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Synthesis of Ge nanocrystals in Sifdms is carried out by precipitation from a supersaturated solid
solution of Ge in SiQ made by Ge ion implantation. The films exhibit strong room-temperature
visible photoluminescence. The measured photoluminescence peak energy and lifetimes show poor
correlations with nanocrystal size compared to calculations involving radiative recombination of
quantum-confined excitons in Ge quantum dots. In addition, the photoluminescence spectra and
lifetime measurements show only a weak temperature dependence. These observations strongly
suggest that the observed visible luminescence in our samples is not due to the radiative
recombination of quantum-confined excitons in Ge nanocrystals. Instead, observations of similar
luminescence in X&implanted samples and reversible PL quenching by hydrogen or deuterium
suggest that radiative defect centers in the ,Si@atrix are responsible for the observed
luminescence. ©1996 American Institute of Physid$S0003-695(96)02618-4

Recently, a considerable amount of research has beeahat the visible PL is primarily due to luminescent defect
devoted to the luminescence of group IV semiconductors otenters in the matrix.
low dimensionality to study quantum-confined electronic  SiO, films, 100 nm thick, grown by wet thermal oxida-
states and to develop integrated optoelectronic devices diion on lightly p-doped (100 Si wafers were implanted at
rectly on Si. Much of this effort was inspired by the discov- room temperature with 70 keV“Ge" at doses of 1
ery of visible room-temperature photoluminescefieg) in ~ x10'%cn?, 2x10'%cn?, and 5<10%cn?. The energy
porous silicon, synthesized by anodic etching of Si. Since was chosen such that the implanted Ge concentration profile
then, many other methods for synthesizing luminescenis completely within the oxide film, with the peak concentra-
group IV nanocrystals have been reported. Nanocrystals emion lying 30—40 nm from the surface. For the three implan-
bedded in a Si9matrix offer an attractive option because tation doses, the peak concentrations are 3, 6, and 13 at. %
SiO, is a well-characterized material known to passivateGe, respectively, as determined by Rutherford backscattering
semiconductor surfaces. For Ge, most reports of visible Plspectrometry. After implantation, the samples were annealed
from low-dimensional structures have involved Ge nanocrysin high vacuum at 600, 800, and 1000 °C for 40 min. We
tals embedded in SiF~° have previously performed extensive transmission electron

Three principle methods have been employed to synthemicroscopy(TEM) characterization on these samples and the
size Ge nanocrystals in Sj@f cosputtering of Ge and average nanocrystal sizes were determined from Gaussian
Si0,,*~* hydrothermal reduction of 3be;_,0,.° and Ge ion fits to the size distributionsFor the 6 at. % Ge samples, the
implantatione? For all methods of synthesis, similar visible average sizes are 1.9, 3.2, and 7.2 nm, with full widths at
PL spectra have been observed. Despite many suggestionfalf-maximum of 1.5, 3.4, and 4.0 nm, for the samples an-
the origin of visible PL has not yet been made clear. Thenealed at the three temperatures, respectively. It was also
principal debate regarding the origin of luminescence seemgiscovered that higher implantation doses yield samples with
to be whether or not the luminescence mechanism can Bgigher nanocrystal density, but with similar average sizes
attributed to the radiative recombination of quantum-and size distributions after annealing.
confined electron/hole pairéor excitong in Ge quantum Photoluminescence spectra were taken with 100
dots?~® In this letter, we report results of experiments on Gemw/mn? excitation using 457.9 nm Ar laser radiation, de-
nanocrystals in SiPmade by ion implantation which indi- tected with an InGaAs photomultiplier and a grating spec-
cate that the dominant process responsible for visible Pkrometer with a spectral resolution of 3.2 nm. The sample
observed from Si@ containing Ge nanocrystals it the  temperature was controlled between 12 and 300 K by a
radiative recombination of quantum-confined excitons in G&osed-cycle He cryostat. All spectra have been corrected for
nanocrystals. Instead, evidence from PL peak energy anfhe photomultiplier and grating efficiencies. A very weak PL
lifetime measurements as a function of nanocrystal size, teMyas ohserved from annealed as-grown Siilims. Figure
perature dependent PL measurements, studies on luminefiy) shows the room-temperature PL spectra of the 6 at. %
cence from Xé-implanted thermal Sig and studies on the  Ge sample, as-implanted and annealed at different tempera-
effect of hydrogen and deuterium on PL all strongly suggestres. Several notable characteristics of the PL spectra in Fig.
1(a) have also been reported previously for Si€ntaining
dElectronic mail: ksmin@daedalus.caltech.edu Ge nanocrystals synthesized by other mettfol&irst, only
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resolution TEM images of the samples with the smallest and

