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Photoluminescence and free-electron absorption in heavily phosphorus-doped Si nanocrystals
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Heavily phosphorus-doped Si nanocrystals several nanometers in diameter are studied by photolumines-
cence(PL) and optical absorption spectroscopy. It is demonstrated that P doping results in the quenching of the
PL. The quenching is accompanied by the appearance of the optical absorption in the infrared range. The
absorption was assigned to the intravalley transitions of free electrons generated by P (ttephedectron
absorption. The generation of free electrons and the resultant three-body Auger recombination of excitons is
considered to be responsible for the observed PL quenching.

[. INTRODUCTION has been shown to be due to the modification of the surface
termination'®~12 Although these previous studies demon-

Optical properties of Si nanocrystal assemblies-Gi) strated that doping of P and B atoms strongly affects PL
have been studied intensively, because they are promisingyoperties ofnc-Si, no clear evidence for the generation of
materials for Si-based optoelectronic devitésApplication ~ free carriers has been given. In this work, generation of free
of nc-Si to commercial devices requires deeper knowledgélectrons imc-Si due to P doping is demonstrated by optical
of its energy band structure. In particular, the informationa@Psorption spectroscopy in the infrared region, and the ef-
related to the electronic properties of impurity atoms is esfects of free electrons on the PL properties are discussed.
sential, since for nanometer-sized crystallites a high impurity
concentration can be realized by doping a single nanocrystal II. EXPERIMENT
with only one impurity atom. Thus the electrical and optical
properties ofnc-Si are expected to be very sensitive to dop- P-doped Si nanocrystals were prepared by the same
ing level. However, it has not been fully understood how amethod as used in our previous wdfk?Small pieces of Si
dopant atom works in such a confined and dielectric disconehips were placed on a phosphosilicate gid&SQG sputter-
tinuous medium. In fact, it is not established whether gening target and they were co-sputtered in Ar gas. As the sub-
eration of free carriers is possible by group Ill or V impurity strates fused quartz plates and Si wafers were used. The
doping ofnc-Si. thickness of the films was about 50m. After the co-

In porous Si layers, if the carrier concentration in an ini- sputtering, the films were annealed in a §is atmosphere
tial Si wafer is preserved after anodization, those preparetbr 30 min at 1100 °C to growmc-Si in PSG matrices. The P
fromn* andp* wafers should have free carriers. However, concentration can be controlled by changing th®4con-
no evidence indicating the existence of free carriers has beerentration in the PSG sputtering target. The average P con-
detected by electron spin resonar@&SR techniqué and  centration in a whole filMfCp (mol %)] was determined by
optical absorption spectroscopyA possible explanation is an electron probe microanalysi€p, was varied from 0
that dopant atoms can “shift” to the surface of the porous Si(without P doping to 1.2 mol%. The size ohc-Si was
and no longer contribute as donor or acceptdhis shift estimated by cross-sectional high-resolution transmission
occurs due to the chemical etching process, which takeslectron microscopi€HRTEM) observations and was about
place only at Si—Si, Si—O, and Si—H bonds and does no#.7 nm in diameter. The size was not affected by P doping.
attack the Si—dopant bonds. Another explanation is that th#he HRTEM observations revealed that eacdSi crystal is
free carriers are captured on deep defects, e.g., surface daselated from the others by PSG barriers several nanometers
gling bonds’~® in thickness, i.e., carrier transport between adjacen8i is

In the case of oxidizedc-Si, i.e.,nc-Siin SiO, matrices, prevented by thick PSG barriers.
the effects of P and B doping have been studied by photolu- PL spectra were measured using a single monochromator
minescencéPL) and ESR®1*Quenching of the exciton PL  equipped with a Ge detector. The excitation source was the
by B doping and the improvement in the PL efficiency by P457.9 nm line of an Ar-ion laser. The excitation power was
doping have been reported. The quenching has been e250 mWi/cnt. For all the spectra, spectral response of the
plained by the Auger recombination process among a fredetection system was corrected by the reference spectrum of
hole and a photoexcited excitdhl*while the improvement a standard tungsten lamp. For optical absorption spectros-
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FIG. 1. Room-temperature PL spectra mf-Si dispersed in FIG. 3. Optical absorption spectra farc-Si dispersed in PSG

