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Intense blue—white luminescence from carbon-doped silicon-rich
silicon oxide
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The effect of carbon doping on the enhancement of visible luminescence from silicon-rich silicon
oxide (SRSQ, which consists of Si nanoclusters embedded inside a 8i@lrix, is investigated.
C-doped SRSO films were fabricated by electron cyclotron resonance-plasma enhanced chemical
vapor deposition method using SiHO,, and CH, source gases followed by a high-temperature
anneal. Intense blue-white visible luminescence, visible to the naked eye under daylight conditions,
was observed from the film with a nearly equal amount of C and excegs1® at. % after an

anneal at 950 °C. Furthermore luminescence could be tuned from 1.8 to 2.5 eV by controlling the
C to excess Si ratio, the C content, and the anneal temperature. Taken together with the infrared
absorption spectra, these results indicate that the luminescence is attributed to exciton recombination
in C-incorporated Si nanoclusters. 204 American Institute of Physics.
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The observation of visible luminescence at room tem-ability of luminescence by anneal temperature and excess Si
perature from porous SRef. 1) has spurred a tremendous content, we attribute the luminescence to exciton recombina-
amount of research into using nm-sized Si to develop a Sition in carbon-incorporated Si nanoclusters.
based light source. One widely used method of fabricating Carbon-doped SRSGBRSO:Q films were deposited on
nanocluster Sinc-Sj is precipitating them out of Sigdx  Si wafers using a high-vacuum electron cyclotron resonance-
<2) to produce a film with nc-Si embedded inside an SiO plasma enhanced chemical vapor deposition system. The
matrix2 Such a film, often called silicon-rich silicon oxide base pressure, the deposition pressure, the deposition tem-
(SRSQ, has the advantage of producing dense, oxideperature, and the microwave power werg 50’ Torr, 5
passivated, nc-Si in a robust film that is compatible with thex 10~ ° Torr, 450 °C, and 400 W, respectively. Ar, SiHO,,
standard Si processing technologies. By now, light-emittingand CH, were used as source gases. The film thickness was
diodes using SRSO have been demonstrageut the possi- ~2 um. The Si and carbon content was determined using
bility of optical gain reported. Rutherford backscattering spectroscopy and wavelength dis-

However, it has been very difficult to obtain efficient persion x-ray spectroscopy, and the infrared absorption also
visible luminescence, especially in the blue—green rangemeasured by fourier transform infrared spectrometry. After
Some have reported visible luminescence from nc-Si coneeposition, the films were annealed in a flowing(88.999%
taining films but these were attributed to defects, either in th@ure environment at various temperatures. Finally, annealed
SiO, matrixX® or in nc-Si’ Indeed, the luminescence from films were hydrogenated f@ 1 hanneal at 700 °C in flow-
SRSO films peaks in the near-infrared range even when thiag forming gas (10% kH-90% N,). Photoluminescence
nc-Si size is controlled down to 2 nfi.In fact, recent cal-  (PL) spectra were measured at room temperature using the
culations suggest that the surface states play a critical role i825 nm line of a HeCd laser as the pump source and a charge
determining the luminescence, and that while the band gapoupled device. The nominal pump power was 50 mW.
of nc-Si can be increased to 3 eV or greater by the quantum Figure 1 shows the infrared absorption spectra of the
confinement effect, the luminescence from oxide-passivateBRSO:C films with 39 at. % Si and varying C, the carbon
nc-Si is limited to the near-infrared range due to oxygen-
related surface staté%! S50t %

Such results suggest, however, that by a suitable impu- @ ] R
rity incorporation, visible luminescence may yet be obtained i
from SRSO, substantially increasing the possible impact of
SRSO on a wide range of possible applications ranging from
display to compact, efficient Si-based photonics. In this let-
ter, we report on the enhancement of visible luminescence
from SRSO by carbon doping. We find that blue—white lu-
minescence, visible to the naked eye under daylight condi-
tions, can be obtained from an SRSO film after an anneal at L
950 °C when the carbon and excess Si concentrations are 1850 1300 1250

. . -1
nearly equal. Based on the infrared absorption and the tun- Wavenumber (cm’)
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FIG. 2. (Color) PL spectra of SRSO:C film with Si content of 39 at. % and
different C to excess Si content ratio. The inset is a camera image of visiblgs obtained after a 950 °C anneal. At its optimum, the inte-

luminescence of the film with C/gi of 0.9. grated PL intensity from SRSO:C is stronger by factor of 3
, i , .~ than that from carbon-free SRSO film. A further increase in

cqncentraﬂon. All films underweér 5 min anneal at 950 °C the anneal temperature results in strong decrease of the PL
prior to measurements. We observe peaks at 1360 and 12{}ogjty from SRSO:C films. However, the PL peak position
cm-*, indicating the presence of SIC bonds and confirm- g5 3 near monotonic redshift with the anneal tempera-
ing incorporation of carbon into the film matrix. However, ture, decreasing from 2.46 eV to 2.25 eV. The results are
we do not observe any peaks in the 1720 and 1638%cm agai’n summarized in the inset.
corre_spondmg to €0 and G=C bonds. ) ) The results presented clearly demonstrate that carbon

