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Decay dynamics of near-infrared photoluminescence from Ge nanocrystals
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PhotoluminescencéPL) decay dynamics of Ge nanocrystalsc(Ge) 1.2—-3.2 nm in average
diameter embedded in SjOmatrices was studied. The samples showed a PL peak in the
near-infrared region with strong size dependence. A very fast compérédnis) was found in

decay curves for all the samples. For the samples containing relatively farggée, a slow
component of the order of microseconds was also observed. With decreasing the size, the slow
component gradually faded out, and the PL intensity increased significantly. The transition from
indirect to direct recombination of carriers with decreasing the size is considered to be responsible
for the observed PL decay dynamics. 1®99 American Institute of Physics.
[S0003-695(99)00711-

Optical properties of nanometer size Si and Ge crystalsio, matrices™ ! Small pieces of Ge chips(2x2
have been investigated in recent yeaihe band gap wid-  x0.5mn?, purity 99.999 9% were placed on a Sitarget
ening and the increase in the oscillator strength caused by theo cm in diameter, purity 99.99%@nd they were cosput-
quantum size effects would appear in such nanocrystals. lfered in Ar gas of 2.7 Pa. Substrates were fused quartz plates.
particular, for Si nanocrystalsng-Si), the relationship be- After cosputtering, the films were thermally annealed in N
tween the size and the photoluminesceiige) properties gas ambient for 30 min at 800 °C to gromc-Ge in SiG
has been revealéd? With decreasing the size, the PL peak matrices.

shifts from the band gap of bulk Si to the visible redich In the present preparation method, the size ©fGe can
and the decay time becomes shorter from milliseconds tge controlled by changing the volume fraction of Ge in films
microseconds™® (fed.2* In our previous work, we preparedic-Ge with

