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PHYSICAL REVIEW B, VOLUME 65, 205305

Calculations on the size effects of Raman intensities of silicon quantum dots

Wei Chend and Shang-Fen Ren
Department of Physics, lllinois State University, Normal, lllinois 61790-4560
(Received 7 May 2001; revised manuscript received 13 November 2001; published 25 Apyil 2002

Raman intensities of Si quantum dai®D’s) with up to 11489 atomgabout 7.6 nm in diametgifor

different scattering configurations are calculated. First, phonon modes in these QD's, including all vibration
frequencies and vibration amplitudes, are calculated directly from the lattice-dynamic matrix by using a
microscopic valence force field model combined with the group theory. Then the Raman intensities of these
quantum dots are calculated by using a bond-polarizability approximation. The size effects of the Raman
intensity in these QD’s are discussed in detail based on these calculations. The calculations are compared with
the available experimental observations. We are expecting that our calculations can further stimulate more
experimental measurements.

DOI: 10.1103/PhysRevB.65.205305 PACS nunider78.30—j, 63.22:+m, 02.20-a, 81.05.Cy

[. INTRODUCTION theory to reduce the computational intensity. By employing
the group theory, for example, the above matrix of size of
Semiconductor quantum dot®D’s) have attracted much 35565 can be reduced to five matrices in five different rep-
research attention in recent years because of their importancesentations of\;, A,, E, T4, andT,, with the sizes of 1592,
in the fundamental understanding of physics and potential368, 2960, 4335, and 4560, respectively. Therefore, the
applications in electronic devices, information processingpriginal problem is reduced to a problem that can be easily
and nonlinear optics. The electronic properties of QD’s havéhandled by most reasonable computers. This allows not only
been intensively studied in recent years, both theoreticallyhe investigation of phonon modes in QD’s with a much
and experimentally, and a clear understanding of much of thgarger size, but also the investigation of phonon modes in
basic physics of the quantum confinement effects of elecp's with different symmetries. These investigations lead to
trons in QD’s has been achievédn the other hand, the many interesting physics that otherwise cannot be
vibration properties of QD’s, i.e., the confinement of phononayealed2-15 With this model, we have studied the size ef-
modes in QD’s, are less understood. fects of phonon modes in semiconductor quantum dots, in-

So far, most of the theoretical understanding of phonorl:luding QD’s of one material, such as GaAs or InAs, as well

modes in QD’s is based on the continuum dielectric modelsas QD’s with a core of one material embedded in a shell of

The analytic expression of the eigenfunctions of LO phonon%nother material, such as GaAs cores embedded in AlAs

?}rl]l?nds;lijcr;?ﬁng’FSmﬁ:L S:g: 32?\/2; zrr? da!clhespe)neeciﬂ-%m)no s_hells. To furtht_er develop our theoretical model in invgstiga-
interactions calculated. The extended continuum dielectri¢ o> of properties of QPS' |n.th|.s paper, we have stud’|ed t.he
modef~1° coupling the mechanical vibrational amplitudes size effects of Raman intensity in semiconductor QD’s with

and the electrostatic potential has made major improvement§€ same model.
over classical dielectric models in the study of phonon It iS well known that the measurement of Raman spectra

