PHYSICAL REVIEW B, VOLUME 64, 115308

Experimental investigation of band structure modification in silicon nanocrystals
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Experimental studies of size-related effects in silicon nanocrystals are reported. We present investigations
carried out on nanocrystals prepared from single-crystal Si:P wafer by ball milling. The average final grain
dimension varied depending on the way of preparation in the range between 70 and 230 nm. The ball milling
was followed by sedimentation and selection of the smallest grains. The initial grain size distribution was
measured by scanning electron microscopy. Further reduction in size was achieved by oxidation at 1000 °C
which creates a silicon dioxide layer around a silicon core. The oxidation process was monitored by transmis-
sion electron microscopy and the growth speed of,SiMas estimated in order to model the grain size of
nanocrystals. Crystallinity of silicon grains was confirmed by x-ray diffraction and by transmission electron
microscopy using a bright/dark field method and selected area diffraction pattern. In the silicon nanocrystals
the electron energy levels are shifted which was observed separately for conduction band, valence band and
energy band gap. Electron paramagnetic resonance was applied to investigate variation of the conduction band
minimum by monitoring its influence on the hyperfine interaction of phosphorus shallow donor. On the basis
of these results an explicit expression for conduction band upshift as a function of average grain size has been
derived. Information about the downshift of the valence band was obtained from measurements on a photolu-
minescence band related to a deep to shallow level transition. A perturbation of a few meV for grain sizes of
the order about 100 nm has been observed. Internal consistency of these findings has been examined by
investigation of the photoluminescence band due to an electron-hole recombination whose energy is directly
related to the band gap of silicon.
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[. INTRODUCTION the energy exceeding the band gap of bulk silicon has been

reported in nanocrystals of a few-nanometers size. Any ex-

Silicon is the main semiconductor used by the electronic€riment conducted on few-nanometer silicon grains is sen-
industry. Presently intensive research on silicon is focused ofitive to surface effects in an unpredictable way. Surface-to-
modifications that would enable its light generation. The pri-V0lUme ratio in such crystals becomes considerable and

mary aim of both theoretical and experimental investigationg!"2voidably leads to entanglement of volume- and surface-
of silicon nanocrystals is to elucidate the origin of visible related effects. Consequently, in exp(_anmental practice
surface-related effects obscure observation and conclusive

light emission, which is often observed in grains with diam-jjentification of effects related to the restricted volume of
eters of the order of a few nanometers. This paper reports oRanocrystals. The most studied nanocrystals are prepared by
experiments in which the influence of grain size on the sili-gjectroetching in the form of so-called porous silicon. Re-
con band structure is observed. Investigations conducted Glts of research conducted on porous silicon and aiming at
silicon nanocrystals have shown that decreasing size or lovexplanation of the PL origin are often contradicting each
ering dimensionality of silicon produce a variety of interest-other. Visible PL has been associated by Carhand Beh-

ing effects. In small crystallitésoften quantum confinement rensmeiefet al® with bulk properties of nanocrystals. Other
effect is observed. This enlarges the bandgap erfeagyl in  studies, however, explain it by chemical bonds on the sur-
case of silicon, can possibly also lead to change of its charface. Also a report of Brandet al.” identifies siloxene de-
acter from indirect to direct.Grains of the order of a few rivatives as the source of the visible room-temperature PL in
nanometers are considered to be crystalline and the effecfmrous silicon. Comprehensive comparisons of light emis-
related to the band structure perturbations in such powdersion from porous silicon and siloxene derivatives are found
were investigated by various optical techniques. In photoluin articles of Fuchet al® and Stutzmanret al® In view of
minescencdPL) increased efficiency of excitonic emission such a controversy the main challenge for investigations of
and its gradual shift to higher energies upon size reductiosilicon nanocrystals is to elucidate the origin of the
have been experimentally obsenfetiLight emission with  visible PL.
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In the present study we investigate spatial confinement (3) Band gap.Variation of the silicon band gap has been
related phenomena in Si nanocrystals prepared by ball milldirectly measured from the energy of an electron-hole re-
ing. Photoluminescence properties of silicon nanocrystalsombination. For the particular recombination observed in
prepared by ball milling were previously studied by Shenthe experiment a full structure consisting of a no-phonon
et all° Here we present evidence of a smooth transition betransition followed by TA and TO phonon replicas was ob-
tween bulk and nanocrystalline properties of silicon. By ob-Sérved. The experiment showed gradual blue shift of the re-
servation of defects characteristic for bulk crystal, we traceeOmbination energy of this band by 16 meV for grain sizes
their behavior as slightly perturbed by volume restriction.Petween 115 and 75 nm. In our interpretation this change
The research is conducted by techniques in which the surfad&flects increase of the band gap energy.
and surface-related defects do not play the dominant role; Perturbations deduced for each band and band gap were
consequently the observed effects may be associated wiffPmpared for internal consistency.
bulk properties of the sample. We present experimental evi-
dence of shifts of the electron energy bands in the relatively Il. SAMPLES
large crystallites for which the theoretically estimated spatial
confinement induced changes—conduction band upshift and Phosphorus-doped Czochral$&lz) silicon with a doping
valence band downshift, both resulting in enlargement of théevel [P]=5x10'"> cm™® has been used for preparation of
energy band gap—should be of the order of a few meV onlynanocrystals. A ball-milling production method has been ex-
Si powders prepared in the current study by mechanical ballplored, resulting in grains of perfect crystallinity and various
milling were extensively characterized by various experi-Sizes.
mental techniques in order to check their quality and suitabil- Mechanical ball milling followed by sedimentation stages
ity for the undertaken research. Experimental techniques df an efficient technique for preparation of silicon nanocrys-
electron paramagnetic resonan@PR and PL have been tals. It has been developed in our laboratory to produce
used. The investigations were aimed at observation of thgrains of the order of 100 nanometers dimensions. Mechani-
spatial confinement effect for the band gap and, separatelgal ball milling of silicon wafers has been performed in a
for conduction and valence band edges. ZrO, crucible with a set of balls from the same material.

