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Photoluminescence~PL! properties of heavily P- and B-doped Si nanocrystals~nc-Si! are studied.
By simultaneously doping two types of impurities, nc-Si exhibit strong PL at around 0.9 eV at room
temperature. The temperature quenching of the PL is very small. Although the PL peak energy is
very close to that of dangling-bond related PL previously observed, all of the observed properties,
i.e., decay dynamics, degree of temperature quenching, etc., are apparently different. The transition
between donor and acceptor states in nc-Si is the possible origin of the low-energy PL. ©2003
American Institute of Physics.@DOI: 10.1063/1.1590409#
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I. INTRODUCTION

It is well known that luminescence energy of Si nano
rystals~nc-Si! can be tuned from a bulk bandgap~1.12 eV!
to the visible region by simply controlling the size.1,2 The
temperature quenching of this luminescence is very sm
and it is observed at room temperature. Based on deta
optical studies, these near infrared to red luminescence
assigned to the recombination of excitons confined
nc-Si.1–6

In addition to the exciton luminescence, broad lumin
cence has been observed at around 0.8 to 1.0 eV for s
kinds of nc-Si systems.2,7–9Dangling bond defects at Si/SiO2

interfaces are considered to be responsible for this lumin
cence. The luminescence energy can also be tuned by
size of nc-Si, although the size dependent shift is about
that of the exciton luminescence.2,8,9 This luminescence
shows strong temperature quenching, and luminescenc
tensity at room temperature is extremely weak. If efficie
luminescence is realized below the band gap of bulk Si c
tals at room temperature, application of nc-Si will be e
tended to the field of optical telecommunications, beca
silica-based fiber telecommunication utilizes light in t
wavelength range of 1.3 to 1.6mm.

One approach to realize room-temperature below bu
band-gap luminescence from nc-Si is to introduce lumine
ing species in nc-Si assemblies and indirectly excite the s
cies by the energy transfer from nc-Si. The most import
example of this approach is Er doping. It has been dem
strated that if Er31 is in the vicinity of nc-Si, it is excited
very efficiently by the energy transfer from nc-Si, and exh
its strong photoluminescence~PL! at 0.81 eV at room
temperature.10–13Based on this approach, planer-waveguid
type optical amplifiers and electroluminescence devices h
been realized.14,15

In this article, we report another approach to real
room-temperature below bulk-band-gap PL from nc-Si. T
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approach does not use luminescing species like Er31, but
controls the electronic band structure of nc-Si by shall
impurity doping.

Doping of shallow impurities causes the formation
impurity states in the band gap of nc-Si. The transition
electrons between the states and a conduction~valence! band
may exhibit PL below the energy of exciton PL of nc-S
However, since the conduction-~valence- ! band edge is
shifted to higher~lower! energy by the quantum size effect
the transition energy is expected to be larger than the ba
gap energy of bulk Si crystals. In order to realize belo
bulk-band-gap PL, we dopen- andp-type impurities simul-
taneously into nc-Si. In this system, electronic transition
tween donor and acceptor states is possible. Since the en
levels of hydrogenic impurities are not strongly affected
the size of the nc-Si,16,17the transition between the states w
be below the bulk Si band-gap even if the size of the hos
is in the range of nanometers.

II. EXPERIMENTAL PROCEDURE

P- and B-doped nc-Si were prepared by a cosputte
method.18–23 Si, borosilicate glass~BSG!, and phosphosili-
cate glass~PSG! were simultaneously sputterdeposited in
gas, and the deposited films~about 1mm in thickness! were
annealed in a N2 gas ~99.999%! atmosphere for 30 min a
1150 °C. nc-Si were grown in borophosphosilicate gla
~BPSG! films during the annealing. P~B! concentration in
films was controlled by changing the P2O5 (B2O3) concen-
tration in the PSG~BSG! sputtering targets. The averag
concentration of P2O5 in a whole film (CP) was determined
by an electron probe microanalysis, and that of B2O3 (CB)
by the intensity ratio of Si–O and B–O vibration signals
infrared absorption spectroscopy.24 In this method, the size
of nc-Si can be controlled by changing the concentration
Si in films or the annealing temperature. The average siz
nc-Si was estimated by cross-sectional transmission elec
microscopic~TEM! observations.

