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Optical phonons in self-assembled Ge quantum dot superlattices: Strain
relaxation effects
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We present Raman scattering by optical phonons in self-assembled Ge quantum dot superlattices
grown by solid-source molecular beam epitaxy. The Ge quantum dots are vertically correlated and
have different average sizes and dot morphologies. The GeGe optical phonon frequency was mainly
caused by strain relaxation effects. Experimentally observed GeGe optical phonon modes were
compared with calculated values using the deformation potential theory, indicating that the strain
relaxation of Ge quantum dot superlattices arises not only from atomic intermixing but also from the
morphology transition in dot formation. @002 American Institute of Physics.
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I. INTRODUCTION 22 period Ge quantum dot and Si bilayer while sample D

Self-assembled quantum dots by the Stranski—Krastand ontained ten periods. Sample F contained a 25 period Ge
6 A) and Si bilayer, and was grown at 600 °C. The Si

growth mode attracted much attention in the recent years. i
The study of phonon transport in such Iow-dimensional?pacer layer thl-ckness of 20 nm was used for all .super-lat-
structures is of important fundamental interest in physics and{CeS: NO cap Si layer was used for these samples intention-
potential applications in optoelectronics. To date, severaflly for atomic force microscopyAFM) measurements in
groups have reported Raman scattering studies of quantuffder to obtain the size, density, and morphology of the self-
dots of other systems, such d#|, Ga)As/InAs! (In, Ga, assembled dots.

Al)Sb/GaA< InSb/InP? and InAs/InP In the Si-based SiGe Figure Xa) shows a typical cross-sectional transmission
dot system, a great deal of effort has been invested in studylectron microscopyTEM) image of sample E. The 22 pe-
ing the optica| phonon transport processes in Sing|e_|ayere60d vertically correlated Ge quantum dot Iayers are evident.
Ge dots>™" In contrast, multilayered Ge quantum dots areThe dots in the same layer and different layers beyond the
more desirable for optoelectronic applications. Though thergixth-seventh Ge layer along the growth direction are identi-
have been several research reports on optical phonons 6él in size and shape. Figurébl shows an AFM image of
multilayered structure$;! systematic studies, such as the sample E. All dots appear as domes and the density is 2.6
phonon frequency dependence on dot size, the degree of10°cm 2. The average dot base and height were deter-
atomic intermixing as well as dot morphology, have not yetmined to be 10 and 175 nm, respectively. Here, the AFM tip
been performed. The purpose of this article is to deal witheffect on the size determinations has been calibrated by TEM
these aspects of Raman scattering by optical phonons in Gend excluded. Similar measurements have been performed
quantum dot superlattices. The experimentally observed ogen other samples as well. Figure 2 shows AFM images of the
tical phonon modes are compared with quantitative calculasther four dot samples. For samples grown at the same
tions, indicating that the strain relaxation of Ge quantum dogrowth temperature of 540 °@mages a, b, and)g the
superlattices arises not only from atomic intermixing, butdome-over-pyramid ratio increases as the Ge coverage in-

also during dot formation. creasesfrom a to 9. For samples with the same Ge coverage
but grown at different temperatures of 540 (iGiage b and
II. EXPERIMENTAL RESULTS AND DISCUSSION 500 °C (image d, the density is lower, while the height is

. ) . . larger at the lower temperature of 500 °C. The structural data
Six samples were grown on §i00) using a solid-source . .
are summarized in Table I.

molecular beam epitaxy system. Samples A, B, and C were .
Raman scattering measurements were performed on a

grown at 540 °C with ten periods of Ge and Si bilayers, an . .
the Ge coverages of these samples were 12, 15, and 18 enishaw Raman Imaging 2000 system at room temperature.
Vo Il spectra were excited with a 514 nm Arlaser in the

respectively. Samples D and E were grown with the same G . . . . .
layer thickness of 15 A but at different growth temperaturesgaCkSC"’merlng configuration and recorded with a Si charge-

of 500 and 600 °C, respectively. In addition, sample E had é;oupled devices camera. The spectral resolution is about
’ ' 0.5cm L. Figure 3 shows typical Raman spectra of samples