Photon Energy (eV) the largest nanocrystals are shown as insets in Fig. 2. For the
2220 1.8 1.6 2220 18 16 2220 1.8 16
5 —r— T — ; — T nanocrystal size range in our samp{&9-7.2 nm, the cal-
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| :,:g;}gliﬁﬁi SE 1 coigasdem el eVto less than 1.5 eV. Our experimental data in Fig. 2,
= [ ——ann. 1000°C annealed 1000°C annedled 800°C ] however, exhibit no appreciable shift in peak luminescence
> ] energy, similar to other reports on SiOcontaining Ge
‘g 3 ' nanocrystalé~® To our knowledge, no experimental obser-
e 1 vation of large PL peak energy shifts, comparable to those
%2 i ] predicted by calculations, has been reported for Ge nano-
» ] crystals. The reported valufesf PL peak energy shift are an
= ] order of magnitude smaller than what has been predideed
” ] radiative recombination of quantum-confined excitons.
I - ~ - ~h o~ . S ~ . . . . .
e T N T e v PV STV T Dy lon implantation creates a defect density in the Si@t-
600 700 800 600 700 800 600 700 800 work that far exceeds the equilibrium value. As it is already
A (nm) known that some defects in SjGnd GgSi;_,0O, exhibit

visible luminescencaijt is very important to characterize the

FIG. 1. Room-temperature visible PL spectra of 70 keV @&aplanted and luminescence due to these irradiation-induced defects. To
120 keV Xe'-implanted 100 nm thick Sip on Si. (a) 2Xx 10 dd his | h ¢ d 120 k%e* im-
cn? Ge'-implanted films, as-implanted and annealed at 600, 800, and® reS_St I_S Issue, we a\_/e !oer orme . e im
1000 °C, (b) Ge"-implanted films with doses of X10%cn? 2 plantation into 100 nm Si©films on Si at doses of 6.6
x10%cn?, and 5x101%cn?, annealed at 1000°C for 40 minic) X 10%cn?, 1.3x10%cn?, and 3.3 10'%cn?. The energy
Xe*-implanted films with doses of 6>61915/cmz, 1.3x10"%cn?, and 3.3 gnd the three doses were carefully chosen usingTthet
X 10'%cn?, annealed at 800 °C for 40 min. Monte Carlo codé? such that the projected range, the

) ) straggle, and the peak concentration of atomic displacements
a weak PL signal is observed for the unannealed samplg g closely resemble the atomic displacement profiles cre-
compared to the annealed samples. Second, the annealggq by the three different Gémplantation doses. We com-
samples show an intense PL signal, visible to the unaideE;are room-temperature PL spectra of'@mplanted samples
eye, with characteristically broad spectra. Third, no apprezng Xe'-implanted samples in Figs.() and Xc). Figure
ciable shift in peak luminescence energy is observed witrl(b) shows the room-temperature PL spectra of the
variation in the annealing temperatyie., nanocrystal size Ge'-implanted samples annealed at 1000 °C for 40 min for
Figure 2 shows a plot of the peak luminescence energy of thg,e three G& doses. Figure (t) shows the room-temperature
measured PL spectra as a funct?on pf nanocryst:_:ll diametey spectra of the X&-implanted samples annealed at 800 °C
for the same set of samples as in Figa)l The horizontal o1 40 min for the three X& doses. The similarities in spec-
and vertical error bars indicate the FWHM of the nanocrystak,5|  features between Geémplanted samples and
size distributions and PL spectra, respectively. For COfnpariXe*-implanted samples are strikingly clear. Strong visible
son, a calculated variation of exciton transition energy as foom-temperature PL was observed in both samples only
function of the quantum dot diameter is also shdwigh  after annealing. The PL intensity decreases with increasing
implantation dose for the annealed samples. It was also ob-
served that the PL peak energy-a680 nm(1.83 eV} and
the spectrum shape does not depend on the annealing tem-
perature. As one would not expect visible PL from the im-
planted Xe atoms themselves, these similarities in the PL
spectra are very likely a result of the similarities in defect
profiles created by ion irradiation in both the
Ge'-implanted and Xé-implanted samples.

