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PhotoluminescencéPL) properties of heavily P- and B-doped Si nanocrystatsSj 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 PQ03©
American Institute of Physics[DOI: 10.1063/1.1590409

I. INTRODUCTION approach does not use luminescing species lik€" Ebut
controls the electronic band structure of nc-Si by shallow
It is well known that luminescence energy of Si nanoc-impurity doping.
rystals(nc-Sj can be tuned from a bulk bandgép.12 eV} Doping of shallow impurities causes the formation of
to the visible region by simply controlling the siZ&.The  impurity states in the band gap of nc-Si. The transition of
temperature quenching of this luminescence is very smaljectrons between the states and a conductiatence band
and it is observed at room temperature. Based on detaileghay exhibit PL below the energy of exciton PL of nc-Si.
optical studies, these near infrared to red luminescence aggowever, since the conductiorivalence-) band edge is
assigned to the recombination of excitons confined inshifted to highelower energy by the quantum size effects,
nc-Si*~° the transition energy is expected to be larger than the band-
In addition to the exciton luminescence, broad Iuminesgap energy of bulk Si crystals. In order to realize below
cence has been observed at around 0.8 to 1.0 eV for somgilk-band-gap PL, we dope- and p-type impurities simul-
kinds of nc-Si system&!~°Dangling bond defects at Si/SJO  taneously into nc-Si. In this system, electronic transition be-
interfaces are considered to be responsible for this luminesween donor and acceptor states is possible. Since the energy
cence. The luminescence energy can also be tuned by thevels of hydrogenic impurities are not strongly affected by
size of nc-Si, although the size dependent shift is about halfhe size of the nc-S2*"the transition between the states will
that of the exciton luminescené&® This Iuminescence be below the bulk Si band-gap even if the size of the host Si
shows strong temperature quenching, and luminescence iis in the range of nanometers.
tensity at room temperature is extremely weak. If efficient
luminescence is realized below the band gap of bulk Si crys-
tals at room temperature, application of nc-Si will be ex-”' EXPERIMENTAL PROCEDURE
tended to the field of optical telecommunications, because P- and B-doped nc-Si were prepared by a cosputtering
silica-based fiber telecommunication utilizes light in the method!®-22 Si, borosilicate glas$BSG), and phosphosili-
wavelength range of 1.3 to 1,6m. cate glas§PSQ were simultaneously sputterdeposited in Ar
One approach to realize room-temperature below bulkgas, and the deposited filniabout 1um in thickness were
band-gap luminescence from nc-Si is to introduce luminescannealed in a Ngas(99.999% atmosphere for 30 min at
ing species in nc-Si assemblies and indirectly excite the spet150°C. nc-Si were grown in borophosphosilicate glass
cies by the energy transfer from nc-Si. The most importan{BPSQ films during the annealing. FB) concentration in
example of this approach is Er doping. It has been demonfims was controlled by changing the®; (B,03) concen-
strated that if Et" is in the vicinity of nc-Si, it is excited tration in the PSG(BSG) sputtering targets. The average
very efficiently by the energy transfer from nc-Si, and exhib-concentration of §Os in a whole film (Cp) was determined
its strong photoluminescencéPL) at 0.81 eV at room by an electron probe microanalysis, and that gOB (Cpg)
temperaturd’~**Based on this approach, planer-waveguide-by the intensity ratio of Si—O and B—O vibration signals in
type optical amplifiers and electroluminescence devices haviafrared absorption spectroscoffyin this method, the size
been realized*® of nc-Si can be controlled by changing the concentration of
In this article, we report another approach to realizeS; in films or the annealing temperature. The average size of
room-temperature below bulk-band-gap PL from nc-Si. Thisnc-Si was estimated by cross-sectional transmission electron
microscopic(TEM) observations.