(1) Conduction bandEPR was used to observe modifica- Typical milling time was 30 mins. Zr@balls and Si powder
tion of the electronic structure of the phosphorus impurity.were immersed in ethanol in order to prevent charging. The
Substitutional phosphorus in silicon forms an effective-massmilling step was followed by free sedimentation for 20 h in
theory (EMT) donor whose electronic structure is related toorder to remove the largest silicon grains. Only those which
the conduction band minima. The extended character of th®ormed powder-ethanol suspension at room temperature were
donor electron wave function renders this center sensitive tgollected for further processing. The suspension was then
spatial confinement. The phosphorus donor in bulk silicon igransferred to an ultrasonic cleaner. Our experience showed
paramagnetic in its neutral charge state P° and is well studhat application of ultrasonic vibrations serves as an efficient
ied by EPR. It has cubic symmetry, which is advantageouool to divide grain agglomerations into individual crystal-
for the presented case of mechanically milled silicon wherdites. This proved to be very crucial for further size segrega-
the grains are randomly oriented. From the EPR spectrurtion. Centrifuged sedimentation is a mass segregation
details of the wave function—spin localization on the phos-method that does not distinguish between a single big grain
phorus nucleus and mutual overlap of neighboring donors—and an aggregate of smaller particles. Therefore the centri-
can be concluded. At the same time the investigated EPRIging was preceded by ultrasonic vibrations for efficient
spectrum is exclusive for a substitutional donor and thereforgize segregation. Scanning electron microscpgM) im-
only the bulk of the nanocrystal is monitored. In that way theages of various fractions of powders gave information about
volume and the surface effects can be separated. This issize distribution of grains—see Fig(&l. The distributions
clear advantage when compared to other less discriminativebtained by counting grains of different siZ&90 counts per
techniques as used in the present and in earlier stitftés. photo, were fitted with the wusual function exp

(2) Valence bandThe effect of spatial confinement has [—In¥(d/2)/2w?], in which d is the grain size andv is a
been observed on a photoluminescence line Bt parameter describing the width of the distribution. For the
~820 meV corresponding to a deep to shallow level transiparticular five sets of powders investigated in this study by
tion. Guided by the energy of the emission and by the samplEPR and PL the maxima of size distributions were deter-
preparation method the luminescence can be attributed to thgined atz; =200 nm for big,z,=110 nm for medium big,
dislocation-related optical center D1. The PL emission reZzz;=100 nm for medium smallz,=80 nm for small and
lated to dislocation has been investigated before by Drozdogs=60 nm for very small nanocrystals. The width parameter
et al,’® Saueret al,!* and Suezawat al!® Several lines was found to be around= 0.6 for all the investigated pow-
were observed and interpreted as radiative transitions belers. Further size reduction was achieved by oxidation of
tween a deep level and a shallow level related to the valencgrains. The powders were annealed at 1000 °C in open air
band. Under the assumption that the band variations havefar time durations from 5 min to 2 h. By such a procedure
more pronounced effect on the shallow rather than the deefe silicon core of each grain is reduced by formation of a
level position, the increase in transition energy upon grairSiO, layer. At the same time silicon surface is replaced by
downsizing can be mainly assigned to downshift of the va-Si/SiO, interface. Creation of Si/SiQinterface reduces the
lence band. concentration of unsaturated bonds and is very advantageous
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FIG. 2. X-ray diffraction patterns of oxidized silicon powders
showing lines characteristic for crystalline silicon. Prolonged an-
nealing reduces the intensity of diffracted lines. Hundred hours an-
nealing converts all the silicon into silicon dioxide. The two x-ray
patterns have been offset in order to distinguish them.