Hydrogen is known to passivate electronic defects in
semiconductors. Even the performance of an oxide-
passivated Sp-n diode can be further improved upon hy-
drogenation, because oxygen, being a large atom, cannot
passivate every dangling bond at the oxide/semiconductor
interface* By analogy, if there are dangling bonds at the

N R P I nanocrystal/matrix interface that act as nonradiative recom-
1.0 0 2 4 5 8 10 bination centers for quantum-confined electron-hole pairs

Nanocrystal Diameter (nm) excitong in nanocrystals, hydrogen passivation would lead
to an enhancement of the luminescence efficiency, hence
FIG. 2. A comparison between measured peak PL enfirgin Fig. @]  higher PL intensity. We have thus performed passivation ex-
and calculated exciton enerdfrom Ref. 8 as a function of nanocrystal periments using deuterium. Deuterium was used instead of
diameter. Horizontal and vertical error bars indicate the FWHM of the hydrogen in order to facilitate concentration determination.

nanocrystal size distributions and PL spectra, respectively. High resolutiob . . .
TEM images of Ge nanocrystals corresponding to the highest and the loweR€Uterium —implantation was performed on annealed

annealing temperatures are shown as insets. Ge'-implanted samples using a Kauffman ion beam source
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showed only weak intensity variations with measurement

oo T T T T T T T T T T temperature, varying only by a factor of 2 in the temperature
range of 12—-300 K. Spectral shapes showed no variation
with temperature. No meaningful information could be de-
duced from a plot of log intensity as a function of inverse
temperature. According to calculatiohghe exciton binding
energy is expected to increase frorb0 meV to over 150
meV as the nanocrystal diameter decreases from 7.2 to 1.9
nm. One expects, therefore, a significant difference in the
temperature dependence of PL spectra for different nano-
crystal diameters, which we do not observe.

Finally, PL lifetime measurements were performed at
various energies in the PL spectra and at various tempera-
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0.0, . tures in the range of 12—300 K for all samples using a pho-
0 1 2 3 4 tomultiplier tube in a multichannel photon counting arrange-
Deuterium Dose (10'° cm™) ment. The time resolution of our experimental setup was 100

ns. The calculated radiative lifetifieanges from ns to ms
FIG. 3. Integrated PL intensity as a function of implanted deuterium dosefor Ge quantum dot diameters ranging from 1 to 3 nm. How-
for 6 at. % Ge sample annealed at 1000 °C for 40 folosed circles The  gyer for our samples ranging from 1.9 to 7.2 nm in diameter,
open circle indicates the D concentration and the recovered PL intensity, . .
after deuterium outdiffusion, of the sample with an original D dose of 3.5all measured PL lifetimes were at or below the experimental
x 10'%cn?. Solid lines are guides to the eye. resolution, thus putting an upper bound of the lifetime at 100

ns. A relatively weak dependence of PL lifetimes on the

at a beam energy of 600 eV. An estimate of the projectedpanocrystal size further supports the idea that the observed
range of 600 eV D in SiO, using theTRiM codé® yields a  PL in our samples is not related to the radiative recombina-
value of about 25 nm. Although this range does not coinciddion of quantum-confined excitons in Ge nanocrystals.
with the projected ranges of Gemplantations, previously These results have many implications, in light of many
reported values on the diffusivities of hydrogen atoms andecent developments in the synthesis of nanocrystalline semi-
molecules suggest that H and D will easily diffuse throughconductors in Si@ matrices by ion beam techniques as well
an oxide film of 100 nm in laboratory time frame at room as other methods. This is especially true since defects in
temperaturé? Figure 3 shows the integrated PL intensity SiO, are created not just during ion implantation processes,
variation with deuterium concentration for the 6 at. % Gebut are intrinsic to most synthesis techniques.
sample, annealed at 1000 °C for 40 min. The implanted D  The authors acknowledge F. W. Saris, G. N. van den
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luminescence intensity, with_ nearly zero intensity for a Dgnergy, Basic Energy Sciences, and NATO Ministry for Sci-
dose of 4.0¢10™%/cn?. Deuterium can be removed from the engific Affairs. The work at FOM was financially supported
SiO, film by thermal anneah_ng.m vacuum. Elastic _repoﬂ by NWO, STW, and IOP Electro-Optics.
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