In contrast tonc-Si, little is known on the PL properties d,,.~0.9—5.3 nm by changinfis, from 0.2—7.2 vol %. The
of Ge nanocrystalsnc-Ge). Since the exciton Bohr radius size of nc-Ge was determined by cross-sectional high-
of bulk Ge crystal17.7 nm) is much larger than that of bulk = resolution transmission electron microscoitRTEM) ob-
Si crystal(4.9 nm,* quantum size effects will appear more servation[JEM-2010 (JEOL]. For the samples witht,ye
conspicuously fonc-Ge thamc-Si. Recently, we have suc- <2.3nm, nc-Ge were not observed in HRTEM images due
ceeded in observing size dependent PL fro;mGe in the  probably to the intense background image of Sifiatrices.
near-infrared(NIR) region? A PL peak was observed at The size ofnc-Ge for these samples was estimated by the
about 0.88 eV fonc-Ge 5.3 nm in average diametet,(9.  relationship between the size ofc-Ge andfg..° In this
With decreasing the size, the PL peak shifted to higher enwork, we used the same samples as those studied in our
ergies and reached 1.54 eV fdg,=0.9nm. The PL inten- previous work.
sity increased about two orders of magnitude as the size de- The PL spectra were measured at room temperature us-
creased. From these results, we concluded that the observigfly a HR-320 monochromatalobin Yvon, a R5509-72
PL comes from the radiative recombination of electron—holghotomultiplier(Hamamatsu Photonigand a SR830 lock-in
pairs confined imc-Ge. In this work, in order to clarify the  amplifier (Stanford ResearghThe excitation source was the
recombination process of electron—hole pairs confined i457.9 nm line of an Ar-ion laser. The beam power density
nc-Ge, PL decay measurements were performed for theuas about 1 W/crh The spectral response of the detection
same samples as those studied in our previous Wiirkill  system was calibrated with the aid of a reference spectrum of
be demonstrated that the PL decay time is much shorter thagstandard tungsten lamp. For the PL decay measurements, a
that reported for nc-Si. The transition of carrier- SR430 multichannel scalgiStanford Resear¢ghwas used.
recombination process from indirect to direct one will be Excitation pulses were obtained from the 488.0 nm line of an
discussed. Ar-ion laser by using an acoustic-optic modulator. The pulse
Ge nanocrystals embedded in Sifatrices were pre-  width and repetition frequency were 400 ns and 11 kHz,
pared by a radio frequency cosputtering method similar tgespectively. The time resolution of the system is about 40
those used in our previous studies oo-Ge embedded in ns,
Figure 1 shows the PL spectra for the samples with vari-
3Author to whom correspondence should be addressed; electronic maiPUS dave- The PL spectra are normalized at their maximum
fujii@eedept.kobe-u.ac.jp intensities and the scaling factors for the normalization are
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FIG. 1. Dependence of PL spectra on the average diametec-&e. The v
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inset shows the size dependence of the PL intensity which was reported in
our previous pape(in Ref. 9. The arrows show the energy at which decay
dynamics was measured.
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shown in Fig. 1(a larger factor corresponds to a smaller PL
intensity). The PL spectra have strong size dependence. For
the sample withd,,=3.2nm, the PL peak is located at 0 10 20 30
about 0.96 eV. With decreasindy,,, the PL peak shows Time (usec)
blueshift and appears at 1.08, 1.21, and 1.40_eV for th%lG. 2. PL decay curves monitore@d) at the PL peak energies for the
samples withd,,e=2.3, 1.7, and 1.2 nm, respectively. The samples shown in Fig. 1 an) at various PL energies for the sample with
PL intensity increases drastically as shown in the inset ofi,,.=2.3 nm.
Fig. 1. The PL intensity was corrected by the amount of
nc-Ge in the films and the absorbance at the excitation In general, the transition from the indirect to direct re-
wavelength’ combination process causes the increase in the oscillator
The PL decay curves monitored at the PL peak energgtrength, resulting in the faster decay time and the enhance-
are shown in Fig. @). We can see that the PL decay curvesment of the PL intensity. As the size nt-Ge decreases and
consist of fast and slow components for all the samples. Theeaches the size which begins to show the direct recombina-
fast component has a decay time faster thapsland the tion, the fast decay component due to the no-phonon transi-
slow one of the order of microseconds. The decay time ofion will be superimposed on the slow component due to the
fast component is shorter than the instrumental time resolyshonon-assisted transition. With decreasing the size further,
tion in this experimen{~40 n9. For the sample withd,,. the ratio of the fast to slow components will increase. There-
=3.2nm, the contribution of the slow component to the PLfore, a possible assignment of the observed fast and slow
decay curve is rather large, although the fast componerdecay components is the no-phonon and phonon-assisted re-
dominates the PL decay curve. As the sizenafGe de- combination, respectively. Our results demonstrate that, even
creases, the slow component gradually fades out. The irfor the largesinc-Ge studied in this work3.2 nm in diam-
crease in the fast decay component and the drastic increaseete, the direct transition is the dominant carrier recombina-
the PL intensity shown in Fig. 1 with decreasing the sizetion process, and as the size decreases further, the indirect
suggest that the oscillator strength of electron—hole recomransition becomes less probable. It is very plausible that as
bination increases with decreasing the size. the size becomes larger than 3.2 nm, the slow component
Recently Ren calculated the electron and hole wavewill play a significant role in the recombination process. Un-
function distributions in thék space of some edge states in fortunately, the PL signal of the samples containing Ge
nc-Ge? He showed that fonc-Ge 5.1 nm in diameter, the larger than 3.2 nm was too weak to obtain PL decay curves.
electron wave functions are located negyoint and are well Figure 2b) shows the PL decay curves monitored at
separated from the hole wave functions located thepoint,  various PL energies for the sample with,=2.3nm. The
while for nc-Ge 1.5 nm in diameter, the electron and holemonitored PL energy is indicated by arrows in Fig. 1. The
wave functions spread in tHespace and the overlaps of the slow component gradually fades out with increasing the
wave functions become significant. This theoretical predicimonitored PL energy. Similar results were observed for other
tion indicates that the electron—hole pairs confinedénGe  samples. The increase in the fast decay component with in-
about 5 nm in diameter recombine with the aid of phononcreasing the monitored PL energy can be explained as fol-
(indirect recombination With decreasing the size, no- lows. The PL spectra are broadened by inhomogeneous
phonon processgdirect recombinationbegins to contribute broadening caused by the size distribution. The PL decay
to the recombination process, and foc-Ge 1.5 nm in di- curve obtained at higher energy side of the PL peak repre-
ameter, the direct recombination dominates the recombinasents the signal from smallarc-Ge in the size distribution,

tion process. and at lower energy side from largec-Ge. Therefore, the
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slow component of decay curve decreases with increasing) us was observed in decay curves for all the samples. For
the monitored PL energy. the samples containing relatively large-Ge, a slow com-

It is noted here that the observed PL decay time is muclponent of the order of microseconds was also observed. With
faster than that ofic-Si previously reported-® The PL de- decreasing the size, the slow component gradually faded out,
cay time of red and NIR PL fonc-Si is within the range of and the PL intensity increased drastically. These results in-
microseconds to milliseconds. No component faster than #licate that the direct recombination process is the dominant
us has been reported. The slow PL decay indicates that th@rocess fornc-Ge even for particles as large as 3 nm in
recombination of carriers imc-Si is an indirect process. diameter.
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