be expected for grain sizes of around 100 nm as prepared by
mechanical milling. For the purpose of the study it is of
crucial importance to ascertain that the changes originate
from the size-related effect and are not influenced by other
factors, such as silicon crystal structure transitions or amor-
phization. The crystallinity of silicon powders was examined
by x-ray diffraction. The result is shown in Fig. 2. Charac-
teristic diffraction patterns of crystalline silicon were clear
and strong for as-milled as well as for oxidized nanocrystals.
Their intensity gradually decreased upon heat-treatment in-
(b) dicating size reduction of the silicon core. After prolonged
oxidation the x-ray pattern vanished completely as all the
FIG. 1. () Scanning electron microscopy image of silicon ball- sjlicon was transformed into SyO For the largest grains
milled grains. (b) Transmission electron micrograph of part of a x-ray diffraction has also been applied successfully as a tool
silicon grain oxidized at 1000 °C for 2 h. Cl’ystalllne silicon in the for gra|n S|Ze est|mat|on On the baS|S Of d|ffract|0n ||nes
middle, dark part of the figure, amorphous $il@dyer surrounding  proadening we could conclude that all the grains used in the
the silicon core. study were smaller than &m. The measured positions of

. . the diffraction lines did not depend on the oxidation time,
for f“”hef studies. In_ case of both fcgchmqt_jes, EPR and P indicating that the growth of silicon dioxide did not affect the
the dangling bonds give rise to additional signals ObStrUCtm%ilicon lattice constant
mfor_matlon pertinent to the band_ structure change_s. In addition to Raitgen diffraction, grain crystallinity was
Flgur'e Ab) presents .a'transr'n_lssmn eI.ectron MICIOSCOPY: o nfirmed by TEM experiments, bright-field/dark-figl@F/
(TEM) image of an oxidized 5|_I|con_gra|n as used in the F) imaging and selected area diffraction patt¢BADP)
lpresen]:c SS.tUdg’ bolth tr:jebcrysygllltrje Si cot:e an?j.;[he extean nalysis. We obtained clear evidence that both as-milled and
_?é:/lr of SiG lgvel ope YtOXItha ion ca;?] € re«’é I?c'tsheen'.oyoxidized silicon grains retain their diamond structure charac-
we could also monitor the growth speed of the 5i teristic for the bulk material. The intensity distribution in
layer. We conclude that the growth process proceeds accor

F/DF i howed that th f th d ticl
ing to the well established formut:bSioz= 10.78t (for oxi- g S N O e 0 1o POWCET particies

_ o _ _ were fully crystalline up to the Si/SiQinterface.
dation at 1000°C in ajr wheredsjo, is the oxide layer In our investigation the electronic structure behavior of

thickness(in nanometersand t is the oxidation time(in phosphorus shallow donor was traced by EPR. As already
minutes.'® Additional information about chemical composi- mentioned, reduction of average grain size was achieved by
tion was obtained from energy dispersive specti@®S),  oxidation. As known from the literature, oxidation of silicon
from which the stoechiometry of the surrounding layer wasmay produce a modest pile-up of phosphorus at the Sy SiO
found to match silicon dioxide (SKp. Further, the TEM- interface!’ In order to verify the influence of oxidation on
related techniques established the amorphous structure of tiaosphorus distribution, a dedicated investigation of impu-
SiO,. rity distribution by secondary ion mass spectrosc@pyS)

The intention of this study was to observe perturbations ohas been performed. Special care has been taken to distin-
the silicon band structure. However, only small effects carguish signals fron?'P and>°SiH. Figure 3 presen{$] pro-
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TABLE |. Parameters describing the phosphorus concentration
[P(2)] as a function of deptlz after 5 and 62 h oxidation at
1000 °C in air. The concentration profile has been fitted with the
function[ P(z) |=[Plsexp(—2Z/2)+[P]p, -