modes in QD's. However, one of the basic assumptions of afPf Crystals is one of the most important methods for obtain-
dielectric models is that the material is homogeneous an#'d information about their lattice vibratiort§:” Raman
isotropic, that is, only valid in the long-wavelength limit. SPectroscopy has been used to investigate the geometry, the
When the size of QD’s is small, in the range of a few na-hature, and the structures of QB3'3:*~**So far, most of the
nometers, the continuum dielectric models are intrinsicallytheoretical calculations on Raman scattering are based on the
limited. phenomenological modéf Recently there have been calcu-
Many optical, transport, and thermal properties of quandations based on microscopic modé&l€® but because of the
tum dots are related to phonon behavior in QD’s. The theolimitation on the computational intensity, the size range of
retical treatment of these properties requires a reliable dehe QD's that can be handled is limited.
scription of phonon modes and electron-phonon interaction In this paper, we have calculated the Raman intensities of
potential in QD’s. One of the major difficulties of the micro- nanoscale Si QD’s by using the results of the VFFM together
scopic modeling of phonon modes in QD's is its computa-with a bond-polarizability approximatioBPA).>=28 The
tional intensity. For example, a GaAs QD of size of about 8.0calculated results are then compared with the available ex-
nm contains 11855 atoms. Considering the threeperimental data. We also hope that our calculations can fur-
dimensional motion of each atom, the dynamic matrix is inther stimulate more experimental measurements on Raman
the order of 35565. This is an intimidating task even with theintensities of semiconductor QD's.
most advanced computers. In recent years, we have devel- The paper is organized as follows. In Sec. Il, we describe
oped a microscopic valence force field mddel® (VFFM)  the theoretical models of the VFFM and BPA; in Sec. lll, we
to study phonon modes in QD’s by employing the projectionshow our calculated results of Raman intensities and have
operators of the irreducible representations of the groupome discussions; and Sec. IV is a summary.

0163-1829/2002/620)/20530%9)/$20.00 65 205305-1 ©2002 The American Physical Society
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Il. THEORETICAL APPROACHES B. Bond-polarizability approximation

A. VFFM for phonon modes in QD’s With the vibrational normal modes obtained from the
VFFM described, we use the BP@Ref. 23 to calculate

In general, the theoretical model, VFFM, that we used toRaman-scattering intensity of QD’s. This BPA model was

Investigate p_honon modes in QD’s can be U.Sed fo study IOhOu'sed in the prediction of Raman intensities of semiconductor
non modes in group 1V, IlI-V, and 1I-VI semiconductors. In

; . superlattice$?~?®fullerences’” and nanotube€
this model, the change of the total energy due to the latticé The BPA(Ref. 23 associates an axially symmetric polar-

vibration is considered as two parts, the change of the ener - ,

due to the short-range interactions and the change of tr%%ab'“ty tensor with each bond as

energy due to the long-range Coulomb interaction: - . -
P(Rij)=a(Rij)1+ v(Rjj) 3

R
AE=AE+AE,, (2.1 _

. ) ) wherel is a unit matrix,a(R;;) is the mean polarizability,
where the short-range interaction describes the covaleRjng y(R;;) describes the anisotropy of the polarizability.
bonding, and the long-range part approximates the Coulompgh a(R;;) andy(R;;) are functions of the bond lengf,

interactions of polar semiconductor compounds. For th S 5
short-range part, we employed a VFEM with only two pa_eand not_ dlrect|0r? depgnden_t. HeRy; is the ﬁbond vef:tor
connecting atoms andj, R;; is the length ofR;;, andR;;

rameters as the following . A
=R;j/R;; . With phonon vibrations we hav&;;=rj;+ u;;
= Fij + l]]- - Ji , WhereFij is the bond vector at equilibriurﬁ,-
is the displacement of ato'mandﬁij is the relative displace-
ment of atomg andi. For phonon vibrations, the condition

whereC, andC, are two parameters describing the energythatﬁij<Fij always applies. Therefore, the polaribility tensor

change due to t.he bond-length change and the bond ang{;é(ﬁij) can be expressed in powers of the displaceméimts
change, respectively. The summation runs over all the bongh 3 Taylor’s expansion. The constant term of this expansion,
lengths and bond angles. Because each of these two para S(F”), can be ignored, since the total contribution of

eters has a simple ar_1d clear_ physical meaning, this mod is term from all bonds to the Raman intensity vanishes.
allows us to treat the interaction between atoms near and at

the surface appropriately. It can be further used to treat th&€€PIing the first order ofij; in the Taylor’s expansion, the

effects of surface relaxations and reconstructions on the vipolarizability tensorP(R;;) can be simplified as the follow-

brations if necessary. The paramet&g, C, used in our ing:

calculations for Si are 49.1 and 1.07 eV, respectivelyince - . . - .-

silicon is a homopolar semiconductor in which all atoms are  P(Rij)=~(ujj-rij[a’ (rijl+y" (rij)(rjrij—3)]

neutral, the long-range Coulomb interacfidis not neces- 1 e A - N

sary. i y(rip Lo rig +riguig— 22U - riprigrig 1,
When considering the interaction between atoms, special (2.4

attention is paid to atoms near the surfaces of the QD’s. More .

