AlP | e ™

annealing
S. Guha, M. D. Pace, D. N. Dunn, and I. L. Singer

Citation: Applied Physics Letters 70, 1207 (1997); doi: 10.1063/1.118275

View online: http://dx.doi.org/10.1063/1.118275

View Table of Contents: http://scitation.aip.org/content/aip/journal/apl/70/10?ver=pdfcov
Published by the AIP Publishing

Articles you may be interested in

Donor ionization in size controlled silicon nanocrystals: The transition from defect passivation to free electron
generation

J. Appl. Phys. 113, 024304 (2013); 10.1063/1.4772947

Phosphorus ion implantation in silicon nanocrystals embedded in SiO 2
J. Appl. Phys. 105, 054307 (2009); 10.1063/1.3088871

Large capacitance-voltage hysteresis loops in SiO 2 films containing Ge nanocrystals produced by ion
implantation and annealing
Appl. Phys. Lett. 88, 071916 (2006); 10.1063/1.2175495

Formation of silicon nanocrystals in SiO 2 by oxireduction reaction induced by impurity implantation and
annealing
J. Vac. Sci. Technol. B 22, 1669 (2004); 10.1116/1.1761410

Depth distribution of luminescent Si nanocrystals in Si implanted SiO 2 films on Si
J. Appl. Phys. 86, 759 (1999); 10.1063/1.370800

T T T T T T T T T T T T T T T T T T T T T T T T T I e eI T e e T T T IreTTT
Confidently measure down to 0.01 fAand upto 10PQ [ ;
Keysight B2980A Series Picoammeters/Electrometers

KEYSIGHT

TECHNOLOGIES



http://scitation.aip.org/content/aip/journal/apl?ver=pdfcov
http://oasc12039.247realmedia.com/RealMedia/ads/click_lx.ads/www.aip.org/pt/adcenter/pdfcover_test/L-37/1940596036/x01/AIP-PT/Keysight_APLArticleDL_121714/en_keysight_728x90_3325-2Pico.png/47344656396c504a5a37344142416b75?x
http://scitation.aip.org/search?value1=S.+Guha&option1=author
http://scitation.aip.org/search?value1=M.+D.+Pace&option1=author
http://scitation.aip.org/search?value1=D.+N.+Dunn&option1=author
http://scitation.aip.org/search?value1=I.+L.+Singer&option1=author
http://scitation.aip.org/content/aip/journal/apl?ver=pdfcov
http://dx.doi.org/10.1063/1.118275
http://scitation.aip.org/content/aip/journal/apl/70/10?ver=pdfcov
http://scitation.aip.org/content/aip?ver=pdfcov
http://scitation.aip.org/content/aip/journal/jap/113/2/10.1063/1.4772947?ver=pdfcov
http://scitation.aip.org/content/aip/journal/jap/113/2/10.1063/1.4772947?ver=pdfcov
http://scitation.aip.org/content/aip/journal/jap/105/5/10.1063/1.3088871?ver=pdfcov
http://scitation.aip.org/content/aip/journal/apl/88/7/10.1063/1.2175495?ver=pdfcov
http://scitation.aip.org/content/aip/journal/apl/88/7/10.1063/1.2175495?ver=pdfcov
http://scitation.aip.org/content/avs/journal/jvstb/22/4/10.1116/1.1761410?ver=pdfcov
http://scitation.aip.org/content/avs/journal/jvstb/22/4/10.1116/1.1761410?ver=pdfcov
http://scitation.aip.org/content/aip/journal/jap/86/2/10.1063/1.370800?ver=pdfcov

Visible light emission from Si nanocrystals grown by ion implantation
and subsequent annealing

S. Guha,® M. D. Pace,” D. N. Dunn,” and I. L. Singer?
Naval Research Laboratory, Washington, D.C. 20375

(Received 29 October 1996; accepted for publication 3 January) 1997

PhotoluminescencéL), electron spin resonan€¢ESR), and high resolution transmission electron
microscopy(HRTEM) were used to investigate the luminescence mechanism in Si nanocrystals. Si
ions were implanted in SiQ films at 190 keV to a dose of X810'/cn?.An intense
photoluminescencé’L) band at 755 nn{1.65 eV} was observed when the implanted films were
annealed above 800 °C in air or in nitrogen. HRTEM images showed Si nanocrystals of sizes
between 1 and 6 nm from these annealed samples. ESR indicated Si dangling bonds. Upon
annealing at 900 °C in air a few times, the particle sizes were reduced to less than 2 nm due to
oxidation. The red PL band is attributed to emission from Si nanocrystals19€Y American
Institute of Physicg.S0003-695(97)02210-9