PSG matrices. The P concentratiddy| is varied from O(without matrices with variou€, . For comparison purposes, an absorption
P doping to 1.2 mol %. spectrum of a PSG filn42 um in thicknessCp=1.2 mol % not

containingnc-Si is shown.

copy, samples deposited on fused quartz plates were used
a spectral range between 0.19 and @18, and those on Si
wafers between 3.2 and 4:8m. The long-wavelength range
is limited due to the strong absorption of the Si@atrices in
the midinfrared region.

é'f%o find that the PL peak energy dependsGin The PL
peak position shifts from 1.34 to 1.40 eV with increasing

In Fig. 3, optical absorption spectra for the samples with
differentCp and a PSG film that does not contaio-Si are
shown. A few sharp peaks that can be assigned to the Si-H

1Il. RESULTS AND DISCUSSION stretching overtones and combinatibhare seen. These
) peaks are observed only for heavily P-doped samples be-

Figure 1 shows room-temperature PL spectra for thgayse of the high moisture absorptivity of these samples. To
samples with four differen€p and without doping. A broad ptain absorption coefficients afc-Si (Ref. 16 the mea-
peak is observed at around 1.4 eV for all the samples. Theyred absorption spectfabsorbancewere divided by the
peak can be assigned to the recombination of excitons cofjm thickness and the volume fraction ot-Si (25%). For
fined innc-Si* The PL intensity depends strongly @. N the samples withCp=<0.6 mol %, the absorption decreases
Fig. 2, the integrated PL intensities are plotted as a functiofonotonically to the infrared region. This absorption is due
of Cp. The PL intensity first increases with increasiig,  tg the valence-to-conduction-band transitions @Si and/or
reaches the maximum at around 0.6 mol% and decreasggose related to band tails or defect levels. On the other hand,
with further doplng..The improvement in the PL mtensny'at for the samples witftCp>0.6 mol %, in addition to the ab-
small P concentration has been observed in our previousgrption at the short-wavelength range, a smoothly rising ab-
work and is found to be caused by the decrease in the num,ption continuum appears in the infrared range. The infra-
ber of electronically active defects at the interfaces betweefeq apsorption increases together with the P concentration. It
nc-Si and their matricesR, center.™ ““In Fig. 1, we can  is jmportant to note that the infrared absorption does not

originate from PSG matrices. In fact, the PSG film that does
U L not containnc-Si is almost transparent in this spectral range
. (see Fig. 3.
A very similar absorption in the infrared range has been
i observed fom™ bulk Si crystals-’ In bulk Si, the infrared
absorption has been assigned to free-electron absorption. The
free-electron absorption is characterized by a monotonic,
structureless, spectrum that grows\&s where\ is the pho-
ton wavelength and the powgr depends on the mode of
- scattering that occurs to conserve momentum during a tran-
nc-Siin PSG sition of a free electron to a higher energy state within the
same valley® The Drude theory for the oscillation of an
d=4.7nm 1 electron driven by a periodic electric field in a metal gives a
RT. damping (attenuation that increases aa?. The collision
0'0' — '0'5' —— 1'0' . with the semiconductor lattice, resulting in scatterilng by
P Concentration (mol%) acc_)usnc phonon_s, leads to an .absorptlon increasing*as
while that by optical phonons gives a dependexnté Scat-