specifically, for the short-range interaction, when an atom isvhere «’(r;;) and y'(rj;) are derivatives ofa(R;;) and

located near the surface, interaction from its nearesty(ﬁij) with respect tajij evaluated at the equivalent bond

neighboring atom is considered only if that specific neares;,ector;ij , respectively, antﬁij :Fij Itij.

atom is within the QD, and interaction from its second- |, the zinc-blende structure, there are four different bond

neighboring atom is considered only if that specific Secondbrientations, so we only need to calculeﬁeﬁij) for these

neighbor atom is in the QD as well as the nearest- i .
neighboring atom that makes the link between them. Thjour different types of bonds. We can choose the following

second point is important, because it makes sense with t Qur directions as the bond orientations:

physics meanings of these two parameters, but it is easy to

be neglected. F01=i(1,— 1,1,
As we discussed in the above section, we have employed J3

the projection operators of the irreducible representations of

the group theory to reduce the computational inteAsity ) 1

when calculating phonon modes directly from the dynamic roo=—=(—1,1,1,

matrices. When the results of phonon modes are used to V3

calculate the Raman intensity of QD’s, the advantage of ap-

plying the group theory to calculate phonon modes in differ- ~ 1

ent symmetries is even more obvious. Because of the sym- r03_ﬁ

metry dependence of Raman intensity, only phonon modes

that are Raman active in that specific symmetry are neces- 1

sary to be considered. This further reduces the amount of Fou=——

calculations required. J3

Adj)\?
AE=2 %co(—d_' +; 3Cu(A6)% (22
[

(1,1-1),

(-1-1,-1), (2.5

205305-2
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and the four polarizations associated with the four bonds are

1 1 00 L 0 -1 1
P(ﬁoﬂzﬁ(umx_uowﬂLUou) a'{0 1 0 +§‘V' -1 0 -1
0 0 1 1 -1 0
4Ug1x+2Up1y—2Ug1, —Up1xTt Uoryt 2Uo1; Uo1x T 2Ug1y+Uos,
Y
+ﬁ —Upixt+Upryt2Up1,  —2Ugrx—4Up1y—2Ug1; 2Ugrx+ Uory—Uo1z , (2.6
Ug1x+2Ug1y+ Ui, 2Ug1x+Uggy—Uo1, —2Ug1x+2Up1y 1+ 4Up1,
L 1 00 L 0 -1 -1
IS(Fioz):ﬁ(_Uoz><+uoz,y+uozz) a'l0 1 0 +§7' -1 0 1
0 0 1 -1 1 0
—4Ugox—2Ugpy—2Ug2;  Ugzx— Ugoy T 2Ugp, Ug2x+2Ugpy— Uz,
Y
+—\/— Ugax— Ugzy+2Ugy, 2Ugpxt+4Ugpy—2Upp,  2Ugpxt Ugayt+Ugz, , 2.7
U02x+2u02y—U022 2U02X+u02y+U022 2“02x_2u02y+4u02,z
1 0 O 0 1 -1
- . 1 ) 1
P(ROS):ﬁ(u03x+u03y_uO3,z) a'{0 1 0 +§7’ 1 0 -1
0 0 1 -1 -1 0
4u03x—2u03y+2u031 uogx+u03’y+2u03,Z —uog,er2uO36,+uog,Z
Y
+3— Ugzx T Ugzy+2Ug3, —2Up3x+4Ugzy+2Ug3;  2Ugax— Uozy+ Uoz; , (2.9
—Uopgxt+2Ug3yt+Ugz;  2Ugax— Uozyt Uos; —2Ug3x— 2Up3zy — 4Ug3;
1 00 0 1 1
o 1 ) 1
P(RO4):ﬁ(_uo4x_u04,y_u04z) a'{0 1 0 t37 101
0O 0 1 1 1 0
—4AUgsxt+2Upayt2Ugs;  —Ugax—Uosyt 2Ugs;  —UgaxT 2Ugsy— Uos;
Y
+ﬁ —Uogax— Ugay T 2Ug4, 2Uggx—4Upay+2Ugs; 2Ugax—Ugay—Uoa, . (2.9
—Ugaxt+2Ugay—Uoa, 2Ugax— Ugay—Uoa, 2Ugax+2Ugay—4Uoa,
T
When we calculate the polarizability tensor for the QD's, b 0o 0 J3b 0 0
we sum the polarizability tensor associated with each bond in -
the QD’s, and get a scattering tensor Pe={ 0 b 0 |, 0 —\3b 0],
0 0 —2b 0 0 0
(2.12
P=> P(R;). 2.1
i§<:j (Rij) (2.19 0 0 O 0 0 d 0 d o
P,=(0 0 d|, [0 0 0] |d o0 O
From the symmetry property, we know that the Raman 0 do d 00 0 00
tensor in cubic crystals takes the following formis: (2.13

