Ge1-implanted Si/SiO2/Si structure, which have an onset for
emission only under reverse bias.5 In this letter, we report
new EL devices with Ge1-implanted Au/SiO2/Si structure.
The distinctive properties of the devices are that the EL de-
vices have emission under both forward and reverse bias.
Especially, a blue luminescent band peaked at 3.1 eV can be
obtained from the devices.

The substrates used in this work were^100& oriented
p-type Si wafers with resistivity of 5V cm. About 120-nm-
thick SiO2 films were grown on the wafers by thermal oxi-
dation. Ge ions were implanted into the thermal SiO2 films
with a dose of 131016 cm22 and at an energy of 120 keV.
During Ge1 implantation, the substrates were kept at room

temperature. The Ge1-implanted films were subsequently
annealed in N2 ambient at 1100 °C for 30 min. To form a
metal-insulator-semiconductor~MIS! structure, a 20-nm-
thick Au layer was deposited on the top of the
Ge1-implanted SiO2 films as a transparent electrode~the area
of the Au electrode isp31.52 mm2!. For comparison, MIS
structures of SiO2 films without Ge1 implantation were also
fabricated.

Rutherford backscattering spectra~RBS! were measured
by using 2 MeV4He1 beams at a scattering angle of 165°.
The energy resolution was about 7 keV and the total dose of
4He1 was 3 mC. Figure 1 shows the RBS spectra of the
as-implanted film and the film annealed at 1100 °C. In the
as-implanted SiO2 films, Ge distribution is inhomogeneous.
The maximal Ge density is at about 70 nm below the surface.
The peak concentration of the Ge atoms is about 18 at. % at
the projected range. Spectral analysis on RBS indicates that

a!Electronic mail: jbchen@pine.njnu.edu.cn

FIG. 1. Rutherford backscattering spectra of the Ge1-implanted SiO2 films.
The two spectra correspond to the as-implanted film and the film annealed at
1100 °C.
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the oxide film is a nonstoichiometry SiOx , where 1.8<x
<1.9. In the annealed films, the diffusion of Ge atoms results
in Ge accumulation at the oxide/Si interface, and the amount
of Ge atoms is small in the layer below the surface due to
out-diffusion. On the other hand, we know that this
Ge1-implanted film is obviously a supersaturated solid solu-
tion containing a large amount of excess Ge.5 Thus, if the
film is annealed, Ge atoms will be precipitated to form Ge
nanocrystals.3,7 According to the RBS results, in the film
annealed at 1100 °C, Ge nanocrystals are mainly distributed
in the middle layer and the oxide/Si interface layer. Ge
nanocrystals are lack in the layer below the surface.

EL devices were electrically characterized with a semi-
conductor parameter analyzer operating in current-voltage
test mode. The current-voltage characteristic of a typical de-
vice is shown in Fig. 2, where curvea andb represent these
under forward and reverse bias, respectively. The forward
bias corresponds to a positive potential onp-type Si sub-
strate. From Fig. 2, it can be seen that the rectifying behavior
exists under forward bias, whereas a relatively broad break-
down feature occurs under reverse bias between210 and
215 V. Under both forward and reverse bias, a relatively
large series resistance can be observed. For MIS structures of
SiO2 films without Ge1 implantation, no reverse bias break-
down phenomenon is observed and the current is very small
within the voltage range for the parameter analyzer. These
results above indicate that Ge nanocrystals in the SiO2 films
play an important role in charge motion of the EL device.

The EL can be observed with the naked eye in dark
room under both forward and reverse bias. Under forward
bias the EL is detected at voltage of 5 V, and under reserve
bias the EL is obtained at voltage of213 V. The obtained
EL is stable and reproducible. The EL spectra are dependent
upon the applied voltage, as shown in Fig. 3~a!. Under for-
ward bias, two luminescent bands peaked at 600 nm~2.1 eV!
and 780 nm~1.6 eV! can be observed when the applied volt-
age is low, and the other luminescent band peaked at 400 nm
~3.1 eV! appears when the applied voltage is above 12 V.
Under reverse bias, there only exists the 400 nm luminescent
band, and the 600 and 780 nm luminescent bands are almost

inhibited. For the MIS structure of SiO2 films without Ge1

implantation, a forward~or reverse! voltage is applied up to
20 V, but no EL can be detected. This indicates that the EL
is connected with Ge1 implantation. Figure 3~b! shows the
PL and PL excitation~PLE! spectra of the Ge1-implanted
SiO2 films annealed at 1100 °C. The PL spectrum displays
three luminescent bands peaked at 400, 600, and 780 nm
under 248 nm excitation.@The vertical dashed line in Fig.
3~b! indicates the measuring limit by cutoff filters.# The PLE
spectrum is monitored at the emission wavelength (lem) of
400 nm, displaying a band peaked at 240 nm~5 eV!. The PL,
PLE, and EL spectra were measured at room temperature.
From Fig. 3, it can be seen that the EL and PL spectra have
same peak positions though their spectral shapes are differ-
ent.