aAuthor to whom correspondence should be addressed; electronic mail: ~ Figure 1 ShO\_NS a TEM image of a sample with high P
fujii@eedept.kobe-u.ac.jp and B concentrationGp=1.26 mol % andCg=1.25 mol %).
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tributed in samples or segregated in some regions, e.g., at
interfaces between nanocrystals and matrices. The distribu-
tion may also depend on the kind of impurities. Second, the
number of excess carriers is not always the same as that of
dopants. It may depend on the size and quality, i.e., the num-
ber of defects, of nc-Si. Third, since size distribution exists
in samples, statistically, doping starts from larger nc-Si in
size distribution and proceeds to smaller ones with increas-
Y o , LR ing dopant concentration.
i‘i ?}'\}5}%’ AR 4 e However, rough estimation is possible. In our previous

S ; R e work on electron spin resonance of P-doped sanfjlesth
increasing P concentration, defect-related signals became
weaker and a hyperfine structure of conduction electron sig-
nal emerged. For example, witb,=0.4 mol % and an av-
FIG. 1. TEM image of nc-Si in a BPSG thin film. Lattice fringes corre- €rage nc-Si diameter of 5.8 nm, both defect-related and
sponding to{11% plans of Si can clearly be seen. Nanocrystals are aimostconduction—electron related signals were observed. If we as-
spherical and crystallinity is very good. sume that nc-Si with the average diameter has one electri-
cally active P and smaller ones are still pure, the average P

Nanocrystals are almost spherical and lattice fringes Corregongl%ntra_tign in-nc-Si with the averageo size isl
sponding to{111} planes of Si are clearly seen in Fig. 1. <10~ cm ~. In the same study, &p=1.2 mol %, both the
TEM observations revealed that at low P and B concentradefect-related and hyperfine structure of conduction electron
tions the size of nc-Si is almost independent of impuritySignals disappeared, and only the broad conduction electron

concentration, while at high concentratiteng.,> 1 mol %), signal remained. This suggests that in majority of nc-Si in

the average size becomes larger than that of nc-Si in pur%jze distribution, more than two electrically active P exist,
3

Si0, with the same Si concentration. Furthermore, size dis€orresponding to the dopant concentration-af0”® cm°. ,
tribution becomes broader with increasing impurity concen- ~ ©iNC& We cannot estimate the exact number of active
tration. Especially, a gradient of the size appears on the didoPants in nanocrystals, we also cannot know the number of
rection of the sample depth; the average size near a substrt@mpPensated nc-Si in the samples. Therefore, in this work,

is larger than that near a surface. The softening of matrice¥® fixed the B concentration to some values and changed
by P and B doping and the resulting longer diffusion Iengthonly the P concentration. With this approach, we can find an

of Si atoms during annealing makes particles larger. Thi@Ptimum condition to maximize the number of compensated

also makes size distribution broader because Si atoms thaf-Si from the PL intensity, because the PL intensity of a
diffuse to the surface of films are oxidized by residual oxy-COmPensated nc-Si is expected to be larger than that of an

gen in an annealing atmosphere. The largest average diatifcompensated nc-Si. , _

ater of nc-Si studied in this work was about 10 nm. PL spectra were measured using a single monochromator
The evidence that impurities are doped into substitu€duipPed with an InP/InGaAs photocathode near-infrared

tional sites of nc-Si and are electrically active is obtainedPhotomultiplier. The excitation source was the 488 nm line

from infrared absorption measurements. If either P or B i0of an Ar-ion laser. The exmtaﬂon_powerwas 4 mW?(_:ﬁﬁhe

doped, broad absorption which continuously increases to §S€r beam was chopped by using an acousto-optic modula-

longer-wavelength region appears and this absorption bdOr at a frequency of 16 Hz. The spectral response of the
comes stronger with increasing impurity concentratfon. detection system was calibrated with the aid of a reference