In our calculations we found that for semiconductor QD’s
a 0 o0 with a zinc-blende structure, after we applied the projection

- operatorsP is a constant times a unit matrix for &3 mode,
Py={0 a 0, (219 a traceless diagonal matrix with two equal matrix elements
0 0 a for anE mode, and a traceless matrix with only nondiagonal

205305-3
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matrix elements for &, mode. The Raman tensd?sfor the The Raman-scattering matrix for cubic crystals with arbi-
QD’s can be expressed in the following forms: trary orientations and arbitrary incident and scattering light
wave vectors are studied by using Stokes vectdrEhe
A 0 O Stokes vectors are defined as the following:
I;Al: 0 A 0], (2.14 Let the incident elliptic polarization be described as
0 0 A E=(a+ib)Ep+(c+id)Ey, (2.23
2E, 0 0 whereE, and Ey, are polarization vectors in and normal to
SE: o -g o0 | 2.15 the Ecatter|ng -plane. These two dlrectlpns a.re labeleA as
0 0 £ andN, respectively. The Stokes vector is defined as
—Ei
a’+b%+c?+d?
_ 0 0 O b 2 2
Pr,=({0 0 T, (2.1 2(ac+bd) (2.29
om0 2(ad—bc)
where ) ) )
For example, for a left-handed circularly polarized light
AZ=[(Py,+ PL+ PLa)/3]?, (2.17  Vviewed along the di[ection of prgpagaation of the light, its
polarization vector i€ =(1/y2) (iEx+Ey), and its equiva-
E?= L[(PL,— Phy) 2+ (Phy— Pho) 2+ (Pha— Ph )], lent Stokes vector i¢l, 0, 0, —1). From this, the Stokes
2.18 parameters of the scattering light are derived choosing four
different combinations of values @f b, ¢, andd. This gives
and the complete scattering matrag; . Assuming that QD’s ori-
) . . . ent randomly, all the possible incident directions should be
Ti=[(P1)"+(P33)"+ (P3)°], (219 averaged. Then the scattering matrix for modes 8
wherg P!j is the.elen.went of the char)ge of the polgrizapility 140020 —1+colO 0 0
resulting from vibration of the QD’s in modeas defined in
Eq. (2.10. B —1+cos¥® 1+cosO 0 0
The A2, E2, and T2 are invariants of the Raman tensor - 0 0 2 coP o |
and| is an index of the modes. This is consistent with the
) . 0 0 0 2 co®
Raman tensor in cubic crystals of abd#ss.(2.1)—(2.13)]. (2.29

