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Raman scattering measurements were carried out in self-organized Ge quantum dot superlattices.
The samples consisted of 25 periods of Ge quantum dots with different dot sizes sandwiched by 20
nm Si spacers, and were grown using solid-source molecular-beam epitaxy. Optical phonon modes
were found to be around 300 ¢y and a dependence of the Raman peak frequency on the size of
dots was evidenced in good agreement with a prediction based on phonon confinement and strain
effects. Acoustic phonons related to the Ge quantum dots have also been observ2d00 ©
American Institute of Physic§S0003-695(00)03305-72

In recent years, considerable attention has been paid foright contrast regions in Fig.(d) are the Si spacer layers,
self-organized Ge quantum dots both for fundamental physwhile dark stripes are Ge wetting layers. In addition, many
ics studies and potential applications. Among those studies, gmall dark features along the Ge wetting layers are from Ge
number of attempts were devoted to understanding the dstuantum dots. Indeed, Fig(d shows the HREM image of
formation mechanisth. Meanwhile, interband and
intersubbantiproperties of Ge quantum dots have been stud-
ied for the development of novel quantum dot lasers and
detectors. In addition, the well-arranged dot arrays were
studied for possible applications in information proceséing.
Recently, we have shown that a Ge quantum dot system
could have very small thermal conductivity and thus a high
figure of merit for potential applications in implementing
solid state refrigeratot.For this purpose, understanding the
vibrational phonon processes in Ge quantum dots was indis-
pensable since phonons are very important for heat transport,
particularly in semiconductors. Indeed, a great deal of effort
has been invested in studying the phonon transport processes : ‘
due to strain effects and the change of alloy composition in 45 nm
single-layered Ge dofsIn contrast, littlé has been done on
multilayered dot superlattices. In this letter, we report the
study of optical and acoustic phonons in Ge quantum dot
superlattices by Raman scattering measurements.

Three samples, labeled A, B, and C, were grown by solid
source molecular beam epitaxy on(X%I0 substrates kept at
a temperature of 600 °C and with growth rates of 1 and 0.2
AJs for Si and Ge, respectively. All of these samples con-
sisted of 100 nm Si buffer layers, followed by 25 bilayers, in
which Ge layers were separated by 20-nm-thick Si spacer
layers. The only difference among these samples is the dif-
ferent amounts of Ge deposition, yielding to different dot
sizes. The thin foils destined for microstructure study were
prepared using a cross-sectional procedure combined with
ion milling. A Hitachi-9000NAR high-resolution electron
microscope(HREM) with point-to-point resolution of 0.18
nm was employed for the microstructure analysis. Figure 1
shows two cross-sectional HREM images of sample C. The

FIG. 1. (a) Low- and(b) high-resolution cross-sectional HREM images of
¥Electronic mail: jliu@ee.ucla.edu sample C. The Ge quantum dot superlattice is evident.
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TABLE |. Structural data of the samples used in this experiment.

4000 _rg00c 2982 cm" Ge-Ge mode
Dot height Density (Samp. C)
R (cm™?) Nonuniformity 3000 :
5
Sample A 8 8
Sample B 15 1810° 8% 22000
Sample C 20 28108 7% g
£ 1000
aNo dots but wetting layers.
oF
small Ge quantum dots with a typical height of 20 A. Table 260 280 300 320 340 360

| summarizes the structural properties of these samples. The
amount of Ge in each Ge layer of sample A was controlled

)

Raman Shift (cm™)

such that there was no visible dot formation but Ge wetting

layers. As more Ge was deposited in samples B and C, it was 298+ —a—Samp.C

measured that the height of the Ge dots was 15 and 20 A for E A\\. —A—Samp. B

samples B and C, respectively. The dot densities and unifor- E 296+ \ ~, .

mities shown in Table | were obtained by atomic force mi- @ —

croscopy scanning over the surfaces after the first Ge layers £ 204 \

growth, indicating some differences between samples B and < A\A

C. 292 T=760°C A
Raman scattering measurements were performed with a 5 : 15 i =

Renishaw Raman Imaging 2000 microscope at room tem- (b) Annealing Time (min.)