This absorption is assigned to the intraconductiintra- ~ SPectrum of a standard tungsten lamp. The PL decay curves
valence band transition of carriers supplied by impurity Were measured by pumping to steady state and chopping the
doping. We have studied infrared absorption spectra as @S€r With the same frequency as used for the PL measure-
function of P and B concentration. We found that under an€nts. The overall time resolution of the system was about
fixed B (P) concentration, the increase of B) concentration 40 Ns- The PL and the PL decay dynamics were measured
results in the quenching of this absorption. This means thaf®M 4 t0 295 K in a continuous-flow He cryostat.
carriers are compensated in nc-Si. It is worth noting that in
nc-Si, the number of impurities is very small even if the |||. RESULTS AND DISCUSSION
impurity concentration is very high, and thus it is changedA B dopi
digitally. Therefore, if the average number of P and B in a' - oping
whole system is nearly the same, it is possible that, in some Before doping P and B simultaneously in nc-Si, we sum-
particles in a sample, the numbers of donors and acceptorsarize how the PL spectra of nc-Si is modified by B
are exactly the same; there exists some perfectly compemtoping?®?° Figure 2 shows PL spectra of pure and B-doped
sated nc-Si. nc-Si at room temperature. Pure nc-Si exhibits a broad PL
Unfortunately, the number of active dopants or excespeak centered at around 1.35 eV. The PL is assigned to the
carriers in nanocrystals cannot simply be estimated from awecombination of excitons confined in nc-Si. By doping B,
erage P or B concentrations because of the following reathe spectrum is strongly modified. First, the intensity is de-
sons. First, it is not clear whether dopants are uniformly discreased significantly. Second, a long tail appears on the low-
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FIG. 2. PL spectra of B-doped Si nanocrystals. For better comparison of 8 ’ i N \ ----062
spectral shape, the spectra of B-doped samples are scaled by the indicated © ,' CoooN 1.26
multiplication factor. With increasing B concentration, PL becomes weaker £ ' ;! E \\ :
and a broad tail appears below the band gap of bulk Si crystals. The integral ’ H \
intensity of the spectra are plotted in the inset. P i

energy side, and the tail penetrates below the band gap of 08 10 12 14 16 18
bulk Si crystals. In the inset of Fig. 2, the integral PL inten- Photon energy (eV)
_Slty is plotted as a function of B concentration. The InFer]SItyFIG. 3. P concentration dependence of PL spectra. B concentration is fixed
is decreased down to 5% of the value of pure nc-Si at the (a) c;=0.76 mol % and(b) Cz=1.25mol %, and P concentration is
highest B concentration. The observed quenching is considacreased up to 1.26 mol %.
ered to be due to the small PL quantum efficiency of
B-doped nc-Si because nonradiative Auger recombination of
excitons with the interaction of holes supplied by B doping iSFigure 3 shows PL spectra of P- and B-doped nc-Si. In Fig.
very efficient!®?° However, this does not always mean that 3z C, is fixed to 0.76 mol % an€, is changed from O to
PL observed in B-doped samples comes only from pure nc-Sj_zé mol %. In Fig. &), Cg is fixed to 1.25 mol % an€, is
remaining undoped in samples. The fact that the PL tail PeNzhanged from 0 to 1.26 mol %. In both cases, the PL shows
etrates into below the bulk Si band gap indicates that at leagniiar behavior. PL peak shifts continuously to a lower en-
the low-energy tail part of the spectra arises from B-dopedy gy crosses the band gap of bulk Si crystals and reaches
nc-Si. _ . around 0.95 eV(Fig. 4). The other important effect of P

In Fig. 2, the PL peak shifts to lower energy with in- yop5ing is the enhancement of the PL intensity. In Figy)3
creasing B concentration. However, this does not alwayghe pL intensity is increased more than five times by P dop-
happen. We have studied more than five series of S|m|Iairng’ meaning that quenching of PL by B doping is largely
samples. Although the quenching and broadening of PL Werg,-qyered by adding P; the PL intensity of the sample with
observed for all the samples, the low energy shift was no&B:1_25 mol % andCp=1.26 mol % is about 30% of that
reproduced in some samples. In the case of pure nc-Si, oy pure nc-Si.
preparation method is very stable, and PL peak energy is ' oy ever, here we also have a problem of reproducibil-
controlled with good accuracy; only for heavily impurity- j The increase in PL intensity was observed for all series of
doped samples, the PL properties fluctuated. As just desgmples untiC,=0.9%. On the other hand, above that con-
scribed, there exists large inhomogeneity in heavilyceniration, intensity was not always increased, and some-
impurity-doped samples. This inhomogeneity is consideregimes jt was decreased. This fluctuation of the PL intensity at
t_o be responsible for the observed fluctuation of PL propers high impurity concentration range may also arise from the
ties. inhomogeneity of samples.