PhotoluminescencéPL) from nanocrystalline Sinc-S)  SiO, films at 130 keV(equivalent to A¥ at 260 keVf to a
has been a subject of considerable interest due to its potentigbse of 2.3 10'7 ions/cnf; these parameters were chosen
application in Si-based optoelectronic devices. Si nanocrysgsing theTrim codé to simulate the range, straggling distri-
tals have been grown by various technigiiésRecently ion  pution, and atomic displacements obtained with 190 keV Si
implantatiort~’ of Si into SiQ, has drawn considerable atten- gt 3x 10t jon/ci?. Sit implanted films were annealed at
tion in growing nc-Si because of its simplicity and compat-go °C in air or in nitrogen. One of the Si-implanted films
ibility with integrated circuits, and of the ease of controlling yas reannealed in air at 900 °C four more times to reduce the
particle size and number density. Si implanted Slins,  particle size The duration of the annealing time was varied
when annealed in nitrogen or vacuum above 900 °C, $hbw hetween 5 mir(in aif) to 1 h (in nitrogen.
an intense red band at 790 rith57 V). Although the pres-  photoluminescence spectra were measured with a single
ence of nc-Si in these films has been established by highonochromatofHR460 and a cooled charged coupled de-
resolution transmission electron microsco§RTEM), the  yjce (CCD) array. Si particle size was determined by HR-
PL mechanism is still controversial. There still remain majortgm using a 300 keV transmission electron microscie
problems whether the observed emission is due to excitogychi H9000. Cross-sectional samples were prepared by
recombination in the quantum confined states of nc-Si or dug,echanical thinning and ion milling. Prints of TEM images
to shallow donor states created by paramagnetic defects. In\gare scanned by an image scan(téP Scanjet 4G and the
recent paper, Mirt al.” have claimed that visible light emis- brightness and contrast were adjusted using Adobe Photo-
sion originates from Si nanocrystals in annealed films. shop (4.0. ESR measurements were conducted using a

In this letter, we report results on annealed’ $in- gy Ker-200DX band spectrometer, operating at a microwave
planted SiQ films that demonstrate the PL emits from nc-Si. power of 20 mW A modulation amplitude b2 G at 100
Our work differs from Minet al. in t7h9 following ways.(1)  kHz was used to enhance the weak ESR signals gTiaetor
We use a higher Si ion dose X310 ions/cnf) and energy s estimated by reference to a fnstandard with an accu-
(190 keV), and thicker(500 nm) SiO, films. These condi- racy of +0.001.
tions are expected to produce a broadened Gaussian profile, Figure 1a) shows the PL spectra from a substrate
with a peak Si concentration of 20 at. % at a depth of 300 NMsio, film), and Ar'-, and Sf-implanted samples. Both the
[full width at half-maximum(FWHM) 230 nnl; (2) we an- g pqirate and Arimplanted films showed a very weak PL
neal the samples in nitrogen or &) we identify paramag- 4 are probably related to some unknown intrinsic defects
netic defects as a function of annealing time by electron SPiIf, the substrate. Sias-implanted samples exhibited a broad

resonapce{ESR)_; (4) we image Si nanoparticles.using H.R— photoluminescence band peaking at 660 (88 e\}. We
TEM with sufficient contrast to measure the particle si&g; believe that this PL band is associated with defects in Si

we implant Ar" ions into SiQ films to investigate the role of suboxides (SiQ) created by implanted Si ions. Upon anneal-
defesc'ts ofr|1 theSF(;Iaspech_a.k 4in.(100 Si ing at 600 °C for 1 h, the PL band was slightly redshifted.
10, films, n.mt. ICk, were grownroa '.n'( ) ! Samples annealed at 900 °C in air showed a further red-
wafer by thermal oxidation. The thermally oxidized Si wafer shifted band Fig. 1(b)] at 755 nm(1.65 eV} with a PL in-
was then cut into several 1 énpieces in which Si ions ensity increased by a factor of 10 as compared to as-
were |r7nplanted at an++en_ergy of 190 keV _and to a d(_)se O}!mplanted samples. Samples annealed in nitrogen exhibited a
3x10Y ions/cnt. Ar*" jons were also implanted into PL peak at 790 nmi1.57 eV). similar to that observed by
Min et al. The PL peak position of the samples annealed in

“Code 6651, Condensed Matter Physics Div. air shifted from samples to samples at the same annealing
bfé'ggg%’ygzmaegg:‘s‘i‘g%ﬁi””'”a"y'm" condition because of the varying degree of oxidation of Si
9Code 6176, Chemistry Div., ASEE postdoc. nano?ryStals in the Si:SiOnatrix.

