JOURNAL OF APPLIED PHYSICS VOLUME 92, NUMBER 7 1 OCTOBER 2002

Excitation of Tm 3% by resonant energy transfer from Si nanocrystals
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PhotoluminescendéL) properties and PL decay dynamics of $idms containing Si nanocrystals
(nc-S) and Tt were studied. The samples exhibited a broad PL at around 1.5 eV due to the
recombination of excitons in nc-Si, and rather sharp PL at 1.58, 0.84, and 0.69 eV corresponding to
the intra-4 shell transitions of Trfi". The correlation between the intensities of nc-Si andTm
related PL was studied as a function of the Tm concentration, the size of nc-Si, and the temperature.
It was found that the intensity of Tt related PL depends strongly on the size of nc-Si. At low
temperatures, the spectral shape of nc-Si PL was strongly modified by doping Tm. From analysis of
the modified spectral shape, a resonant energy transfer from nc-Si%o iSrdiscussed. €2002
American Institute of Physics[DOI: 10.1063/1.1503860

I. INTRODUCTION interaction with nc-Si was demonstrated for the first time, we
believe, by Franzet al* However, in their work, the size

Recently, it has been demonstrated thisHells of rare-  dependence of the luminescence properties was not studied.
earth ions, e.g., Bf, Yb®*, No®*, and Tni*, can be effi-  Since the quantum confinement effects of excitons in nc-Si
ciently excited by energy transfer from Si nanocrystals-  are considered to play an important role in the interaction,
Si), i.e., excitation light is absorbed by nc-Si, and excitonsthe properties of energy transfer should depend strongly on
generated in nc-Si recombine with the transferred energy tthe size of nc-Si. By analyzing size dependence, valuable
rare-earth ions. In particular, efficient luminescence at 0.8Information on the mechanism of energy transfer can be ob-
eV (1.54 um) from the system containing nc-Si and @ne  tained. Furthermore, in the previous work, no spectroscopic
Er/nc-Si systemhas attracted much interést The efficient  evidence of the energy transfer was obtained.

0.81 eV luminescence opens up the possibility of realizing  In this work, the PL properties of Silfilms containing
silicon/silica-based planar optical amplifiers which can benc-Si and Tm* are studied in a wide spectral range from
integrated with existing semiconductor and fiber telecommu9.45 to 1.9 eV. A comprehensive study of a wide spectral
nication technology. range is essential to understand the energy transfer mecha-

The excitation mechanism of Er in Er/nc-Si systems hasiism, because T# exhibits several PL bands in the near-
been studied in detdi?>®and direct spectroscopic evidence infrared to visible regions, and thus the intensity ratio may
of the energy transfer has been obtaifideirthermore, en- change, depending on experimental parameters. We show the
ergy transfer rates are experimentally determined as a funcorrelation of the nc-Si PL and T PL as a function of the
tion of the nc-Si size. It has been demonstrated that thdm concentration, nc-Si size, and temperature. A result much
smaller the size of the particles, the higher the energy tranglifferent from that reported by Franzt al. was observed in
fer rate® In contrast to Er/nc-Si systems the detailed mechathe temperature dependence of PL intensity. We also give
nism of the interaction between nc-Si and other rare-eartlspectroscopic evidence of resonant energy transfer from
ions is not well understood, although enhancement of théc-Si to ",
intra-4f shell photoluminescencéPL) has been demon-
strated.

Among several rare-earth ions which are reported to in-“' EXPERIMENT
teract strongly with nc-Si, in this work, we adopted Tm and SiO, films containing nc-Si and Tm were prepared by a
studied its interaction with nc-Si in silica glasses, becausgosputtering method similar to that used to prepare,SiO
Tm doped glasses have attracted a lot of attention as potefiims containing nc-Si and Er? Small pieces of Si chips and
tial materials for future near-infrared light sources andTm,O; pellets were placed on a SjGputtering target and
amplifiers’®~**The enhancement of TH-luminescence ef-  they were simultaneously sputtered in an Ar gas atmosphere.
ficiency by adding nc-Si would provide new perspectives onafter deposition, in order to grow nc-Si, samples were an-
the development of silica based infrared lasers and amp|iﬁnea|ed in a N gas atmosphere for 30 min at temperatures
ers. This enhancement of the intré-ghell PL of Tm?* by higher than 1100 °C. In this work, the average size of nc-Si
(dg) was changed from 2.7 to 3.5 nm and the Tm concen-
3Author to whom correspondence should be addressed; electronic maiffation was changed from 0.17 to 1.41 at. %. PL spectra were

fujii@eedept.kobe-u.ac.jp measured by a single grating monochromator. In the spectral
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FIG. 2. Intensities of the TAT related peak0.69 e\j and the nc-Si related
peak as a function of the Tm concentration. The lifetime which was mea-
sured at the maximum of the nc-Si PL is also shown. The lines are to guide
the eye.
energy broad PL corresponds to the recombination of exci-

