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Photoluminescence from B-doped Si nanocrystals
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Boron-doped Si nanocrystals as small as 3.5 nm were prepared and their photolumin€3tgnce
properties were studied. The PL properties were found to be very sensitive to the B concentration.
For the sample without B doping the temperature-dependent shift of the PL peak was almost the
same as that of the bulk band gap. As the B concentration increased, the temperature dependence
deviated from that of the bulk band gap, and the peak exhibited a low-energy shift as the
temperature decreased. The anomalous temperature dependence is considered to be due to the
contribution of the PL from excitons bound to the neutral B states.1998 American Institute of
Physics[S0021-89768)06012-5

I. INTRODUCTION pellets(10 mm in diametérwere placed on a Si&puttering
During the past decade, optical properties of Si nanolarget(10 cm in diameterand they were cosputtered in Ar

structures have been the subject of intensive investigatior@@S Of 2.7 Pa. Films about2m in thickness were deposited
because the quantum confinement effects of electrons arfy! fused quartz plates and Si waf(:,\rs. The films were then
holes lead to optical properties much different from those oftMnealed under Ngas flow at 1100 °C for 30 min to grow

bulk Si crystals™ PhotoluminescencéPL) properties in NC-Si in the SiQ matrices. During the growth of nc-Si, B

particular have widely been studied and the relationship bed0MS are thought to be incorporated into nc-Si.
In this method, the size of the nc-Si can be controlled by

tween the size of nanostructures and the PL peak energy has ) - Ul ] ;
been revealed experimentally for at least red and infrare§1anging the number of Si chips during the cosputtering and

PL*7 However, there remain large differences between th®Y changing the annealing temperature. The B concentration

PL peak energies observed and the calculated band-gap,can also be controlled by changing the number gDBpel-

and thus the mechanism of the PL is not yet fully under-€tS during the cosputtering. In the annealed samples, B-
stood. Furthermore, the role of impurity atoms on photoly-doPed nc-Si are embedded in the matrices that consist of
minescence properties has not been clarified and little i§$20s @nd SiQ (borosilicate glass Although the B concen-

known about the electronic states associated with impuritjfation in each nanocrystal is impossible to determine, the

atoms. To fully understand the optical and electrical properfoncentration of BOs in the matrix regioriCg (mol %)] can

ties of Si nanostructures and to achieve various device applP€ détermined from the intensity ratio of the B-O

_1 . _1 . . .
cations, systematic studies of impurity-doped Si nanostruct~1400 ¢cm~) and Si-O 1080 cm ") vibration peaks in

tures are indispensable. the infrared(IR) absorption spectfaSinceCy is_cor_lside_red
In our previous worl:® we succeeded in preparing B- to be roughly proportional to the B concentration in a film as

doped Si nanocrystalsic-Sj by a cosputtering method. We & whole, in the foII(_Jwing we wiI_I useCy to distinguish the
have confirmed the doping of B atoms into Si nanocrystal$@mples. The maximur€y studied was about 1.3 mol %.
by Raman spectroscopy. The transverse optita)) peak of The size of nc-Si was determined by cross-sectional high-

B-doped nc-Si observed under excitation of a 676.5 nm lind€Solution transmission electron MicroscopitRTEM) ob-
of a Kr-ion laser was asymmetric with a tail at the high- Servationsiusing JEM-2010JEOL)]. The samples for the

energy side of the peak due to the discrete-continuum Fand{RTEM observations were prepared by the standard proce-

type interference between the phonon scattering and the sc&lUres including mechanical and ion thinning methods. Pho-

tering of free carriers generated by the B doping. In thisioluminescence spectra were measured using a HR-320

work, we have studied PL properties of B-doped nc-Si adJoPin-Yvon monochromator and a EO-817North Coast

small as 3.5 nm in diameter prepared by the same methofP€ detector. The spectral responses of the detection systems

We will demonstrate that the PL properties of Si nanocrys\Were corrected by reference spectra of a standard tungsten

tals, in particular the temperature dependence, are very sel@Mp- The excitation source was the 457.9 nm line of an
sitive to the B concentration. Ar-ion laser with a power density of less than 1 Wfcrithe

measurements were made in the temperature range between
5 and 300 K in a CF1204 continuous-flow He cryostak-

ford Instruments

The B-doped nc-Si were prepared by the cosputtering

Il. EXPERIMENT

method>® Small pieces of Si chips (815 mnt) and BO;  lll. RESULTS

Figure 1 shows a typical HRTEM image of a sample.
dElectronic mail: fuji@eedept.kobe-u.ac.jp We can clearly see lattice fringes corresponding to{fHe}
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FIG. 2. PL spectra of B-doped Si nanocrystdly is the concentration

