
Enhanced ultraviolet photoluminescence from  sandwiched structure
J. K. Shen, X. L. Wu, R. K. Yuan, N. Tang, J. P. Zou, Y. F. Mei, C. Tan, X. M. Bao, and G. G. Siu

Citation: Appl. Phys. Lett. 77, 3134 (2000); doi: 10.1063/1.1325399
View online: https://doi.org/10.1063/1.1325399
View Table of Contents: http://aip.scitation.org/toc/apl/77/20
Published by the American Institute of Physics

Articles you may be interested in

Fabrication and optical properties of  hybrid rolled-up microtubes
Journal of Applied Physics 105, 016103 (2009); 10.1063/1.3039089

System investigation of a rolled-up metamaterial optical hyperlens structure
Applied Physics Letters 95, 083104 (2009); 10.1063/1.3211115

Optical properties of rolled-up tubular microcavities from shaped nanomembranes
Applied Physics Letters 94, 141901 (2009); 10.1063/1.3111813

http://oasc12039.247realmedia.com/RealMedia/ads/click_lx.ads/www.aip.org/pt/adcenter/pdfcover_test/L-37/56371214/x01/AIP-PT/LakeShore_APLArticleDL_022118/LakeShore_APLArticleDL_1640x440_022118.final.jpg/5532716530466c795937634141376e57?x
http://aip.scitation.org/author/Shen%2C+J+K
http://aip.scitation.org/author/Wu%2C+X+L
http://aip.scitation.org/author/Yuan%2C+R+K
http://aip.scitation.org/author/Tang%2C+N
http://aip.scitation.org/author/Zou%2C+J+P
http://aip.scitation.org/author/Mei%2C+Y+F
http://aip.scitation.org/author/Tan%2C+C
http://aip.scitation.org/author/Bao%2C+X+M
http://aip.scitation.org/author/Siu%2C+G+G
/loi/apl
https://doi.org/10.1063/1.1325399
http://aip.scitation.org/toc/apl/77/20
http://aip.scitation.org/publisher/
http://aip.scitation.org/doi/abs/10.1063/1.3039089
http://aip.scitation.org/doi/abs/10.1063/1.3211115
http://aip.scitation.org/doi/abs/10.1063/1.3111813


Enhanced ultraviolet photoluminescence from SiO 2 ÕGe:SiO2 ÕSiO2
sandwiched structure

J. K. Shen, X. L. Wu,a) R. K. Yuan, N. Tang, J. P. Zou, Y. F. Mei, C. Tan, and X. M. Bao
National Laboratory of Solid State Microstructures and Department of Physics, Nanjing University,
Nanjing 210093, People’s Republic of China

G. G. Siu
Department of Physics and Materials Science, City University of Hong Kong, Kowloon, Hong Kong, China

~Received 2 June 2000; accepted for publication 14 September 2000!

SiO2/Ge:SiO2/SiO2 sandwiched structure was fabricated for exploring efficient light emission.
After annealed in N2 (O2,1%), this structure shows three photoluminescence~PL! bands at 293,
395, and 780 nm. The intensity of the 395 nm band is largely enhanced in comparison with that from
the monolayered Ge:SiO2 film. Spectral analyses suggest that the three PL bands originate from
S1→S0 , T((T))→S0 , and T)8 →S0 optical transitions in GeO color centers, respectively. The
improvement of the GeO density resulting from the confinement on Ge diffusion is responsible for
the enhanced ultraviolet PL. This structure is expected to have important applications in
optoelectronics. ©2000 American Institute of Physics.@S0003-6951~00!01446-7#

As a kind of Si-based light-emitting material, Ge-doped
SiO2 film has been investigated for a long time. Various
wavelength emissions from the material have also success-
fully been achieved.1–6 These emissions are expected to be
very useful in all-color display and optoelectronic integra-
tion. Among these emissions, the ultraviolet~UV! emission
is of important application potentials in optical data storage
system.7 However, the UV emission intensity is generally
low so far. Therefore, the improvement of the UV emission
efficiency has become a subject of current investigation.