HereA,2 is related to the intensity of afy; mode in polarized o
Raman geometry, anB2 and T2 are related to intensities of @nd for bothE andT, modes it is
E and T, modes in depolarized Raman geometry, respec

tively. For E or T, modes that are two or threefold degener- "

ate, the contributions of trﬂlglgegeneracies are considered in 13+co$® —1+cosO 0 0
the total scattering intensity:
; . . . -1+ +
For unpolarized incident light with frequenéy scattered = 1+cos@  1+cos® 0 0 ,
perpendicular to the direction of propagation, the intensities 0 0 2 co®d 0
of Raman-scattered components with frequenfiesw, are 0 0 0 —10cos®
the following?®
(2.26
(n+3+3%) 5 ) where® is the scattering angle.
= 0(w))[7G{ +45A7], (2.20 In our calculations, we have calculatad, 9E2, and 37

according to the right-angle scattering E@2.20—(2.22.
(F+ 141) For different incident light and scattering configurations, the
| = Im2—2 6G2 29 Raman intensities are the linear combination of these three
1= —09(w)[6G[], (2.21 . ;
2 according to their Stokes vectors.

whereﬁ is the average occupation number of phonon mode
I, andl|; andl, are intensities of scattered light with polar-
ization parallel and perpendicular to the plane of scattering. In this paper we report calculated reduced Raman-

In these equationsAf is the same as defined in E@.17,  scattering intensitye1/(n,+ 3 = 1), for Si QD’s with diam-

Ill. RESULTS AND DISCUSSION

and eters from 15 to 76 A. Sincer’, r;;*y, and y’ are not
) 5 ) accurately knowra priori, these parameters used in our cal-
Gi=9E[+3Tj. (222 culations satisf?

205305-4
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-1
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FIG. 1. Reduced Raman intensities &f modes for Si QD’s FIG. 2. Reduced Raman intensitiestbinodes for Si QD’s with

with approximate diameters in angstrom indicated. approximate diameters in angstrom indicated.

r () =8y (rp=2a'(ryj). (3.1)  peak ofA; modes (41), the intensity of the highest peak of
E modes (g), the intensity of the highest peak ® modes
We noticed that in the early calculations of amorphousin the low-frequency rangdl,(1)] and in the high-
Si2® &' =0 was assigned because the observed intensity prarequency rangél1,(h)], the frequency of the first peak of
files 1) and |, of Si have the same shape. df =0, there  A; modes ,,), the frequency of the first peak & modes
would be no contribution to Raman intensity frakg modes.  (wg), the frequency of the first peak df, modes in the
However, when the size of QD’s is small, the contribution|ow-frequency rangd w,(1)], and the frequency of the
from A; modes might be important to consider, so we haVG’]ighest peak ofT, modes in the high-frequency range
assignedv’ a number as above. The choice of this number if w,(h)]. All the intensities listed above are Raman inten-
not critical, since for different choices af’, the shape of sity per atom for easier comparison. We will discuss the im-
Raman intensity from thé; contribution is the same, and portant features of these results in detail next.
only its relevant strength t& and T, modes is different.
We have calculated Raman intensities/qf, E, and T,
modes for Si QD’s with approximate sizes of 15, 20, 25, 30, A. Size effects of highest frequencies
35, 40, 50, 60, 70, and 76 A, respectively, and the results are
shown in Figs. 1-3. Here the Raman intensity calculated
by the Lorentz broadening

From Figs. 1-3 we see that in general, the major peaks in
the high-frequency range always haVg symmetry. The
highest peaks correspondTg phonon modes with the high-
est frequencies. When the size of the QD’s increases, this

|,/ frequency approaches the frequency of the optical-phonon
1= — (3.2 frequency of bulk Si. Theoretically speaking, when the size
T (D) (o—w) of QD’s approaches infinity, the total Raman spectrum of

QD’s approaches the Raman spectrum of bulk Si, and this
where |, and w, are the scattering intensity and eigenfre-will be the only peak left.
qguency of modd, respectively, and” is the half Lorentz In our previous calculations of phonon modes in
width, which is taken as 2/=0.64 cn! in our calcula- QD's,*> *we have discussed the size dependence of phonon
tions. We have also listed the related important data in Tablenodes with different symmetries. We have learned that pho-
| that are numerically more clear. The data listed in Table | innon modes with different symmetries have different size de-
order are the diameters of the QD’s calculatdjl, the num-  pendence, anéd; modes usually have the strongest size ef-
ber of atoms in the QD’sN), the intensity of the highest fect. For quantum dots of zinc-blende semiconductors, such