3x10"

62 hours oxidation

2x10” Oxidation time(h)  [Plg(cm™®)  Z (nm) [Pl,(cm™3)

5 (8+3)x10"® 5+3 (1.8£0.5)x10%

1x10” - 62 (44+8)x10"® 16+3 (0.9+0.2)x10'®

Concentration [P] (cm“”)

AV

AA <o AL A —
0. i AAA

VIl experiment by Feheet al™® and in theory by Kohn and
T g R A s e R i R Luttinger.® The spectrum consists of two lines separated by
Depth z (nm) Algug=4.20 mT due to the hyperfine interaction. In the ex-

_ _ periment we measure the magnitude of the hyperfine con-
_FIG. 3. Secondary ion mass spectroscopy of a heavily dopedtantA for different grain sizes. It is proportional to the lo-
silicon wafer (P]=10'® cm™°) oxidized for 5 and 62 h. The calization of electron wave function on the phosphorus

pile-up is clearly visible only for 62 h. oxidation. The fitting param- ncleus and is given by the Fermi contact terfn
eters are given in Table I. =2 uogusdnun| ¥ (0)|2. In Fig. 4a) we present EPR spec-

L - . . . tra of the bulk Cz-Si:P material and ball-milled nanocrystals.
files in two silicon wafers prepared especially for this experi-

ment. In this case the phosphorus profiles were measured ir
Si material with a high phosphorus concentratipf] ~ 1

% 10'® cm™3) which was oxidized for much longer timés ] Hyperfine splitting 4.2 mT
and 62 h than used in the preparation of powders. Bfdh
profiles have been fitted with the standard functié{z) ]
=[Plsexp(~zZ2)+[P],, where the parameters for the two
oxidation times are gathered in Table I. It has been concluded
that only the wafer oxidized for the longer tim@&2 h
showed significant pile-up at the interface. The powder ma-
terial used in our EPR experiment had more than two orders
of magnitude lower phosphorus concentratiopP]E5

X 10%cm™3) and its time of oxidation did not exceed 2 h. — : i
Therefore we conclude that the phosphorus pile-up effect is 824 825 826 827 828 829
negligible for the investigated Si powder samples. (@) Migneticliell. (t)

|18

Si bulk

Si powder

EPR intensity (arb. units)

04 ——

I1l. SPATIAL CONFINEMENT

The investigation of silicon nanocrystals was intended to 4104

cover shifts of conduction band, valence band, and band gaf
related to spatial confinement. In line with that goal, the
experimental methods of EPR and PL with the observation of
donor, acceptor centers and excitons were applied.

X+
F+

4.05

4.00

Hyperfine splitting (mT)

A. Electron paramagnetic resonance

Crystals obtained by ball milling retain their crystalline 3951

structure. Since the production of the nanocrystals is not re- —r— - . ——
lated to clustering from single atoms but to size reduction of 120 140 160 180 200 220
initially bulk material, the phosphorus position is not af- ® Average grain dimension d, (nm)
gected in the lattice. From the EPR spectrum we f_|nd evi- FIG. 4. (a EPR spectum of the Cz-SiP[R]=5

ence that phosphorus atoms are embedded inside of §|1015 cm%) bulk and oxidized ball-milled nanocr

o - ystal sample.

hanocrystals pn the regular suk_)stltunonal Slte.s' . Two hyperfine lines and small peaks originating from mutual over-
) The behavior of the conduction band _vvas_lnvestlgated bYap between individual donors appear for the milled sample. Spectra
its influence on the phosphorus hyperfine interaction. The e taken at a microwave frequency: 23.11997 GHz(b) Hyper-
measurements were performed at a temperatureTOf fine splitting parameter for the two smallest series of powdeys,
=4.2 Kin a superheterodyne EPR spectrometer operating atgo nm (indicated by “+"), zs=60 nm(indicated by “x”) after
23 GHz in theK-microwave band and tuned to detect thegifferent oxidation stages versus average grain diamaterFor
dispersive part of the signal. In that way the EPR techniqueulk silicon A/gug=4.20 mT. For powders the hyperfine param-
has been applied to investigate size-related effects. The EP&Rer decreases with diminishing average grain diameter. The solid
of the P donor in bulk Si has been extensively investigated inine represents a fit to the experimental data.
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For the early report on EPR investigations of Si powders, selargement consists of a downshift of the VB and an upshift of
Ref. 20. The hyperfine lines originating from phosphorus inthe CB? Our EPR experiments provide results on the EMT
nanocrystalline material are shifted with respect to the bulkshallow donor, where only perturbation of the CB bottom is
spectrum and asymmetrically broadened toward each othesignificant for the electronic structure of phosphorus. We ap-
indicating a smaller hyperfine interacti@n In Fig. 4b) re-  Ply the general formula for the CB upsfiit