In the literature,4 we have reported the 396 nm UV emis-
sion from Ge-implanted SiO2 films and found that GeO is an
efficient UV light emission center. So the improvement of
the GeO density is a possible avenue to enhance the UV
emission. In this letter, we report a kind of
SiO2/Ge:SiO2/SiO2 sandwiched structure fabricated by
radio-frequency~rf! magnetron cosputtering of Ge and SiO2

targets. Spectroscopic investigations indicate that the sand-
wiched structure is beneficial to the confinement on Ge dif-
fusion. The improvement of the GeO density in the film is
responsible for the enhancement of the UV emission inten-
sity.

The sample fabrications are described as follows: First, a
layer of SiO2 film with a thickness of 120 nm was formed on
Si substrate~p-type,^100&-oriented, 5V cm! by thermal oxi-
dation. Second, Ge and SiO2 ~their area ratio was 1:10! tar-
gets were cosputtered in argon gas under a rf power of 110
W. The distance between the targets and the substrate was
about 50 nm. During film deposition, the substrates were not
intentionally heated. So a layer of mixed Ge and SiO2

(Ge:SiO2) film was deposited onto the thermal SiO2 film.
The thickness of this Ge:SiO2 layer is estimated to be about
100 nm. Third, further rf sputtering of the SiO2 target was
carried out to coat a layer of SiO2 with a thickness of 120 nm
on the formed Ge:SiO2 film. So a SiO2/Ge:SiO2/SiO2 sand-

wiched structure~sample A! was fabricated. Finally, the fab-
ricated samples were thermally treated in N2 (O2%,1%) at
an annealing temperature (Ta) varying from 200 to 1100 °C
for 30 min. For comparison, a monolayered Ge:SiO2 cosput-
tered film with a thickness of 100 nm was also directly de-
posited onto Si substrates~sample B!. Photoluminescence
~PL! and PL excitation~PLE! spectra were measured on a
Hitachi 850 fluorescence spectrophotometer. Fourier-
transform infrared absorption~FTIR! spectra were obtained
under normal incidence using a Nicole 170 SX Fourier-
transform infrared spectrometer. All measurements were per-
formed at room temperature.

Figures 1~a! and 1~b! show the PL spectra of samples A
and B annealed at 900 °C in N2 (O2,1%) for 30 min, re-
spectively, taken under an excitation of the 250 nm line of a
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FIG. 1. PL spectra of~a! sample A (SiO2 /Ge:SiO2 /SiO2 sandwiched struc-
ture! and ~b! sample B~the monolayered Ge:SiO2 cosputtered film! both
annealed at 900 °C in N2 (O2,1%) for 30 min, taken under the 250 nm
excitation line of a Xe lamp.~c!–~e! PLE spectra of sample A, monitored at
395, 293, and 780 nm, respectively. The inset shows the dependence of the
293, 395, and 780 nm PL intensities onTa .
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Xe lamp. Obviously, three PL bands can be observed at 295,
395, and 780 nm. In contrast, the intensity of the 395 nm PL
band from sample A is far larger~more than four times! than
that from sample B. This result indicates that the
SiO2/Ge:SiO2/SiO2 sandwiched structure is beneficial to a
large enhancement of the 395 nm PL band intensity. For the
samples with differentTa , no emission wavelength shifts
were observed. The inset in Fig. 1 shows the dependence of
the intensities of the three PL bands from sample A onTa .
We can find from the figure that the PL intensities have
similar change tendency. They all reach maximums in the
sample annealed atTa5900 °C. Shown in Figs. 1~c!–1~e!
are the corresponding PLE spectra, monitored at 395, 293,
and 780 nm luminescence bands, respectively. These PLE
spectra display an identical excitation band at 242 nm, indi-
cating that the 293, 395, and 780 nm PL bands have same
origin.

The 293 and 395 nm PL bands from Ge-doped SiO2

have been reported previously.4,8–10The common accepted is
that the two bands are related to GeO color centers. Figure 2
gives a schematic diagram of the electronic states of GeO
molecule.11–13 A transition from ground (S0) to the excited
singlet (S1) state gives rise to the 242 nm~5.1 eV! absorp-
tion band. A nonradiative transition fromS1 to the triplet
state (T) or T() facilitates the 395 nm~3.1 eV! PL. A ra-
diative transition betweenS1 and S0 produces the 293 nm
~4.2 eV! PL. Therefore, we can infer that the 295 and 395 nm
PL bands obtained from our samples are closely related to
the GeO color centers.