Figure 1 shows a TEM image of a sample with high
and B concentration (CP51.26 mol % andCB51.25 mol %!.
il:
0 © 2003 American Institute of Physics
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Nanocrystals are almost spherical and lattice fringes co
sponding to$111% planes of Si are clearly seen in Fig.
TEM observations revealed that at low P and B concen
tions the size of nc-Si is almost independent of impur
concentration, while at high concentration~e.g.,.1 mol %),
the average size becomes larger than that of nc-Si in p
SiO2 with the same Si concentration. Furthermore, size d
tribution becomes broader with increasing impurity conc
tration. Especially, a gradient of the size appears on the
rection of the sample depth; the average size near a subs
is larger than that near a surface. The softening of matr
by P and B doping and the resulting longer diffusion leng
of Si atoms during annealing makes particles larger. T
also makes size distribution broader because Si atoms
diffuse to the surface of films are oxidized by residual ox
gen in an annealing atmosphere. The largest average d
eter of nc-Si studied in this work was about 10 nm.

The evidence that impurities are doped into subst
tional sites of nc-Si and are electrically active is obtain
from infrared absorption measurements. If either P or B
doped, broad absorption which continuously increases
longer-wavelength region appears and this absorption
comes stronger with increasing impurity concentration18

This absorption is assigned to the intraconduction-~intra-
valence! band transition of carriers supplied by impuri
doping. We have studied infrared absorption spectra a
function of P and B concentration. We found that unde
fixed B ~P! concentration, the increase of P~B! concentration
results in the quenching of this absorption. This means
carriers are compensated in nc-Si. It is worth noting tha
nc-Si, the number of impurities is very small even if th
impurity concentration is very high, and thus it is chang
digitally. Therefore, if the average number of P and B in
whole system is nearly the same, it is possible that, in so
particles in a sample, the numbers of donors and accep
are exactly the same; there exists some perfectly com
sated nc-Si.

Unfortunately, the number of active dopants or exc
carriers in nanocrystals cannot simply be estimated from
erage P or B concentrations because of the following r
sons. First, it is not clear whether dopants are uniformly d

FIG. 1. TEM image of nc-Si in a BPSG thin film. Lattice fringes corr
sponding to$111% plans of Si can clearly be seen. Nanocrystals are alm
spherical and crystallinity is very good.
Downloaded 13 Jul 2007 to 133.30.51.109. Redistribution subject to AIP
e-

-

re
-
-
i-
ate
es

is
at

-
m-

-
d
s
a

e-

a
a

at
n

d

e
rs
n-

s
v-
a-
-

tributed in samples or segregated in some regions, e.g
interfaces between nanocrystals and matrices. The distr
tion may also depend on the kind of impurities. Second,
number of excess carriers is not always the same as tha
dopants. It may depend on the size and quality, i.e., the n
ber of defects, of nc-Si. Third, since size distribution exi
in samples, statistically, doping starts from larger nc-Si
size distribution and proceeds to smaller ones with incre
ing dopant concentration.

However, rough estimation is possible. In our previo
work on electron spin resonance of P-doped samples,21 with
increasing P concentration, defect-related signals bec
weaker and a hyperfine structure of conduction electron
nal emerged. For example, withCP50.4 mol % and an av-
erage nc-Si diameter of 5.8 nm, both defect-related
conduction–electron related signals were observed. If we
sume that nc-Si with the average diameter has one ele
cally active P and smaller ones are still pure, the averag
concentration in nc-Si with the average size is;1
31019 cm23. In the same study, atCP51.2 mol %, both the
defect-related and hyperfine structure of conduction elec
signals disappeared, and only the broad conduction elec
signal remained. This suggests that in majority of nc-Si
size distribution, more than two electrically active P exi
corresponding to the dopant concentration of;1020 cm23.

Since we cannot estimate the exact number of ac
dopants in nanocrystals, we also cannot know the numbe
compensated nc-Si in the samples. Therefore, in this w
we fixed the B concentration to some values and chan
only the P concentration. With this approach, we can find
optimum condition to maximize the number of compensa
nc-Si from the PL intensity, because the PL intensity o
compensated nc-Si is expected to be larger than that o
uncompensated nc-Si.

PL spectra were measured using a single monochrom
equipped with an InP/InGaAs photocathode near-infra
photomultiplier. The excitation source was the 488 nm li
of an Ar-ion laser. The excitation power was 4 mW/cm2. The
laser beam was chopped by using an acousto-optic mod
tor at a frequency of 16 Hz. The spectral response of
detection system was calibrated with the aid of a refere
spectrum of a standard tungsten lamp. The PL decay cu
were measured by pumping to steady state and chopping
laser with the same frequency as used for the PL meas
ments. The overall time resolution of the system was ab
40 ns. The PL and the PL decay dynamics were measu
from 4 to 295 K in a continuous-flow He cryostat.