205305-5
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the Raman intensity 0&; modes decreases when the dot size
T increases, so the strongest high-frequency mode is always of
l Ll . 2 15A . T, symmetry.
When the size of QD’s decreases, the frequency offhis
A n 20A N peak decreases. To show this more clearly, we enlarged the
= A * * high-frequency range of Fig. 3 and plotted it as Fig. 4. From
= _1 25A the data listed in Table I, we know that when the diameter of
3 am - ~ At Si QD’s decreases from 75.79 A to 14.11 A, the frequency
5 _1 30A of the highest Raman peak shifts from 518.3 ¢mto
g - - : 506.4 cm! (the Raman peak of bulk Siis at 518.9 thin
a H 35A our mode). The systematic redshift of the longitudin&O)
8 M - phonon peaks due to spatially confined phonon modes in
= N 404 nanocrystals in the size range of a few nanometers has been
po = observed?-?*and recently it has been observed by resonant
g 504 Raman scattering in three samples of Ge nanocrystals in the
3 P size range of 4—10 niAf One more thing we notice from
R 60A Fig. 3 and Fig. 4 for the high-frequency peaksigfmodes is
A that not only do the highest intensity peak redshifts occur as
704 dpt size decreases, but also weaker peaks appear at the same
x time.
76A Experimentally it may be difficult to resolve all the
weaker peaks because of broadening resulting from fluctua-

LA L DL RN R LA ERNL N ENLEN RN B B
0 50 100 150 200 250 300 350 400 450 500 550 tion in dot sizes. As a result one may observe an asymmetric
Frequency(cm’l) broadening of the Raman peak corresponding to the optical
phonon as the dot size is reduced. This is indeed found in
FIG. 3. Reduced Raman intensities Bf modes for Si QD's  Raman intensities of Ge QD%.0ne may attempt to intepret
with approximate diameters in angstrom indicated. this as an indication that the quality of the dots may be
poorer leading to larger inhomogeneous broadening as the
dot size gets smaller. However, from our calculations on Ra-
as GaAs, when the size of QD’s is large, the mode with thenman intensities of QD’s, one can notice that the redshift of
highest frequency has; symmetry. However, as the dot size the strongesi, Raman peak is smaller than the frequency
decreases, there is a crossover of the symmetries, and thepread of the weaker peaks which appear. In other words the
the mode with the highest frequency hks symmetry. For  broadening of the Raman peak is larger than the redshift as
Si quantum dots studied in the present paper, the mode witthe dot size decreases. This indicates that the observed
the highest frequency is always 8f symmetry. However, broadening in Raman measurements is not only due to the

TABLE |. Raman intensities ofA;, E, andT, modes for Si QD’s with approximate sizes of 15, 20, 25,
30, 35, 40, 50, 60, 70, and 76 A. The data listed in order are the diameters of the @Dthe number of
atoms in the QD’sI{l), the intensity of the highest peak Af modes (1), the intensity of the highest peak
of E modes (g), the intensity of the highest peak @, modes in the low-frequency randér,(1)], the
intensity of the highest peak af, modes in the high-frequency ranfkr,(h)], the frequency of the first
peak ofA; modes (a1), the frequency of the first peak & modes (g), the frequency of the first peak of
T, modes in the low-frequency range,(1)], and the frequency of the highest peakTgf modes in the
high-frequency ranggwy,(h)]. All the intensities listed here are Raman intensity per atom.

d N la1 le I12(1) I12(h) wa1 wWE wry(l) wrz(h)