) ) ) o ) (mol %) of B,O; in the matrix region estimated from IR absorption spectra.
FIG. 1. Typical cross-sectional HRTEM image of a $iidm containing Si

nanocrystalgwithout B doping. Lattice fringes corresponding to th&11}
planes of Si nanocrystals with the diamond structure can clearly be seen.

to be very small. Therefore, it should be noted here that, if
the B concentration in a film is low, both doped and undoped

planes of nc-Si with the diamond structure. The Si nanocrysnanocrystals are thought to coexist and, as the B concentra-
tals are well dispersed in a SjOnatrix. The average size tion increases, the ratio of the doped nanocrystals increases.
obtained from the HRTEM images was about 3.5 nm. It  Figure 2 shows the room temperature PL spectra of B-
should be noted that the size of nc-Si was almost indeperdoped nc-Si with three differer@g and that of an undoped
dent of the B concentration. nc-Si. All the spectra are normalized at their maximum in-

In our previous work, we have studied B-doped nc-Si agensities. The scaling factors are shotanlarger factor cor-
small as 8 nm in diameter by Raman spectroscdpWe  responds to a larger PL intensitfFor the sample without B
demonstrated that, under blue excitation, the nanocrystaldoping, we can see a peak at about 1.4 eV. In our previous
show a broad Raman peak with a tail towards the low-energwork,” we demonstrated that the PL peak energy is very
side of the peak due to phonon confinement effects. As theensitive to the size of the nc-Si and the peak exhibits a
excitation wavelength was increased, the spectral shapg@gh-energy shift as the size decreases. From the observed
changed gradually and under the excitation of 676.5 nnsize dependence, we attribute the peak to the recombination
light, we observed an asymmetric peak with a tail towardsof electrons and holes confined in the nc-Si. As the B con-
the high-energy side of the peak. The asymmetric spectralentration increase@.e., as the number of doped nanocrys-
shape and its excitation wavelength dependence can be etals increases the peak becomes weak and is broadened,
plained well by the discrete-continuum Fano-type interfer-while the peak energy is almost independent of the B con-
ence between the phonon scattering and the scattering of freentration. The decrease in the PL efficiency may be ascribed
carriers generated by the B doping. The observation of théo the increase in the nonradiative Auger recombination pro-
Fano-type spectral shape indicates that the Fermi level of theess in a nanocrystal, because in B-doped nanocrystals the
nanocrystals is located in the valence band due to the vemecombination energy of an exciton can be transferred to a
high doping & 10%cm®). hole in a neutral acceptor by exciting the hole deep into the

Similar in the present nc-Si, B atoms are also consideregtalence band. As the B concentration increases, the number
to be heavily doped, because the B concentration of thef doped nanocrystals increases. This results in an increase in
present samples is nearly the same as that of the previotise number of “dark” nanocrystals and thus the PL is
ones Cg~1 mol %). In the case of a nc-Si 3.5 nm in diam- quenched.
eter, one B atom corresponds to the very high concentration Figure 3 shows the temperature dependence of the PL
of about 8< 10'%cm?, provided that the crystal structure and spectra for the samples without dopiffgig. 3(@] and with
the lattice constant of the nanocrystals are the same as tho€g~ 1.3 mol %[Fig. 3(b)]. In both the samples, as the tem-
of the bulk Si crystal. Since the solid solubility of B atoms in perature decreases, another peak appears at about 0.9 eV.
bulk Si crystal at room temperature is smaller than 4This peak becomes intense with decreasing temperature.
X 107%cm® (solid solubility at 1000 °@° the maximum  Similar PL spectra have often been observed for porous Si
number of B atoms doped into each nanocrystal is expecteand the origin of the low-energy peak is considered to be due
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shown as a solid curve. Figure 4 demonstrates that the tem-

: perature dependence of the peak energy is very sensitive to

the B concentration. For the sample without doping, the tem-
— [ — perature dependence is almost the same as that of the bulk
5K ! band gap. ALg increases, the temperature dependence de-

| viates from that of the bulk band gap. For the sample with

K [ Cg=0.8 mol %, the peak shifts in the direction opposite to

that of the bulk band gap.
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[~ 7 N IV. DISCUSSION
100K | _ _
150 | In the B-doped nc-Si at low temperatures, excitons are

considered to be bound to the neutral B states and the bound

|
200K ' excitons may recombine radiatively. The PL spectra will thus
250 : consist of the main band originating from the recombination
290K l | | of unbound electron-hole pairs and the additional band re-