sults of systematic EPR measurements of oxidized samples AE.—a/dP B

are summarized. A gradual decrease of the hyperfine param- cg=a/d.
eterA versus average silicon grain volume is concluded. Thén our approximation it is assumed that all the grains are
correlation between average grain volume and hyperfineriented in such a way that their longitudinal axis coincides
splitting is independent on the SjGhickness as observed in with one of the(100) crystallographic directions, in analogy
experiment when investigating nanocrystals of equal dimento the columnar structure of porous silicon analyzed by the-
sion, but with different initial grain size distribution and dif- oretical studies. The correlation between the tetragonal per-
ferent oxidation times. It is known from the literature that theturbation in the valley-orbit matrix and the perturbation in-
growth of SiG on Si wafer produces stress in the vicinity of duced by spatial confinement takes the form

the Si/SiQ interface?! The local stress at the Si/Sjanter- b

face created during oxidation at 1000 °C can be of the order 3xA = AEc(d, )~ AEgs(d)) = (1-vy )a’ ©

of ¢=10° dynes/cr, which is less than the uniaxial stress y°dP

applied by Wilson and Feh@rfor the perturbation of silicon

— 22
band structure. In the case of the oxidized silicon grains thélnd Fge \t/ﬁlLtlethofct:réedparameter ﬁt'_zl]‘?f rr;ev. | Iftr\]/ve |
oxide is surrounding the silicon symmetrically so no prefer-conSI er that the egeneracy itting attects only the elec-

able direction is distincted. As described by Charitat anatron_pro_babmty n the valleys, then the _reduct|on of the hy-
perfine interaction can be expressed in terms of @,

;\/Iartut'lhezz S_thelsgt_retssf d'm'?r']She.f with ;ng:reasmg d.'slta?cewhich are functions of the perturbation parameteiFor a
t:womff et iQ ',:r? etrhacs, Ik ufstlh canno etrelsg\c(;rcljstl. € I?rmore elaborate discussion, see Refs. 20 and 22. The reduc-
€ etiect present in the bulk ot the nanocrystal. thonally.ion of hyperfine splitting versus perturbation parametées
the oxidation-induced stress is efficiently relaxed by point . :
. . N iven by the expression
defect generation. Therefore a possible explanation in term%
of stress induced by the external oxide layer is not raised. AX) 1
The relation between the hyperfine splitting paraméter i —
and average grain volume is analyzed in terms of spatial A(0) 2
confinement. In the present analysis the reductioA &f an
effect of limited size of Si grain and its asymmetrical shape.
The behavior of phosphorus donor in silicon is well under-I i 145 i i idered h i ds t
stood within the EMT® The phosphorus donor electron ution, x=—1.45, IS not considered here as it corresponds 1o
conduction band downshift.

wave function is described as a linear combination with co- Since the formulas2) and (3) combine the hyperfine

efficients o) of products of an envelope function > T .
FO)(r)—the solutiopn of a hydrogenlike pséfdimger splitting parameteA(x) and the largest grain dimensiah
with parametersa and b, a fit to experimental data can be

equation—and a Bloch functiog(r)=u®(r)expk{r), ) a
wherej enumerates the valleys in the sixfold degenerate Conperformed as is shown in Fig(l4. The power dependence

. - e Y .~ of the CB upshift, i.e., the value of paramekgiis found not
duction band minimum of silicon. The probability of finding . )
an electron in théth valley is given by at)[2. The hyperfine to be dependent on the particular choice of the asymmetry

. X . 2 parametery. For the valuey=0.6, which has been estimated
interaction originates from the localization of the donor eIec—frorn the SEM images, we can fit experimental data from the
tron in the smgIeA1 'stat.e. TheA, s_tate IS & p'roduct of the two smallest powders and obtain the parameters describing
grognd stat_e_i spllttln_g in the cubic crystal_ field. The Qy' upshift of CB. It takes the empirical fortEcg=160081,
perfine sz“mng |52 grven by2 the expressph~|\lf(0)| where theAEcg is expressed in meV andlin nm. We note
=[FO(0)| |U.(J)(0)| |Eil=_1“(1)| . The expgrlmentglly ob- that in our approximation we have assumed that the param-
served lowering ofA originates from an anisotropic pertur-