III. RESULTS AND DISCUSSION

A. B doping

Before doping P and B simultaneously in nc-Si, we su
marize how the PL spectra of nc-Si is modified by
doping.19,20 Figure 2 shows PL spectra of pure and B-dop
nc-Si at room temperature. Pure nc-Si exhibits a broad
peak centered at around 1.35 eV. The PL is assigned to
recombination of excitons confined in nc-Si. By doping
the spectrum is strongly modified. First, the intensity is d
creased significantly. Second, a long tail appears on the l

t
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energy side, and the tail penetrates below the band ga
bulk Si crystals. In the inset of Fig. 2, the integral PL inte
sity is plotted as a function of B concentration. The intens
is decreased down to 5% of the value of pure nc-Si at
highest B concentration. The observed quenching is con
ered to be due to the small PL quantum efficiency
B-doped nc-Si because nonradiative Auger recombinatio
excitons with the interaction of holes supplied by B doping
very efficient.19,20 However, this does not always mean th
PL observed in B-doped samples comes only from pure n
remaining undoped in samples. The fact that the PL tail p
etrates into below the bulk Si band gap indicates that at l
the low-energy tail part of the spectra arises from B-dop
nc-Si.

In Fig. 2, the PL peak shifts to lower energy with in
creasing B concentration. However, this does not alw
happen. We have studied more than five series of sim
samples. Although the quenching and broadening of PL w
observed for all the samples, the low energy shift was
reproduced in some samples. In the case of pure nc-Si,
preparation method is very stable, and PL peak energ
controlled with good accuracy; only for heavily impurity
doped samples, the PL properties fluctuated. As just
scribed, there exists large inhomogeneity in heav
impurity-doped samples. This inhomogeneity is conside
to be responsible for the observed fluctuation of PL prop
ties.

B. B and P doping

Now, we dope P and B simultaneously and see how
PL spectrum is developed with increasing P concentrat

FIG. 2. PL spectra of B-doped Si nanocrystals. For better compariso
spectral shape, the spectra of B-doped samples are scaled by the ind
multiplication factor. With increasing B concentration, PL becomes wea
and a broad tail appears below the band gap of bulk Si crystals. The int
intensity of the spectra are plotted in the inset.
Downloaded 13 Jul 2007 to 133.30.51.109. Redistribution subject to AIP
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Figure 3 shows PL spectra of P- and B-doped nc-Si. In F
3~a!, CB is fixed to 0.76 mol % andCP is changed from 0 to
1.23 mol %. In Fig. 3~b!, CB is fixed to 1.25 mol % andCP is
changed from 0 to 1.26 mol %. In both cases, the PL sho
similar behavior. PL peak shifts continuously to a lower e
ergy, crosses the band gap of bulk Si crystals and reac
around 0.95 eV~Fig. 4!. The other important effect of P
doping is the enhancement of the PL intensity. In Fig. 3~b!,
the PL intensity is increased more than five times by P d
ing, meaning that quenching of PL by B doping is large
recovered by adding P; the PL intensity of the sample w
CB51.25 mol % andCP51.26 mol % is about 30% of tha
of pure nc-Si.

However, here we also have a problem of reproducib
ity. The increase in PL intensity was observed for all series
samples untilCP.0.9%. On the other hand, above that co
centration, intensity was not always increased, and so
times it was decreased. This fluctuation of the PL intensity
a high impurity concentration range may also arise from
inhomogeneity of samples.

Although there still remain difficulties in precisely con
trolling all sample preparation parameters, the concept of
present approach is very important in view of future photo
application of nc-Si, i.e., the simultaneous doping of P and

of
ted
r
ral

FIG. 3. P concentration dependence of PL spectra. B concentration is
to ~a! CB50.76 mol % and~b! CB51.25 mol %, and P concentration i
increased up to 1.26 mol %.
 license or copyright, see http://jap.aip.org/jap/copyright.jsp
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in nc-Si offers an opportunity to extend the tunability of P
energy of nc-Si systems below bulk Si band gap with
losing its intensity very much.