06 08 10 12 14 16 lated to the bound excitongbound-exciton band The
Photon Energy (eV) bound-exciton band will appear at the low-energy side of the
main band. The energy difference between the two bands
corresponds to the binding energy of the bound exciton. If
the widths of the bands are much larger than the binding
energy, the two bands will not appear as two isolated peaks;
instead they will overlap resulting in a broad peak. By as-
to the recombination of carriers trappedRyf centers at the suming that the PL peak observed for the B-doped nc-Si
surface of Si nanostructuré$!! We have studied in detail (Figs. 2 and Bconsists of the two bands, we can explain the
the size and temperature dependence of the low-energy peatbserved anomalous temperature dependence of the PL spec-
The results will be published elsewhere. In this article wetra as follows.
will restrict our attention to only the high-energy peak. The relative intensity of the main band and the bound-
In Fig. 3a), as the temperature decreases, the highexciton band will depend on the temperature. At room tem-
energy peak at about 1.4 eV shifts monotonously to higheperature, excitons are considered to be thermally released
energies. On the other hand, in FighB the peak shifts to from the neutral B states. The PL peak energy at room tem-
lower energies. Figure 4 shows the peak energies of the higiperature is thus not affected by the B doping. At low tem-
energy peak as a function of temperature. The ordinate iperatures, a part of the excitons is bound to the neutral B
Fig. 4 represents the peak energy shift relative to the peaktates and emits light at the low-energy side of the main
energy at 290 K. The band-gap shift of bulk Si crystal is alsoband. This causes the low-energy shift of the observed peak

FIG. 3. Temperature dependence of the PL spectra for the sar(@les
without B doping andb) with Cg~1.3 mol %.
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from that of the undoped nc-Si. As the temperature decreases In previous PL studies of porous Si, both positive and
further, the relative intensity of the bound-exciton band in-negative temperature dependences of the PL peak have been
creases and the deviation of the peak energy from that of thebserved*~1° However, no uniform explanation of the ob-
undoped nc-Si becomes large. If the binding energy of bounderved temperature dependence has been given so far. Porous
excitons is larger than the widening of the band gap cause8i is prepared by the electrochemical anodizatiomp-djpe
by the temperature variation from 300 to 5 (dbout 45 Si wafers. The resistivities of the Si wafers used in the pre-
meV), the widening is canceled out and the PL peak of thevious studies were distributed over a wide raf@®01-50
doped nc-Si will shift to lower energies as the temperature2 cm).**~*° This suggests that the impurity concentration of
decreases. the nanostructures in the porous Si prepared from these wa-
In actual B-doped samples, both the doped and undopeigrs was also distributed over a wide range. The results of the
nc-Si coexist. The PL spectra will thus be a mixture of dopedoresent work strongly suggest that the variety in the tempera-
and undoped nanocrystals, and the observed PL peak enertiyre dependences previously reported for porous Si was
versus temperature curve is expected to be located betweeaused by the variety of impurity concentrations in the nano-
the curves of the undoped and doped nanocrystals. In Fig. gfructures resulting from the variety of resistivities of the Si
the temperature dependence of the undoped sample is alma¥afers used to prepare porous Si.
the same as that of the bulk band gap.@gincreases, the
temperature dependence deviates from that of the undopéti CONCLUSION

sample. The deviation becomes largeGysincreases. This We have studied photoluminescence properties of B-

may result from the increase in the ratio of the doped ”C'Sfjoped nc-Si as small as 3.5 nm. We demonstrated that the
in the samples. If we assume that all the nanocrystals in thfemperature dependence of the PL peak energy strongly de-

sample withCg~1.3 mol % are doped with B atoms and ,onqs on the B concentration. For the sample without B dop-

that only the bound-exciton band appears at 5 K, & rougfhg the temperature dependent shift of the PL peak was al-
estimate of the binding energy of the bound excitons can bg,ost the same as that of the bulk band gap. As the B

obtained from Fig. 4 by the deviation of the peak energyconcentration increased, the temperature dependence devi-
from that of the undoped sample at 5 K. The estimated valugeq from that of the undoped sample, and the peak exhibited
is about 80 meV. o - _ a low-energy shift as the temperature decreased. The anoma-

The energy levels of hydrogenic impurities in nc-Si have|g s temperature dependence is considered to be due to the

been studied on the basis of the tight binding theory byeontripution of the PL from excitons bound to the neutral B
Delerueet al.“ In their calculations, the binding energy of a giate.

hole on a bare acceptor located at the center of a nanocrystal | previous PL studies of porous Si, both the positive

as small as 3.5 nm in diameter is about 550 meV. In the bulkyng negative temperature dependences of the PL peak energy
Si crystal, the binding energy of a bound exciton on a neutrajyere reported. The present results strongly suggest that the
donor (acceptoy is about 0.1 of the binding energy of an jfferent impurity concentrations in the nanostructures in po-

13 . . .
electron(hole) on a bare donofacceptor.™ If we assume  roys Si result in the different temperature dependences re-
that this empirical rule can be applied to the nc-Si, the bindported.
ing energy of bound excitons in the present samples becomes
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