tons confined in nc-Sinc-Si PL),Y?*while the low-energy
one (0.69 eV corresponds to the intrafdshell transition of
Photon energy (eV) Tm®* (H, to ®Hg) (Tm®* PL).1%MAs the Tm concentration
FIG. 1. PL spectra of Si©films containing nc-Si and Tm. The size of nc-Si increases, the |nten§|ty of the Pm PL Peak mcr_eases_’,
is about 2.7 nm and the Tm concentration is changed from 0.17 to 1.4Whereas that of nc-Si PL decreases. In Fig. 2, the intensities
at. %. The inset shows the energy diagram of the infrafell of Tn?*. of the two peaks are plotted as a function of the Tm concen-
tration. We can see that the intensity of nc-Si PL decreases
rapidly with an increase in Tm concentration, while that of
range between 0.45 and 0.80 eV, a liquid nitrogen cooled'm3* pL increases gradually and is saturated in the high Tm
InSb photodiodéHamamatshwas used as a detector, and in concentration range. The intensity of the ImPL peak is
the spectral range between 0.80 and 1.90 eV, a liquid nitrogimost saturated at around 0.6 at(92% of its saturation
gen cooled Ge photodiod®lorth Coast was used. The ex- yalug.
Citation source was a 514.5 nm Iine Of an Al’-ion |aser. For a” Figure 3 ShOWS the Tm Concentration dependence of the
spectra, the spectral response of the detection system wa$ decay curves detected at the maximum of nc-Si PL in Fig.
corrected by a reference spectrum of a standard tungsten The decay curves are nonexponential. The PL lifetime
lamp. For the time response measurements, a 532.0 nm ligscomes shorter as the Tm concentration increases. The de-
of a Nd:yttrium—aluminum—garnet laser was used as an excay curves are fitted well by the modified exponential func-
citation source. The pulse width was 5 ns and the repetitiOIﬂon’ which is genera”y used to ana|yze the decay curves of
frequency was 20 Hz. The decay curves were measured Witforous-Si and nc-Sit® The lifetime determined from fitting
a photon counting system that consisted of a photomultipliefor the sample with the smallest Tm concentration is about
with an InP/InGaAs photocathode, a high speed amplifiey2 4s, while that with the largest Tm concentration is about
(1.2 ns rise/fall timg (SR445, Stanford Research Syst¢ms 16 us. The lifetimes obtained are shown in Fig. 2. In our
and a multichannel ScaIQSR430, Stanford Research SyS- previous work on Er-doped nc-Si, the lifetime of nc-Si de-
tems. The time resolution of the whole system was about 8Qcreased with an increase in Er concentration. However, in
ns. other PL studies of similar Er-doped samples, it has been
reported that the lifetime of nc-Si was independent of the Er
11l. RESULTS AND DISCUSSION concentratiorf:® The reason for these contradictory results is
not clear at present.
In the case of Tm-doped SjQhat does not contain nc-
Figure 1 shows the room temperature PL spectra as 8i, the Tn?" PL peak is too weak to detect because of the
function of the Tm concentration. The size of nc-Si is fixedvery low absorption coefficient of Tfi at the excitation
at 2.7 nm and the Tm concentration is changed from 0.17 tavavelength(476.5 nm. Therefore, observation of intense
1.41 at. %. The inset shows an energy diagram of thehell  Tm®* PL implies that Tm" is excited by energy transfer
of Tm®*. We can see two peaks in all the spectra. The highfrom nc-Si, i.e., excitation light is absorbed by nc-Si and

A. Dependence of PL spectra on the Tm concentration
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FIG. 3. Tm concentration dependence of the PL decay curves detected at the
maximum of nc-Si PL shown in Fig. 1.

excitons generated in nc-Si recombine with the energy trans-
ferred to Tni*. Evidence of the energy transfer can be ob-
tained from PL excitation spectra. Although not shown here,
the excitation spectra of T PL was very broad in spite of
its discrete electronic states and was very similar to that of Photon energy (eV)
nc-Si PL. A similar result has already been reported byFIG 4 pL Cunction of the size of no.Si
Frandoet al. The quenching and the shortening of the ife-E. . P, sbeee & om enberure e 8 el f e 105,
time of nc-Si PL with an increase in Tm concentration, normalized at the maximum of the nc-Si PL. The energy positions of the
shown in Figs. 1-3, indicate that energy transfer is mediate€kst (°H,), second $Hz), and third fF,) excited states measured from the
by photogenerated excitons, i.e., it is not due to the absorground state {Hg) are shown.
tion of light emitted by nc-Si. The energy transfer process
from nc-Sito Tni* is the preferred nonradiative recombina-
tion process.