C. Properties of the low-energy photoluminescence

Figure 5 shows PL decay curves of pure nc-Si, and P
B codoped nc-Si at 5 K. The energy where the PL signa
detected is indicated by arrows in the inset of Fig. 5~1.18
and 0.92 eV, respectively!. The exciton PL of pure nc-S
shows a single-exponential decaying behavior. The lifeti
is about 8 ms. On the other hand, the decay curve of codo
nc-Si is far from the single-exponential function and the li
time is much shorter than the exciton PL of pure nc-Si.
measured the PL lifetime at other energies on broad
bands. The lifetime was in the range of 100 to 500ms. Figure
6 shows the temperature dependence of PL lifetime o
codoped sample. The lifetime becomes shorter with incre
ing temperature. The shortening may be due to an increas
nonradiative recombination processes. In comparison,
measured the decay curve of dangling bond PL of pure n
that is commonly observed for some kinds of nc-Si syste
at around 0.9 eV;2,7–9 the PL detection energy~0.92 eV! is
indicated by an arrow in the inset of Fig. 5. The PL lifetim
was of the order ofms and much shorter than that of codop
samples, although detecting energy is the same.

In Fig. 7, PL peak intensities of the co-doped nc-Si~j!
and nc-Si in pure SiO2 ~average diameter of about 9 nm! ~m!
are plotted as a function of temperature. The exciton PL
pure nc-Si shows almost no temperature quenching.
temperature quenching of PL is also very small for codop
samples; the PL intensity at room temperature is about
half of that at 5 K. This small temperature quenching

FIG. 4. PL peak energies of P and B codoped nc-Si are plotted as a fun
of P concentration. B concentration is fixed to 0.76 and 1.25 mol %.
Downloaded 13 Jul 2007 to 133.30.51.109. Redistribution subject to AIP
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completely different from that of dangling-bond-related P
The open triangles in Fig. 7 represent the PL intensity of
dangling-bond-related PL at 0.92 eV. We can see that the
intensity drops very rapidly with increasing temperature a

on

FIG. 5. PL decay curves of P and B codoped nc-Si, and pure nc-Si at
In the inset, energy positions detecting PL decay curves are indicate
arrows.

FIG. 6. Temperature dependence of PL lifetime for P and B codoped n
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that at room temperature is about 1% of that at low tempe
tures. Figure 7 clearly demonstrates that the mechanism
the low-energy PL is different from that of dangling-bon
related PL previously observed.

The fact that below bulk-band-gap PL was observed o
for codoped samples indicates that both donor and acce
states are involved in the recombination process. PL origi
ing from the transition between the conduction-band tail~do-
nor band! to the valence-band tail~acceptor band! has been
observed for heavily doped, compensated bulk Si:P,B.25 In
these systems, as the total number of donor and acce
impurities increases, PL bands shift to lower energy and
significantly broadened.25 The mechanism of the low-energ
PL observed in this work is considered to be essentially
same as that observed for heavily doped compensated
Si:P,B; PL arises from the electronic transition between
conduction- and valence-band tails induced by impurity d
ing. However, there are some crucial differences. The larg
difference appears on the temperature dependence of th
intensity. In heavily impurity-doped bulk Si crystals, PL
observed only at very low temperatures because excited e
trons and holes are easily thermalized or migrated in im
rity bands and recombine nonradiatively. On the other ha
in nc-Si, transportation of carriers is limited only within n
Si. If the surface of nc-Si is perfectly passivated and t
types of impurities are compensated, nonradiative recom
nation processes would be very small. This may result in
observed strong PL and very small temperature quench
Enhancement of the ionization energy of impurities due

FIG. 7. Temperature dependence of PL peak intensities for nc-Si in B
~j! and exciton PL of nc-Si in pure SiO2 ~m!. Intensity of dangling-bond-
related PL~n! is also plotted.
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the quantum confinement effect may play a positive role21

Furthermore, softening of matrices by introducing P and
heavily in SiO2 is considered to be partially responsible f
the enhancement of PL intensity. Since BPSG is softer t
pure nc-Si, stress at nc-Si / matrix interfaces is smaller,
sulting in a smaller defect density. This causes a sma
number of defective~dark! nc-Si, and larger number of op
tically active nc-Si. The observed wide spectral width cou
be inhomogeneous broadening caused by the distributio
the size and the impurity concentration.

IV. CONCLUSION

In conclusion, we have observed strong roo
temperature PL from nc-Si in BPSG thin films at around 0
eV. The properties of the low-energy PL were apparen
different from those of exciton PL and dangling-bond-relat
PL. Since the below bulk Si band-gap PL was observed o
for P and B codoped nc-Si, the PL was assigned to be du
the electron transition between the donor and acceptor s
in nc-Si. With this approach, the luminescence peak ene
of nc-Si can be tuned from 0.9 eV to 2.0 eV by controllin
the size and the impurity concentrations.
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