FIG. 2. Integrated PL intensity as a function ®f . The solid  tering by ionized impurities gives a dependenca fror 35,

curve is the guide to the eyes. depending on the theoretical approximation used. In general,
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all three modes of scattering can occur and the resultant fre@f doped nanocrystals increases, so that the free-electron ab-
electron absorption is expected to be a weighted sum of aBorption increases and the PL comes to be quenched as a
three processes. Therefore, the expompantthe dependence whole.
AP can range from 1.5 to 3.5 depending on the ratio of the The high-energy shift of the PL peak wi@y (Fig. 1) can
three scattering modes. also be explained in the same manner. The PL bands ob-
The similarity in the observed spectral shape to the freeserved are rather brodtull width at half maximum is about
electron absorption in the™ Si crystal implies that the ob- 270 me\} due to the size and shape variationsafSi. The
served infrared absorption is due to the intravalley transitiorPL signal at low-energy side of the peak comes from larger
of free electrons generated by P doping, i.e., free-electronanocrystals in the size distribution, while that at the high-
absorption innc-Si. We found that the observed infrared energy side comes from smaller ones. If P atoms are uni-
absorption can be well fitted with'”. This suggests that formly distributed throughout a film, the probability that
free-electron absorption imc-Si is assisted mainly by acous- nc-Si is doped is higher for larger particles. ThereforeCas
tic phonon scattering. It should be noted here that in thencreases, PL quenching starts from the largest nanocrystals
present samples electrons generated by P doping are “freeih the size distribution, and then proceeds to smaller nanoc-
only within eachnc-Si crystal, and transport of electrons rystals with further increase @y . This implies that the PL
between adjacentc-Si is prevented by thick PSG barriers. quenching occurs from the low-energy side of the PL peak,
The observed infrared absorption is a smooth spectrahus resulting in the blue shift of the peak witly as can be
function. However, the intravalley transition spectrum of anseen in Fig. 1.
individual nanocrystal should be discrete and consists of a
series of peaks, because the allowed energy of an electron in [V. CONCLUSION
the conduction band is expected to be discrete due to the Generation of excess electrons ie-Si several nanom-
guantum confinement effects. We believe that the discrete-

ness is smeared out by the distribution of the degree of thgteﬂrsa'lnag';rpet;[g; gyéggusrég d?ﬁ'tnhge\i'\rl]?rsardeedr?gnis;:]atﬁ%vgg
guantization arising from thec-Si size and shape variations. P P P Py gion.

The generation of free electrons irc-Si is directly re- .5“°W” that heavily P-dopedq—Si shows absor_ption in the
lated to the observed PL quenching. If a free electron ignfrared region due to the intravalley transition of free-

supplied by an incorporatiorfa P atom into a substitutional electrons supplied by P doping. It was also demonstrated that

site in nc-Si, the three-body Auger recombination processthe generation of free electrons results in quenching of the

among the electron and a photoexcited exciteef Auger exmtor:)'lun;mescence Inc-Si du::‘hto ]:[he nclmr?dlatlve dAugﬁr i
proces$y becomes possible, i.e., the exciton recombination;e)(%(i)trgd |2)€21C|i(t)(|)1npr0cess among the free electron and a photo-
energy can be transferred to the electron with its following ’
excitation to a higher energy level in the conduction band.

The lifetime of theeeh Auger recombination process in a

spherical Si crystallite has been calculated by Lanebal., This work is supported through a Grand-in-Aid for Scien-
and depending on its size ranges between 0.1 and'? nstific Research from the Ministry of Education, Science,
This lifetime is several orders of magnitude shorter than theSports and Culture, Japan, and a Grant for Research for the
radiative lifetime of excitons imc-Si. Therefore, the genera- Future Program from the Japan Society for the Promotion of
tion of free electrons results in a significant decrease in th&cience(Nos. JSPS-RFTF 96P-00305 and JSPS-RFTF-98P-
PL efficiency. In the present samples, both the doped an81203. A.M. would like to thank the Japan Society for the
undoped nanocrystals coexist. 8% increases, the number Promotion of Science for financial support.
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