) g X etery did not change upon oxidation.
bation of the CB bottom. This is due to the asymmetric shape ], large perturbatiors1 the EMT predicts reduction of

of the na_nocrystals;. we assume that grains are Io.ngitUdinEHyperfine splitting totA(0) 22 In this range any further up-
blocks with dlmensmns'ji X.di xXdj, where the ratio be- gqig of the CB, and thus an increased nonequivalence of the
tween short and long side is expressed by the paran’yeter six CB minima, will not affect the hyperfine splitting param-
=d, /dj. Throughout the text the sample dimensions arger a(x). In order to estimate the CB upshift in grains of
specified by the valud, . The limited volume and asymme- ;05 in’the range of a few nanometers other experimental

try of the grain shape produce a tetragonal perturbation echniques would be more approprite
the CB bottom. Due to the restricted volume, the CB minima '

in perpendicular directions are shifted up more than the CB
minima in longitudinal directions. There is a number of pub-
lications which derive expressions for enlargement of the PL spectroscopy is the most often applied technique in the
energy band gdp?® with diminishing grain size. The en- investigations of spatial confinement effetfs. For Si

1+ 1—x/6
J1—x/3+x2/4

For the largest experimentally found reduction of 6.2%, the
perturbation parameter becontes 0.98. An alternative so-

. 3

B. Photoluminescence
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nanocrystals in the few-nanometers range observations of
broad bands in the visible region are frequently reported. A
pure quantum confinement model predicts that for small
enough crystallites radiative recombinations due to the exci-
tonic transitions should appear in the visible region. These
should exhibit blue shift upon size reduction. Also the life-
time should decrease with increasing energy of recombina-
tion. In the quantum confinement model these effects follow
from the fact that the band gap becomes larger and direct.
Many of the experimentally observed features have been in-
terpreted along these lines.

There are two major problems in the PL studies conducted e — ;
on few-nanometer crystallites. The surface-to-volume ratio is 750 800 850 900 950 1000
so large that surface-related effects dominate PL emission. ‘® Energy (meV)

Secondly, the grain size distribution should be as close as
possible to & function. In case of grain sizes in the range of T=100K
a few nanometers band structure perturbation is especially 3 FN
strong. Therefore even a relatively narrow width of size dis-

tribution will result in a large spread of exciton energies. For

larger crystallites, where the magnitude of band perturbation
is smaller, the few-nanometer narrow size distribution is not

necessary.

In our research we monitor radiative recombinations
which are characteristic for bulk material: a transition from a
deep to a shallow state, label&dl, and an electron-hole
recombination whose phonon-replicated structure also con-
firms its bulk origin. Recombination energies of these tran- 750 ' 800 ' 850
sitions are traced versus average grain size. On the basis 0'(b) Energy (meV)
an observed correlation conclusions concerning size-related
effects are drawn. 832

The PL experiments have been performed in immersed
helium, helium-flow and close-cycle cryostats altogether 4, |
covering the temperature range betweer4.2 K and T
=150 K. For excitation an argon laser operating )t

PL intensity (arb. units)

[
1

—

PL intensity (arb. units)

4
1

=514.5 nm was used. The laser light was mechanically on-% 8281
off modulated with a frequency of 25 Hz. To record the <

a0

spectra a germanium detector was used whose operation Serg g
sitivity is in the infrared region. =

1. Deep-level-related band 8244

A strong, rather broad PL band around 810 meVTat y T . . T
=4.2 K, labeledD1, has been observed together with other 8 100 120 T0 160 180 200
bandsD3 andD4 at their characteristic positiolfs—see Fig. © Average grain dimension d, (nm)

5(a). They have been reported in the literature and were as- )
@ y P FIG. 5. (a) Photoluminescence spectrum of thé center mea-

sociated with carrier trapping at dislocatiofi€* The bands sured afT=4.2 K together withD3 andD4 centers(b) Photolu-
were not observed in bulk crystal before mechanical defor: ' 9

. . . minescence spectrum of tH21 center measured &=100 K,
mation. The observation of tH1 band in the present study consisting of 2 bands: the low-energy component at 775 meV and

is a natural consequence of mechanical breaking used in thgyp_energy component at 825 me\w) Energy perturbation of the
preparation of the silicon grains in the ball-milling process.py pang component. Solid line represents the fit with power depen-
Its broad line width indicates a high density of deformation-gence parametdr=1.1: E= 1344411+ 820.2 withE in meV andd

induced defects. As measuredTat 4.2 K the line width of 4 nm.