It is noted here that the degree of quenching of nc-Si PLintensity of nc-Si in SiQ that did not contain Er, i.e., the
is much larger than that of the gain of the TiPL intensity. ~ energy conversion efficiency was around 85%.
In particular, the intensity of the T¥i PL peak is not pro-
portional to the Tm concentration and is saturated. As a re-
sult, the energy conversion efficiency which represents th
ratio of the degree of quenching of nc-Si PL to that of the
gain of the Tmi*™ PL intensity is very small particularly in Figure 4 shows PL spectra at room temperature for
the high Tm concentration range. Two mechanisms can bsamples containing different size nc-Si. The intensity scale
considered to be the origin of the small energy conversiorabove 0.8 eV is expanded by a factor of 4. The Tm concen-
efficiency. The first one is the concentration quenching ofration is fixed at 1.41 at.%. The spectra are normalized at
Tm®* PL due to the relatively high Tm concentration. Ex- the maximum intensities of nc-Si PL. The energy position of
cited Tn?*" is relaxed by transferring energy to a neighbor-the first ¢H,), second $Hs), and third €F,) excited states
ing Tn™" and finally it is nonradiatively relaxed by meeting of Tm®* measured from the ground staftHg) are shown at
a nonradiative recombination center in the matrix. During thethe top of Fig. 4. As the size of nc-Si decreases from 3.5 to
energy transfer process, it is not known whether the energ®.7 nm the nc-Si PL peak shifts from 1.35 eV to 1.60 eV. For
transfer efficiency is high or not. Another mechanism is thesamples with average nc-Si sizes of 2.7 and 3.1 nm, a small
generation of defects in or at the surface of nc-Si by heavypeak can be observed at 1.58 eV. This peak corresponds to
Tm doping. The photogenerated excitons recombine nonrahe 3F, to 3Hg transition in Tni*. Figure 5 shows the in-
diatively in nc-Si before energy transfer occurs. At present, itensity ratio of Tmi™ and nc-Si PL peaksl{y/ls) as a
is not clear which mechanism is the main cause of the smafunction of the peak energy of nc-Si PL. The inset shows an
energy conversion efficiency. It is worth noting that in our energy diagram of the intraf4shell of Tn#*. Figure 5
previous work on Er- and nc-Si-doped Si@ilms, the total clearly shows that,,/l5; depends strongly on the peak en-
intensity of nc-Si and Ef PL was about 80% of the PL ergy of nc-Si PL, i.e., the size of nc-Siy,/lg increases

0.8 1.2 1.6 2.0

%. Dependence of PL spectra on the size of nc-Si
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FIG. 5. Intensity ratio of the Tm related and the nc-Si related peaks
(I+m/1s) as a function of the peak energy of nc-Si PL. The line is to guide
the eye. 0.02
with an increase in the PL peak energy of nc-Si. In particular, 0.00 ) :
the ratio increases dramatically as the nc-Si PL peak ap- 0.8 12 16 20
proaches 1.6 eV. Photon energy (eV)

As shown in Fig. 5, the energy separation between the
ground state and the third excited state of3Tnis around FIG. 6. PL spectra of the sample with Tm concentratidrdl at. % at
PR ) - various temperatures. Part of spectra at the higher-energy side above 0.8 eV
1.58 eV. Therefor.e, _the steep incline Of, thﬁ”“ si ratio at is expanded by a factor of 10. Vertical lines are drawn at 1.48 and 1.68 eV.
around 1.58 eV indicates that energy is transferred to the
third excited state of TAT. For the sample with average

diameter of 2.7 nm, the PL peak energy is at around 1.6 eV, _— .
Therefore, the majority of particles in the size distribution beak appears at around 0.84 eV, indicated by arrows. Third,

. . . the 1.58 eV peak becomes more pronounced. The 0.84 and

can contribute to energy transfer to the third excited state. O 58 eV peaks correspond to the intraghell transitions of
the other hand, for samples with_ average d_iamet_ers of Ia}rgellc'mg+ (3FF: t0°H, and3?:4 t0°Hg). Fourth, the 0.69 eV peak
than 3.1 nm, only a small portion of particles in the SiZ€,¢ <hifted toward lower energip.69—0 67,eVand becomes
distribution interacts with the third excited state, resulting insharper Finally, the spectral s.hape .of nc-Si PL is strongly
a srlntailél L’gi;‘ La:r: that. in our orevious work on Er-do edmodified. At room temperature, the spectral shape is Gauss-

. . . ! 8 P . P€%ian like. At around 100 K, the lower energy side of the spec-
nc-Si, the intensity ratio of ¢ to nc-Si PL peaksle/ls) i strongly suppressed. At 5 K, both sides of the 1.58
increased by a factor of-4 in a relat|v_e|y wide range pe- eV PL are suppressed, and clear bends appear at around 1.48
tween 1.2 and 1.6 e¥In contrast to this) /s dramati-

) . and 1.68 eV. It should be noted here that without Tm doping,
cally increases by a factor o6f18 in a narrower range be- . .
. the spectral shape is almost independent of the temperature.