14.11 87 7.65 9.70 10.99 9.88 129.8 46.7 58.8 506.4
19.39 191 5.88 5.58 6.61 9.60 98.4 35.2 46.9 511.2
24.74 417 3.55 3.53 4.79 9.47 83.3 27.2 375 514.3
29.75 705 2.69 2.76 3.66 9.22 69.0 23.3 31.2 515.6
34.67 1099 2.46 2.03 2.64 9.25 61.4 19.7 26.6 516.5
39.91 1707 1.84 1.51 1.97 9.24 53.2 16.9 22.9 517.1
50.00 3265 1.27 1.01 1.34 9.47 43.2 13.4 18.8 517.7
59.99 5707 0.91 0.72 0.93 9.67 36.0 10.9 15.5 518.1
69.97 9041 0.68 0.54 0.69 10.04 30.9 9.2 13.4 518.3
75.79 11489 0.58 0.46 0.59 10.26 28.6 8.6 12.4 518.3
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140
T2 = 120 O (A;) L-Depolarized o
M 15A E 7| + ® L-Polarized
~ X (T,) L-Polarized
=4 1001 o
&
= 7 804 ©
§ E o
. —_— 60 4 o]
£ s 0 :
< > o X +
~ 3 404 %
> = @] +
= L I X
» p— : X +
73] | T 204 % X T +
5 o x X+
= 2 = b SO
k= 40A 0+ . . . . . .
% 0.01 0.02 0.03 0.040 0.05 006 0.07 0.08
= S0A 1/d (Ah
<
R~ 60A FIG. 5. Frequency of the lowest Raman peal®gf E, andT,
modes versus size of the dots for Si QD’s.
70A 3 Thi o
served by Duvaf. This was recently observed in Si
. nanocrystals® and it was noticed that the depolarized Ra-
, / 76A' man spectra appear at much lower frequencies than the po-

larized ones. Not only do our results agree with the experi-

mental observations, but we also learned that this is actually

due to the symmetry dependence of the confinement effect of
FIG. 4. Reduced Raman intensitiesTof modes enlarged at the PNONON modes, i.e., the, modes have the strongest confine-

high-frequency range for Si QD's with approximate diameters inMment effects.

angstrom indicated.

‘ I ! | | |
480 490 500 510 520 530
Frequency(cm’l)

C. Folding of the acoustic phonons
redshift of the peak alone, but there is also a contribution to

! , ! In Fig. 1, we see that at the low-frequency range ofAahe
this broadening from quantum size effects.

modes, the Raman spectra are dominated by a series of
nearly evenly spaced peaks in the acoustical phonon range.
As the size decreases, the spacing increases. This can be
) . understood from the folding of acoustic phonons. Since the
From Figs. 1-3, we see that the frequency of the firsta  modes vibrate in the radical direction, when the radius of
peak in the low-frequency range for all three different sym-he op's increases approximately one lattice constant, there
metries @, E, andT,) increases as the size of the QD'S \yj| pe one more folding due to the confinement of the QD’s
decreases. From the data listed in Table |, we see that whefjong the radial direction. This should be observable by Ra-

the size of Si QD's decreases from 75.79 A to 14.11 A, thenan scattering, and we are expecting such observations.
frequency of the first Raman peak Af modes shifts from

28.6 cm1t0 129.8 cm?, the first Raman peak & modes
shifts from 8.6 cm! to 46.7 cm?, and the first Raman
peak with T, symmetry shifts from 12.4 cm to Since Raman intensities plotted in Figs. 1 —3 are in arbi-
58.8 cm L. The size effects of lowest frequencies of phonontrary units, the size effects on the strength of Raman peaks
modes in QD’s have been discussed in detail in our previouare not shown clearly in these figures. To show them more
studiest?~**and again this is shown in the calculated Ramarclearly, we have plotted the Raman intensity per atom versus
spectra. Furthermore, we notice that even though the frediameters of QD’s for the low-frequendy, peaks, the low-
quencies of the lowest-frequency peak increase in all thesiequency E peaks, the low-frequency, peaks, and the
three figures, they increase at a different rate. The loweshigh-frequencyT, peaks in Fig. 6. FoA; Raman spectra
frequency of theA; peak increases much faster than that ofthere are several high peaks, and we choose the strength of
the other two. To show this more clearly, we plot the lowestthe highest peakwhen the size is less than 30 A, this peak
frequency peaks versus the sizes of QD’s in Fig. 5. It isis not the peak with the lowest frequencin Fig. 6 we see
obvious that the lowest frequency of tlg peak increases that the strength of low-frequency peak&,( E, and T,)
much faster than that of the other two, becausefthenodes  decreases quickly as the size of QD’s increases, and the
have the strongest quantum confinement effects. strength of high-frequency peak$4) remains a constant in
Another feature of Fig. 5 is that the lowest frequencies ofQD’s of all sizes. This indicates that even though in bulk
the Raman peaks in the acoustic range are roughly propomaterial only one major peak can be measured, when the size
tional to the inverse of the QD diameters, which was ob-of QD’s decreases, other peaks in the low-frequency range