perature. All spectra were excited by the 514 nm line of an

A" ion laser and recorded wih a i charge-coupled devief 0., 8 S Sesis, ool © Srien 8, T8, C 0 e
. | | | I

camera. Figure 2 ShOW_S the _Raman spectra Of—the Sampleﬁﬁrd C. The Ge-Ge optical mode frequency for both samples decreases as

The spectra were obtained in the 001(100,100)®@TK-  the annealing time increases.

scattering configuration with the same data accumulation

time. As seen from Fig. 2, the Ge—Ge optical modes can be . .

clearly found at 296.5 and 298.2 chfor samples B and C, _samples B and C with avery weak signal fror_n sample A. It

respectively. For sample A, however, the Ge—Ge mode is tob’ well kanan Itl? eg thg fw;stgg:)de_r:%Gs _,[Gtﬁ oglcaleode dfre-

weak to be seen. First, it is important to distinguish thes uency for bu eisa cm, but the Le—>e mode

Ge—-Ge modes of samples B and C from the second ord feauency of Ge nar_wocrystals can be c_hangec_i by phonon

transverse acoustic phonon modes for Si, which are typicall onfmeme_nt and strain effects: compressive strain Iefads to an

around 303 cm' under proper configuratiorfsn fact, these pv(\j/ard Sh':;t of the C(;je—hie r|:n|ode, \r/]vhlledghpnorll cr(])nfmement

Raman lines are asymmetric with a tail at the Iow—frequenc;’?a stoa ﬁownvyarh Sdl t ire, t eI a B|t|ondacp onon con-

side. Moreover, as the Ge dot size decreases the peak broa{lﬁ_‘—ement € ec;ts n the dots of samp es bandf compensate

ens and softens. This phenomenon, which is typically Obywth the contnbunqn from the compressive strain and lead to

served in the Ge nanocrystélis due to phonon confinement the downward shift of the Ge-Ge mode. Moreover., the

effects? Furthermore, we argue that the Ge—Ge modes fron’?maller the dotssample B the stronger the phonon gonf|ne-

samples B and C are mainly from their Ge dots rather thar$nent effectsz,ggnSd th_uls, the Iowegthe_tﬁe—zgg ZOthT'fal mede

their Ge wetting layers. This is because in the requTncy (296.5cm”, compared wi e cmoo

001(200,100)001backscattering configuration, the signals samghe g. . i in the G q

from the two-dimensional Ge wetting layers are forbidden onon con Inement effects !nt € e quantum -ots can

according to the selection rulé&The point can also be con- be further confirmed by performing annealing experiments.

cluded by comparing the relatively strong Ge—Ge modes nf‘gufe 3a) shows a series of Raman speptra for §ample c.
y paring y g All pieces were annealed at 760 °C for different times. The

Ge-Ge Raman line broadens and shifts to lower frequencies
as the annealing time increases. This phenomenon was also
observed when annealing sample B. Figu(b) 3hows the

2500

001(100,1000001 298 2 o™

2000 annealing time dependence of the Raman shift for samples B
< 1500 and C. After a 20 min annealing, the Ge—Ge optical mode
8 shifted downward by as much as 3.8 and 3.4 ¢nfor
Z 1000 samples B and C, respectively. The compressive strain re-
é 500 laxes with increasing annealing time, and thus, the phonon

confinement effects become relatively more important,
which causes the observed peak shift.
! i . . Figure 4 shows Raman spectra for the three samples and
260 280 300 320 340 an identical substrate obtained in the 001(110,110)@k-
Raman shift (cm™) scattering configuration. As clearly seen from Fig. 4, sample
FIG. 2. Raman spectra of the samples indicating different Ge—Ge optica- has four orders of acoustic phonons, which are indicated

modes for different samples. by arrows at 70, 94.5, 118.2, and 137.66m8ample B has
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