%Ithough not shown here, for samples of 3.1 and 3.3 nm, the

increase ofl 1/l cannot .S'm.ply be explz?uned py the size §uppression of nc-Si PL could be observed at the same ener-
dependence of nc-Si. Excitation of the third excited state of .
gies at low temperatures.

3+ ; ;
Tm®™ plays an important role in the energy transfer process: The suppression of the spectrum at around g to

3H, transition PL of Tri™ strongly suggests that the excita-

tion energy of nc-Si for some particular sizes is resonantly
Figure 6 shows PL spectra of the sample with Tm con4ransferred to Trii" before the spontaneous recombination

centration of 1.41 at. % at various temperatures. The intenef excitons occurs in nc-Si. To our knowledge, this is the first

sity scale above 0.8 eV is expanded by a factor of 10. With apectroscopic evidence of resonant energy transfer from

decrease in temperature, the spectral shape changes grada-Si to Tn? ™.

ally. First, below 150 K, a new broad peak appears at around If the energy transfer is made resonanihjithout emit-

1.0 eV. This peak is considered to be due to the recombinaing phonong or by emitting phonons, suppression should

tion of excitons trapped a®,, centers at the interfaces be- appear only at the high-energy side of the 1.58 eV peak.

tween nc-Si and SiQmatricest®!® Second, a very weak However, not only the higher-energy side, but also the lower-

C. Temperature dependence
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T ] T T T even at room temperature due to the large energy mismatch.
1.0 L- 0.69 eV peak — This may result in the rather small temperature quenching of
® the PL observed.
‘e, Py - e R The observed temperature dependence of the I?L inten-
08 o - sity is qualitatively different from that reported by Frangb
* el al. for similar samples. In their report, the PL peak due to the

transition from3H, to Hy states is at around 0.75 eV at
room temperature. With a decrease in temperature, the PL
intensity decreased and the PL disappeared below 100 K.
The reason for this qualitative disagreement is not clear at
present. One possible explanation is an artificial effect. Their
data suggest that the measurement system does not have sen-
sitivity below 0.72 eV. It might be that they measured only a

Intensity (Normalized)
o o
> o
| i
| ]

0.2 — high-energy tail of the spectrum. Since the, to *Hg tran-
\ | , | L sition PL shifts toward lower energy and becomes sharp with
0 100 200 300 a decrease in temperature, the signal intensity of the spectral

region, where the measurement system has sensitivity, de-
Temperature(K) . . >

creases with a decrease in temperature. This might have re-
FIG. 7. Integrated intensities of the Pinrelated peaks as a function of the Sulted in considerable underestimation of the PL intensity at
temperature shown in Fig. 6. The intensity is normalized at 5 K. The dashetow temperatures.
lines are to guide the eye.

IV. CONCLUSION

The interaction between excitons in nc-Si antishell
energy side of the spectra is strongly suppressed. The suptectrons in Tm* was studied by PL spectroscopy. We dem-
pression of the low-energy side can be explained by taking@nstrated that #shell electrons in TR can be excited by
into account the indirect band-gap nature of nc-Si. As reenergy transfer from nc-Si. The intensity of ¥mPL at 0.69
ported previously, the indirect-gap nature of bulk Si crystal iseV depended strongly on the size of nc-Si. As the PL energy
highly preserved in nc-Si even if its size is a few nanometef nc-Si approached the difference in energy between the
in diameter, i.e., radiative recombination of excitons in nc-Sithird excited state and the ground state of*Tn{1.58 eV},
requires the emission of momentum conserving phonons at the intensity of TM* PL increased dramatically. This result
minima?® Since the transverse opticdlO) phonon energy indicates that the third excited state interacts more strongly
at A minima is about 57 meV, nc-Si whose exciton recombi-with excitons confined in nc-Si than other energy states of
nation energy exactly coincidences with the energy of therm®*. Tm®* showed a very weak peak at around 1.58 eV in
third excited state of Ti (1.58 eV} shows PL at around addition to the 0.75 eV peak. At low temperatures, broad PL
1.58 eV-57 meV if energy transfer does not occur. Therespectra of nc-Si were suppressed at both sides of the 1.58 eV
fore, the appearance of spectral suppression at the lowPL of Tm®". This suppression is spectroscopic evidence of
energy side of the 1.57 eV PL is direct evidence of resonantesonant energy transfer from nc-Si to Im
energy transfer from nc-Si to TH.
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