B. Size effects of lowest frequencies

D. Size effects on strength of Raman peaks
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FIG. 6. Raman intensity per atom of the highest low-frequency % * \Q
peaks ofA,, E, andT, modes and the highest high-frequency peaks & {5 \ \Q
of T, modes versus size of the dots for Si QD’s. 2 +\ ~o
15 ~
10 4 +\ O
will appear. Of these low-frequency Raman peaks, the mos Sk n O\O
noticeable ones are probably the evenly spakegeaks in \+\ —0
the polarized spectra. Such evenly spaégdpeaks should 3 +\+—+
be observable. .
We want to emphasize that in Fig. 6, the Raman intensity 0 e N e L A —

shown is from one calculated highest Raman peak, either ir 10 20 30 40 50 60 70 80

the low-frequency range or in the high-frequency range. Ex-
perimentally the presence of multiple Raman peaks as showt.
in Flgs. 1-4 may not be resolv_able due to size fluctgatlon, FIG. 7. Integrated Raman intensity per atomAqf, E, andT,
and instead a broadened peak is observed. Typically in such . AL

. . . . . modes versus size of the dots for Si QD'’s.
a situation all the Raman intensity should be integrated to
obtain the total strength of the Raman peak. To compare with
the experimental results, we summed the calculated Raman
intensities(without broadeningfor all A;, E, andT, modes, In summary, we have calculated the Raman intensities of
respectively, and show them for QD’s with different sizes inSi QD’s with up to 11 489 atom&@bout 7.6 nm in diametgr
Fig. 7. We can see that all the Raman intensities will increas&he phonon modes are calculated directly from the lattice-
when the size of QD’s gets smaller. When the QD’s getdynamic matrix of a microscopic VFFM by employing the
larger, the Raman intensity daf, modes will approach the projection operators of the irreducible representations. Based
Raman intensity of bulk crystal and others will approachon the results of phonon modes, the Raman intensities are
zero. This is in qualitative agreement with what was ob-calculated by using a BPA. The size effects of the Raman
served in Ge QD's’! intensity in QD’s are discussed in detail based on these cal-
culations. Our calculated results agree with the existing ex-
perimental observations, and we are expecting that our cal-
culations will stimulate more experimental measurements of

One more thing we want to comment on from Figs. 1—3Raman intensities of QD’s.
and Fig. 6 is that for large size QD’s, the major peak of the
Raman spectra is derived from thig high-frequency mode.
This peak approaches the optical-phonon peak in the bulk
Raman spectra when the size of QD’s is large. When the size This research is supported by the National Science Foun-
of QD’s decreases, more and stronger peaks at the lowedation (Grant Nos. DMR9803005 and INT0001313Ne
frequency range appear, which are derived from #e thank Professors Shang-Yuan Ren and Bang-Fen Zhu for
modes in the polarized Raman spectra &and T, modes helpful discussions. We want to thank Professor Peter Yu for
from the depolarized Raman spectra. As can be seen fromelpful comments that provided us the experimental details
Figs. 1-3 and Fig. 6, the intensities of thg, E, andT, = on Ge QD’s and pointed us further in the direction of com-
modes are of nearly the same magnitude for small dotgparing our calculated results with the experimental observa-
which indicates the mode mixing due to the quantum coniions. W. Cheng is grateful to Illinois State University for
finement of phonon modes in small QD’s. hosting his visit.

Diameter of QDs (1&)

IV. SUMMARY

E. Size effects on mode mixing
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