To reveal the origin of the enhanced 395 nm PL, we
examined the FTIR spectra of samples A and B withTa

5900 °C. The obtained results are shown in Figs. 3~a! and
3~b!. The two spectra clearly display five vibration bands at
450, 580, 800, 870, and 1080 cm21. For sample B, an addi-
tional vibration band can be observed at 1020 cm21. The
band cannot be observed in sample A. Its disappearance can-
not be attributed to an enhancement of the 1080 cm21 band
in sample A, because the 1080 cm21 band was found to have
same linewidth in the two samples. The 450, 800, and 1080
cm21 bands have been attributed to Si–O–Sirocking, bend-
ing, and stretching vibrations of stoichiometric SiO2, respec-
tively, while the 1020 cm21 band has been considered to be
related to nonstoichiometric SiOx (x,2).14,15 The 580 and
870 cm21 bands are identified to be connected with Ge–

O–Ge bending and stretching vibrations,16 respectively.
From Fig. 3, we can find that the intensities of the 580 and
870 cm21 bands are larger in sample A than those in sample
B. This implies that the density of Ge oxide~including GeO,
Ge2O3, etc.! is higher in sample A than that in sample B.4

This is understandable, because the two SiO2 layers confine
Ge atoms to diffuse into air and the Si substrate. The im-
provement of the GeO density in the sandwiched structure
can be explained as follows. The existence of the thermal
SiO2 layer hinders Ge atoms diffusing into Si substrate to
form GeSi alloy which has been testified to have no contri-
bution to the 395 nm UV emission.17 The coated SiO2 film
decreases outdiffusion of Ge atoms and thus makes few Ge
atoms escaped from the sample surface.4,17 The fact that the
1020 cm21 absorption band vanishes in sample A also im-
plies the existence of the diffusion of oxygen atoms from the
two SiO2 layers into the Ge:SiO2 layer. The oxygen diffusion
not only leads to the formation of stoichiometric SiO2 matrix
but also decreases the segregation of Ge atoms in the sand-
wiched layer. As a result, the GeO density is further im-
proved. Therefore, the designed structure is really beneficial
to an enhancement of the GeO density.

The origin of the 780 nm PL band is interesting, because
this band was frequently observed in various Si and Ge ox-
ides. The constancy of the 780 nm band withTa does suggest
that nucleation and growth of Ge crystals is not a factor.
Thus, the infrared PL cannot arise from the quantum con-
finement on Ge crystallites. In addition, we can rule out the
possibility that the PL band comes from two-fold-
coordinated Ge or Si12,18 and Ge or Si neutral oxygen
vacancy9,19 because the PL from these radiative centers
should have emission wavelength change with differentTa to
some degree.6 Since the 780 nm PL has similar behavior in
SiO2 and SiOx matrices, we believe that it cannot also be
related to Si oxide. From the consistencies of its PLE feature
and the annealing temperature dependence with the 395 nm
PL band, we can conclude that the 780 nm PL should origi-
nate fromT)8 →S0 optical transition in the GeO color cen-
ters, as predicted by Fig. 2.12,13 In GeO molecule, all radia-
tive transitions are intramolecular. Thus, the PL bands from
the GeO color centers are hardly influenced by the SiO2 net-
work.

In conclusion, a robust structure, SiO2/Ge:SiO2/SiO2

sandwiched film, has been fabricated. This structure shows
three emission bands at 295, 395, and 780 nm related to the
GeO color centers. The intensity of the 395 nm band is far

FIG. 2. A schematic diagram of the electronic states of GeO molecule. The
293 nm PL band:S1→S0 ; the 395 nm PL band:T((T))→S0 ; and the 780
nm PL band:T)8 →S0 .

FIG. 3. FTIR spectra of~a! sample A (SiO2 /Ge:SiO2 /SiO2 sandwiched
structure! and ~b! sample B~the monolayered Ge:SiO2 cosputtered film!
annealed at 900 °C in N2 ~O2,1%) for 30 min.
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larger than that from the monolayered Ge:SiO2 film. Spectral
analyses indicate that the existence of the two SiO2 layers
leads to a large improvement of the GeO density and thus
makes the 395 nm PL intensity largely enhanced. Our ex-
perimental results provide a useful way for enhancing the
UV PL, which will be very useful in device applications.
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