) Although there still remain difficulties in precisely con-

B. B and P doping trolling all sample preparation parameters, the concept of the

Now, we dope P and B simultaneously and see how th@resent approach is very important in view of future photonic
PL spectrum is developed with increasing P concentrationapplication of nc-Si, i.e., the simultaneous doping of P and B
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FIG. 4. PL peak energies of P and B codoped nc-Si are plotted as a function Time (msec)

of P concentration. B concentration is fixed to 0.76 and 1.25 mol %.

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

in nc-Si offers an opportunity to extend the tunability of PL arrows.
energy of nc-Si systems below bulk Si band gap without

losing its intensity very much. ) _
completely different from that of dangling-bond-related PL.

The open triangles in Fig. 7 represent the PL intensity of the
dangling-bond-related PL at 0.92 eV. We can see that the PL
Figure 5 shows PL decay curves of pure nc-Si, and P anihtensity drops very rapidly with increasing temperature and
B codoped nc-Si at 5 K. The energy where the PL signal is
detected is indicated by arrows in the inset of Fig(1518
and 0.92 eV, respectively The exciton PL of pure nc-Si 0.5
shows a single-exponential decaying behavior. The lifetime
is about 8 ms. On the other hand, the decay curve of codoped -
nc-Si is far from the single-exponential function and the life- '
time is much shorter than the exciton PL of pure nc-Si. We *
measured the PL lifetime at other energies on broad PL
bands. The lifetime was in the range of 100 to 260 Figure m
6 shows the temperature dependence of PL lifetime of a
codoped sample. The lifetime becomes shorter with increas-
ing temperature. The shortening may be due to an increase of
nonradiative recombination processes. In comparison, we
measured the decay curve of dangling bond PL of pure nc-Si
that is commonly observed for some kinds of nc-Si systems
at around 0.9 eV, °the PL detection energ§0.92 eV} is
indicated by an arrow in the inset of Fig. 5. The PL lifetime
was of the order ofts and much shorter than that of codoped | T~ =a<.
samples, although detecting energy is the same. -
In Fig. 7, PL peak intensities of the co-doped ncilli ]
and nc-Si in pure Si@(average diameter of about 9 hKA)
are plotted as a function of temperature. The exciton PL of 0.1 ¥
pure nc-Si shows almost no temperature quenching. The 0 50 100 150 200 250 300
temperature quenching of PL is also very small for codoped Temperature (K)
samples; the PL intensity at room temperature is about the
half of that at 5 K. This small temperature quenching iSFIG. 6. Temperature dependence of PL lifetime for P and B codoped nc-Si

C. Properties of the low-energy photoluminescence
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the quantum confinement effect may play a positive fble.
Exciton PL from nc-Si in SiO, (d=9nm) Furthermore, softening of matrices by introducing P and B
PL intensity at 1.18eV heavily in SiQ is considered to be partially responsible for
A A A A A the enhancement of PL intensity. Since BPSG is softer than
14 *gl i g pure nc-Si, stress at nc-Si / matrix interfaces is smaller, re-
] u - sulting in a smaller defect density. This causes a smaller
— A m number of defectivédark nc-Si, and larger number of op-
2 - tically active nc-Si. The observed wide spectral width could
E PL from nc-Siin BPSG be inh broadeni d by the distributi f
S PL intensity at 0.92eV e inhomogeneous broadening caused by the distribution o
g the size and the impurity concentration.
. A
2 IV. CONCLUSION
20.1-
qc, In conclusion, we have observed strong room-
_E A temperature PL from nc-Si in BPSG thin films at around 0.9
El eV. The properties of the low-energy PL were apparently
Dangling bond PL from differgnt from those of excit_on PL and dangling-bond-related
nc-Siin Si0, PL. Since the below bulk Si band-gap PL was observed only
PL intensity at 0.92eV A for P and B codoped nc-Si, the PL was assigned to be due to
A the electron transition between the donor and acceptor states
in nc-Si. With this approach, the luminescence peak energy
ool +—— 777 of nc-Si can be tuned from 0.9 eV to 2.0 eV by controlling
0 50 100 150 200 250 300 the size and the impurity concentrations.
Temperature (K)
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