The origins of the three luminescent bands at 3.1, 2.1,
and 1.6 eV are different. Ge1 implantation and annealing
induces not only Ge nanocrystals but also many defects in
the oxide films.5,10–12 Many studies on germanium silicate
glasses have confirmed that the well-known absorption band
at 5 eV is induced by GODC defects.1,13 Some kinds of the
GODC defects exhibit luminescent band at;3 eV under 5
eV excitation.13 So we speculate that the 3.1 eV PL and 5 eV
PLE bands come from the GODC defects in the SiO2 film.
On the other hand, it is well known that Ge nanocrystals in
SiO2 glassy matrices can show visible photoluminescence at
room temperature.5–10 In Fig. 3~a!, since the 2.1 and 1.6 eV
bands appear simultaneously under forward bias and are in-
hibited simultaneously under reverse bias, we speculate that
both the 2.1 and 1.6 eV bands are related to Ge nanocrystals.
The difference between them may come from different ra-
diative relaxation procedures. The recombination of electron-

FIG. 2. The current-voltage characteristics of a typical device. Curvesa and
b represent these under forward and reverse bias, respectively. It should be
noted that the forward bias corresponds to a positive potential onp-type Si
substrate.

FIG. 3. ~a! The electroluminescence~EL! spectra of the EL devices at
voltage of215, 8, and 15 V, respectively.~b! The photoluminescence~PL!
and photoluminescence excitation~PLE! spectra of the Ge1-implanted SiO2

film. The PL spectrum is under 248 nm excitation, and the PLE spectrum is
monitored at the emission wavelength (lem) of 400 nm. The vertical dashed
line indicates the measuring limit by cutoff filters.
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hole pairs in the Ge nanocrystals has several radiative relax-
ation procedures, emitting different luminescent bands.3,11,14

The recombination may be within the Ge nanocrystals, or at
the interface between the nanocrystals and the matrix, or at
the defects of the SiO2 matrix formed by implantation and
annealing.3,11,14Further work is underway in order to under-
stand the radiative relaxation procedures for the 2.1 and 1.6
eV bands.

Many causes can lead to the differences between the EL
and PL spectra. An important cause is the difference in the
mechanisms for the population of exciting states between
electrical and optical pumping. Another important factor is
that the photoluminescent and electroluminescent processes
take place in different regions of the oxide films. In the pho-
toluminescent process, the luminescence mainly comes from
the pump absorption in the layer below the surface. The
weak intensity of 2.1 and 1.6 bands in PL spectra is a result
of the lack of Ge nanocrystals in the layer. In the electrolu-
minescent process, the luminescence is controlled by both
the carrier motion and the electric field distribution in the
oxide film.

In general, there are two kinds of electroluminescent
mechanisms. One is impact ionization by hot carriers, and
the other is the recombination of electron-hole pairs. To ex-
plore the electroluminescent mechanism, the carrier motion
in the Ge-implanted SiO2 films should be studied. Electron
injection in SiO2 film prevails over hole injection due to
energy barrier height asymmetries of the contacting metal or
the semiconductor with the oxide~the electron barriers are
lower than the hole barriers!.5,14–16 The presence of Ge
nanocrystals inside the SiO2 film allows direct carrier tunnel-
ing between nanocrystals.14–16 In the moderate electric field
range, the presence of Ge nanocrystals in the layer of the
SiO2 film at the Si/SiO2 interface enhances carrier tunneling
from the Si substrate into the SiO2 film.14–16 Therefore, we
propose the motion of electrons and holes as follows: when
the forward voltage is applied on the MIS structure, electrons
are injected into the film from the Au/SiO2 interface. Mean-
time, hole tunneling from the Si substrate into the film is
enhanced due to the presence of Ge nanocrystals in the layer
at the Si/SiO2 interface. The carriers then transport from
nanocrystals to nanocrystals and recombine via different pro-
cesses, emitting the 2.1 and 1.6 eV luminescent bands. The
inhibition of these two bands under reserve bias is because
Ge nanocrystals are lack in the layer at the Au/SiO2 interface
~the layer is near the positively biased electrode under re-

serve bias!. On the other hand, when the EL device shows
the 3.1 eV luminescent band, the average field strength in the
film is about 106 V/cm. In fact, the electric field in some
regions is above 106 V/cm, because the presence of nano-
crystals in the SiO2 film induces inhomogeneous distribution
of the electric field.16 Thus, we speculate that the mechanism
for excitation of the GODC defect is related to impact ion-
ization by hot electrons in the high field, similar to the elec-
troluminescence in ZnS:Mn.5,14

In summary, Ge nanocrystal-based electroluminescent
devices have been fabricated by using Ge1 implantation and
thermal annealing, a method compatible with a conventional
silicon integrated circuit process. The PL and EL spectra
display three luminescent bands peaked at 3.1, 2.1, and 1.6
eV. The 3.1 eV luminescent band is related to the GODC
defect, and its electroluminescent excitation is related to the
impact ionization by hot electrons. The 2.1 and 1.6 eV lumi-
nescent bands are related to Ge nanocrystals, their electrolu-
minescent excitation is related to the recombination of the
hole-electron pairs.
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