Figure 2 ShO,WS the effect. of carbon incorporation on thedoping of SRSO results in strong blue—white luminescence.
PL spectra. Al fllms had a°S| content of _39 at. ,%’ -andl WerS\hat is not yet clear, however, is the origin of such lumines-
ann_ealed_for_ 5 min at 950 C The sigmoid Qscﬂlatlon n thecence. One possible origin is the defects. However, the high
PL intensity is an pptlcal ar.tlfact due to multiple r.eflect|0.r1s.anneal temperatures required to obtain the optimum PL, the
We observe very little PL without C. However, by increasingnapijity of luminescence by controlling excess Si content
the C content to 16 at. %, the PL intensity can be increasegd,y anneal temperature, and the fact that optimum lumines-
nearly 500 fold. The resulting blue—white luminescence iS;oce s observed even after hydrogenation, are contrary to
strong enough to be seen easily with the naked eye undefie\iously reported results on defect luminescéhict
daylight conditions, as is shown in the inset of Fig. 2. Thus, we consider it unlikely that defects, either in the oxide

We note that increas[ng C, results in a reQuction in theor the nc-Si, are the cause of the blue—white luminescence
overall O content in the film since the total Si content WaSgom SRSO:C films

kept at 39 at. %. Thus, if we assume that most of the O in the On the other hand, it is clear that the presence of C is
film bonds with Si to form SiQ, then, we can calculate i ogsential to the blue—green luminescence. However, we do
the excess Si that is not bonded with O. The reason for sucfly; pejieve that the PL is due to formation of oxicarbide
an assumption will be discussed later. Comparing C withyjsses \While there have been some reports of blue lumines-
Siex We find that the appearance of strong blue—white PLiye 06 from carbon-rich silic, some of the results are at
Fig. 2 coincides with the C/§j ratio approaching unity. At-  oq4q with such possibility. First, it has been reported that
tempts at achieving a higher C#Sratio failed, however, as . sjlicon oxicarbides contain a large fraction of elemental
it remained near unity even when the Cow rate was 4044 that may lead to luminescent&However, the lack

increased even furtheédata not shown ) of C—C and G=0 bonds in Fig. 1 indicate that our films do
Figure 3 shows effect of increasing C and;,Sin SR-

SO:C films while keeping the C/Si ratio constant near
unity. The strongest PL is observed at C ang, Salues of
16 at.%. Further increase in C andgSresults in a one
hundred-fold decrease in the PL intensity as well as a strong  _
redshift of the PL peak from 2.3 to 1.7 eV. The results are Nl
summarized in the inset of Fig. 3.

Figure 4 shows PL spectra of SRSO:C films with 39
at. % Si and C/Si, ratio of ~0.9 after anneals at different
temperatures ranging from 700 to 1250 °C. For comparison,
the PL spectrum of a C-free SRSO, whose luminescence was
optimized by an anneal at 1150 °C is also shown. We observe
a broad PL peak in the near-infrared region from the carbon-
free sample, in agreement with previous repBr’t%On the FIG. 4. PL spectra of SRSO:C films with Si content of 39 at. % and£/Si

other hand, we observe blue—white luminescence fron&f 0.9, annealed at different temperatures. The inset shows PL peak energy

SRSO:C films after all anneals. The maximum PL intensityand integrated PL intensity as functions of annealing temperature.
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not contain such elemental carbon. Second, it has been réhe same manner, the anneal temperature dependence of the
ported that the cohesive energy of even pure silicon oxycarPL intensity shown in Fig. 4, can be also explained with the
bides are always smaller than either SiC or Sf®and that competition between the elimination of luminescence
the formation of the oxycarbide phase is nearly completelyguenching centers, such as defects and the growth of nc-Si.
suppressed during oxygen plasma oxidation of deposited The above results suggest that by C incorporation blue—
SiC1® As the SRSO:C films were deposited using oxygenwhite luminescence, visible to the eyes, can be obtained from
plasma and underwent high-temperature anneals, formatidBRSO. The compatible fabrication procedure of SRSO:C
of the unstable oxycarbide phases would be less favorablélms with Si process techniques, in addition to dense and
Finally, if the blue—white luminescence were due to the for-robust formation of nc-Si in SRSO, opens various applica-
mation of oxycarbide phase, then increasing the carbon cortions of SRSO to Si-based photonics. For example, such
centration should increase the oxycarbide phase, and lead karge energy of blue—white luminescence can be also used as
increase in the PL intensity. However, that is clearly not thehost matrix for visible phosphors, which have hardly been
case, as Fig. 3 shows. Similarly, it is also not clear whydemonstrated so far, and we are investigating such applicable
increasing the annealing temperature should lead to a sypossibilities.
tematic redshift of the luminescence peak. In conclusion, we have demonstrated intense blue—white
Instead, the overall trend suggests that the results can Beminescence from SRSO:C. The presence of high concen-
explained consistently by describing SRSO:C films as dration of carbon is essential for such blue—white lumines-
SiO,-like matrix embedded with Si nanoclusters which in- cence, and the optimum luminescence is obtained when the
corporate a high concentration of carbon, and assigning thiils has a nearly equal carbon and the excess Si concentration
luminescence due to excitons being quantum confined if about 16 at. %, and is annealed at 950 °C. At its optimum,
such nanoclusters. First, such a phase separation would tiee luminescence intensity from such SRSO:C film is more
consistent with the cohesive energies as discussed abovatense than that from a carbon-free SRSO by factor of 3.
Second, the effect of hydrogenation is also consistent witlBased on the infrared absorption, the effect of hydrogenation
nanocluster luminescence. Finally, the variation of the PLon luminescence, and the tunability of luminescence by an-
intensity and peak position with composition and anneaheal temperature and excess Si content, we attribute the lu-
temperature are very similar to that observed from carbonminescence to exciton recombination in carbon-incorporated
free Si nanoclusters in SRSO. Thus, the decrease of the P&i nanoclusters.
intensity and the redshift of the PL peak with increasing C
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