9Code 6176, Chemistry Div. Figure Ib) shows PL spectra from an annealed substrate
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FIG. 3. PL spectra of a Siimplanted sample annealed in air at 900 °C for
a few minutes each time.

images of all annealed films. Additional anneals in air at
900 °C showed a decrease in patrticle size, but did not exhibit
a crystalline diffraction pattern due to a reduction in particle
size and long range order. Figuré® shows a typical par-
ticle, with a short range order, after four additional anneals in
air at 900 °C.

Figure 3 shows PL spectra as a function of annealing
time at 900 °C. A sligh{10 nm blueshift in the PL spectra
was observed as a function of annealing time. The reduced
intensity and a blueshift of the PL spectra are related to the
decrease in number of particles and particle size which are
confirmed from the HRTEM image of the four times an-
nealed sampléFig. 2(b)].

Figure 4 shows the ESR absorption spectra from as-
implanted and annealed samples. As-implanted And
Sit samples exhibited a broad range @fvalues between
1.996 and 2.002 that are characteristicsEdf centers and

FIG. 1. (a) PL spectra of a substrate (SiQ and Ar" and Si” as-implanted
films; (b) PL spectra of 900 °C annealed samples.

their variants:'? These defects are O vacancies in Si€i-

rahedra with a centraj value of 2.000. In Af-implanted

and an AF implanted film. Note that the PL intensity from
the annealed Ar implanted film is orders of magnitude
smaller compared to the annealed 8iplanted SiQ. This
implies that the observed PL in annealed-8nplanted films

films, E’ centers are created by high-energy implantation
where oxygen atoms are displaced from the Si&rahedra.
A higher concentration oE’ centers in the Si-implanted
films was observed because additioRalcenters were cre-

is not due to defects created by high-energy ion implantation2t€d by the oxygen deficient Si@omplexes formed by im-

Figure 2a) shows a typical nc-Si particle from a sample planted Si atoms and their surrounding oxygen atoms.

annealed at 900 °C in nitrogen for 1 h. Selected area electron

diffraction (SAED) patterns of the annealed films were used

to identify the crystalline phase as Si. The most prominent

intensity in these patterns was due t@1%il) planes which
appear as 0.3 nm lattice fringes in FigaR This and numer-
ous other particles, ranging in size from 1.0 to 6.0 nm and
containing topological defects, were observed in HRTEM

FIG. 2. HRTEM images ofa) a 900 °C annealed sample affj a four time
annealed sample.
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Holzenkampfer et al

showed that mearg values

ESR Spectra of Various Samples
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FIG. 4. ESR absorption spectra of different samples. @nlys shown.
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changed from 2.000FWHM 0.003-0.00% for an oxygen serve a further blueshift of the PL spectra. However, we
vacancy in SiQ tetrahedra(E’-type defects to 2.006 observe neither a narrowing nor a blueshift of the PL band.
(FWHM 0.004-0.00%for a Si vacancy in Si tetrahedra. We We, therefore, speculate that the excitons in smaller particles
have measured both components of thdactor (g, and (<2 nm) have weaker oscillator strengths, luminesce very
0,), where the parallel and perpendicular components refeweakly, and PL from these particles cannot be detected at
to the magnetic field oriented along t@01) and (100 di- room temperature.
rections of the substrat&i wafe). We show onlyg, in Fig. In summary, we have demonstrated ttitSi nanocrys-
4. We observed an increase in thdactor beyond 2.000 in tals can be grown by annealing*Simplanted SiQ films in
annealed samples. This indicates tEattype defects of as- air at 900 °C;(2) paramagnetic defects do not contribute to
implanted samplegboth Si* and Ar") are annealed out. For the luminescence observed in annealet+i8iplanted films;
annealed Si-implanted samples, the slightly anisotrogjic  (3) the observed photoluminescence fromi-8nplanted an-
values of 2.004 ¢;) and 2.009 ¢,) are close to the mea- nealed samples is emitted from Si nanocrystals.
suredg values for dangling bondsP{, centers.!* Note that, The authors acknowledge Randy Walker for the ion-
for annealed Af-implanted samples, the meanfactor did  implanting samples studied in this work. In addition, they
not shift beyond 2.002, which implies that these defects aralso would like to acknowledge Dr. Mark Twigg for allow-
oxygen vacancies in SiQetrahedra. ing them access to the HRTEM instrument.
Si dangling bonds that were observed in the annealed
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