the band is approximately 25 meV. Measurements at higher

temperatures have revealed that e band observed in the Labusc® the transition responsible for tH21 PL band oc-
studied powders consists of two components at around 77&urs from a deep level to a shallow acceptor level. Deep
and 825 meV, respective([fFig. 5b)], as observed before by levels have usually atomiclike character and therefore show a
Saueret al,'* and Gwinner and Labusc@i.The linewidth of  weaker relation to the band structure of the host than the
the high-energy line is approximately 30 meV d  shallow ones. Deep levels are introduced for example by
=100 K. According to the model proposed by Suezawatransition metals and they may serve as a reference in band
et alX® following the earlier interpretation by Gwinner and alignment in semiconductor heterojunctions as demonstrated
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by Langeret al?®?’ Following the model of Suezavet al®
the change of transition energy bfl, which we observe in
experiment can be ascribed mainly to the downshift of the |  TOphonon
shallow level following the valence band perturbation. Its replica
accurate position has been found by fitting with Gaussian-
shape lines. Results show that a correlation exists between
the average grain size of the powder and the recombination
energy of the high-energy component of tBd band, as
plotted in Fig. %c). A consistent energy upshift of this tran-
sition is found for powders of different initial grain size dis-
tributions reduced by oxidation. For the results as presented
in Fig. 5(c) the experimental points of the dislocation-related 0 o 0 10w 10 100 1080 1m0 1120
band position have been fitted with the formula for the (@ Energy (meV)

downshift of VB with the relation H*%. The power depen-
dence parametdr= 1.1 has been taken equal to that obtained
for the CB perturbation for consistency. The fit takes a form
E(meV)=13448%1+820.2, whered is expressed in nm.
Taking into account that the perturbation of energy differ-
ence between acceptor level and VB maximum is negligibly
small, we find that the VB edge shift is given by
AE(meV)=— 134441 A similar good fit can be obtained
setting the power parameter bo=2 which is in agreement
with EMT as expected for large grains. This result is an
illustration that the experimental data from the PL experi-
ment are not in compelling contradiction with EMT expec- 1010 . -
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2. Dislocation-related PL band
- . . FIG. 6. (a) Electron-hole recombination band investigated in the
In silicon powders preannealed in an ambient atmosphergurrent study: the no-phonon line followed by TA and TO phonon

prior to oxidation, a strong photoluminescence Spectrum agpjicas can be distinguishe(Grain size 80 nm, temperature of

ShOWr‘ in_ Fig. 6a) could be Observe_d- A cor_r_esponding '€~ measurement i =10 K.) (b) Parallel energy upshift of TA and
combination has not been detected in bulk silicon. Guided byt phonon replicas with diminishing average grain size. Solid lines

the characteristic prOpertieS of the band, such as the energypresent fits with power dependence parameterl.l: E
of the transitions and replicated structure with phonon values- 43go41+ Epn With E in meV andd in nm.
of bulk Si we conclude on the electron-hole recombination,
where the carriers are trapped at the dislocations. We com(b./a)? whereb, is the edge component of the Burgers
sider the possibility that the spectrum is due to the impurity-vector for the given dislocation type amdhe crystal lattice
band formation to be less likely. Dedicated SIMS measureeonstant. Parametéy, depending on carrier masses and de-
ments prove that for short oxidation times the pile-up effectformation potential, has a constant valde=800 meV for
of phosphorus donors is negligib(Eig. 3 and Table 1L silicon. Typical binding energies for the electrons and holes
The PL emission occurs arounH,,=1075 meV in in the dislocation potentials vary from 30 to 400 nfé\n
grains of diameter 115 nm. Since the electron-hole bindinghe present case of nanocrystals the radiative emission occurs
energy is lowE.,=14.3 meV in comparison to the energy approximately 100 meV below the silicon bandgap.
difference between silicon band gak,=1170 meV and For the investigated band the typical excitonlike emission
emission energyHy,) we exclude purely excitonic model. structure in silicon(indirect band gap materials observed:
To classify the observed luminescence we apply the schemmo-phonon transition followed by the transverse acoustic
of Lelikov et al. for dislocation-related optical emissiéh?®  (TA) and transverse opticdTO) phonon replicas. These are
In the general model the radiative transition follows frombroad and overlap each other. Their line width is approxi-
recombination of a hole and an electron bound in the vicinitymately 30 meV, mainly due to the variation of the energy
of a dislocation. In view of the mechanical treatment of theband gap related to the size distribution of grains. The inten-
ball-milled silicon nanocrystals dislocations are widely sity of the TO replica is the strongest in agreement with
present to provide such a carrier trapping sites. A diagram ofneasurements in bulk silicon. However, the relative intensity
the binding mechanism is illustrated in the work of Lelikov ratio NP:TA:TO ~0.25:0.4:1 is significantly different than
et al? On the basis of the model the electron-hole recombifor excitonic emission in bulk silicofiFig. 6(a)]. The sepa-
nation energy is derived to be ration energy between no-phonon line and phonon replicas
matches phonon energies measured in bulk sili€R
En,=Eg—A(be/a)” @ —185 mev andE1o=58 meV?3° The presence of phonon
The emission energy is primarily linked to the bandggmf  replicas shows that the band structure in grains of the order
silicon. Carrier binding reduces the transition energy byof 100 nm has still indirect character. That is consistent with
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theoretical predictions concerning band structure perturba—3.9 meV. We note here that according to theoretical cal-
tion: upon grain size decrease first the enlargement of bancllations of Voot al,*! the downshift of the valence band
gap magnitude occurs, which is followed by indirect- to and upshift of the conduction band are of comparable mag-
direct-gap transition only when the size region of a few na-nitude. The current experiment gives a similar change for
nometers is reached. For the powder of the smallest crystaboth bands. Taken together the two contributions will give
lites with the narrowest grain size distribution, the radiativethe change of the energy gap of crystallites. On the other
transition has been observed to shift up in energy with graduhand, from the measurement of the electron-hole recombina-
ally diminishing average grain size, as shown in Fi¢)6 tion we conclude that in the same grain size region the en-
The observed upshift of TA and TO phonon replicas wasergy gap changes by 12.7 meV. We note that the series of
parallel in the investigated region. Similar as in the previousexperiments were conducted on individually prepared pow-
case of deep-level-related recombination experimental pointder samples that differed in grain size distributions. Taking
for TO and TA phonon replicas have been fitted with@'?#/  into account the accuracy of the average grain size estima-
size dependence. As the result of this fit we obtained théon, the internal consistency of the experimentally deter-
following parameters for the change of perturbationmined band structure perturbations appears to be satisfactory.
438008+ E,,, where theE,;, is the position of TA or TO

phonon replica in bulkd is dimension of the grain expressed

in nm, and the energy given in meV. The change observed in IV. CONCLUSIONS

the experiment as derived from the fitting formula 4286/ Experimental ts. obtained for differentl q
was around 14 meV for average grain dimension changing.,. xperimental results, obtained for dilterently -prepare
ilicon nanocrystalline materials, give evidence of small

from 75 to 115 nm. A good it has also been obtained for th shifts of the silicon bands induced by spatial confinement.

EMT formula with power dependence parameier?2. It is Such effect h ¢ ready f lativelv large
an indication that in this range of grain sizes the EMT can uch efiects are snown to appear aiready for relatively 1arg

also properly describe band structure perturbations. Consg—r"’"nsb\f[\”Fh d(jlmber)5|onst_of tt_he cf)rd(:r of 100”nl:n. Thefewdgnlcke
quently, in view of the correlation between recombinationW""StOI a'\|/r|1e ylnvest Igating e;a l:rrle? v(\j/et r:’O\IN?in?mI l:
energy and average grain size, we associate observed ups fystal. Vieasuremenis were restricted lo relafively large

with enlargement of the band gap energy due to spatial COrgrams for whlch the spatial confinement effects represent
finement. ulk properties and not those of surfaces. Small changes of

the conduction band were traced in electron paramagnetic
resonance by the reduction of the hyperfine interaction of
phosphorus impurity. On that basis an empirical formula for

We can compare the independently experimentally deterthe conduction band upshift is established. A small downshift
mined perturbations of conduction band, valence band andf the valence band was revealed by the photoluminescence
band gap within the investigated range of grain sizes. In casi the dislocation-relate® 1 band. The band gap value of Si
of conduction band the fit has been extrapolated to smallegrain was independently evaluated by following the recom-
grains. For grain sizes changing from 120 to 80 nm the inbination energy of an electron-hole transition versus grain
crease of conduction band energy, as derived from our ensize. The experimental results show good qualitative internal
pirical formula, isSAEcg=+4.6 meV. The change of va- consistency. We conclude that the EPR and PL techniques
lence band energy in the same range of grain sizes, awe appropriate tools for investigations of spatial confinement
established from theD1 band shift, equalsAE,g= effects in relatively large grains.

C. Comparison of band shifts
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