E, F, and an identical substrate used for these samples. The
dElectronic mail: jliu@ee.ucla.edu spectra were obtained using the same excitation power and
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FIG. 2. AFM images ofa) sample A,(b) sample B,(c) sample C, andd)
sample D. Growth parameters and the size and density of the samples are
summarized in Table I.

phonon mod¥ for Si at 303cm* as shown in the spectrum
for the similar Si substrate. Other features observed for
samples E and F are due to SiGe (403¢m local
SiSi(436cm't), and SiSi (520 cm?') atomic vibrations.

Figure 4 shows the Raman spectra of the dot samples in
the spectral region of SiGe and GeGe optical phonons. Simi-
lar SiGe and GeGe lines are observed for these samples. The
vertical dotted line is fixed at 300 cm, which represents
FIG. 1. () Cross-sectional TEM image arth AFM image of sample E the optical phonon position for bu_Ik crystalline .Ge. The fre-
Vertica.lly correlated quantum dots are evident. Highly uniform dor.ne-quency posm_ons of the, GeGe optical .phon_ons in dot samplgs
shaped dots are observed and the density is determined to be 2@€ Shifted slightly to higher frequencies with respect to their
X 10° cm 2, bulk value (300cm?). There are several possible physical

origins, which can cause a Raman shift of optical phonons.

The first one is phonon confinement. With a simple linear
data accumulation time. As stated previously, sample E is ahain model, it is known that the optical phonon branches of
22 period dot sample, while sample F is a sample only withbulk Ge are quadratic and moreover, nearly flat at the Bril-
Ge wetting layers, allowing us to compare and distinguisHouin zone center=0). Confined phonons in a nanocrystal
phonon features for the different samples. The GeGe opticalre equivalent to those vibrations in an infinite crystal whose
mode can be clearly found at around 300 ¢nfor sample E.  wave vector is given bynw/d, wheremis an integer and
For sample F, the GeGe mode is much weaker. Because & the diameter of the nanocrystal, in our case, the height of
the characteristics of the Stranski—Krastanov growth modethe dots. Therefore, the spatial limitations of superlattices
sample E has similar Ge wetting layers, which can be clearlgause a shift of optical phonons towards lower frequency. In
seen in the TEM image in Fig. 1. The difference of the GeGehe dots with a very small height of 1.5-2 rirthe phonon
modes for these samples suggests that the relatively strorpnfinement effect was observed to result in a shift less than
GeGe mode from sample E is mainly from their Ge dots2 cm 1. For the present samples, however, the phonon con-
rather than their Ge wetting layers. In addition, it is impor- finement effect is not significant due to rather large dot sizes.
tant to note that the GeGe mode from sample E is much The second reason is the strain. The lattice mismatch of
stronger than the second order transverse acouafig) Si and Ge leads to a compressive strain on the dots in the

TABLE I. Growth parameters and structural data of the samples used for phonon characterization.

Sample Ge layer thickness (A)  Si layer thicknéss) GrowthT (°C) Dot base(nm) Dot height(nm) Density (cm?)  Pyramid/dome ratio

A 12 20 540 110.4 11.9 3610° 1.15
B 15 20 540 122.0 14.0 4410° 0.56
C 18 20 540 122.2 16.0 3510° 0.38
D 15 20 500 114.7 151 5:010° 0.25
E 15 20 600 1755 10.2 2610° 0
F 6 20 600 - - - -
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FIG. 3. Raman spectra of the samples E, F, and an identical Si substrate.
The comparison of the data shows that GeGe optical phonon signal dflG. 4. Raman spectra of the dot samples. Similar SiGe and GeGe lines are
sample E comes from dots rather than from Ge wetting layers or 2TAobserved for these samples. The frequency positions of the GeGe optical
phonons from Si. phonons in dot samples are shifted slightly to higher frequencies with re-
spect to their bulk value (300 cm).

lateral directions, which induces a GeGe mode shift to the

higher frequency side. The GeGe optical phonon frequenc¥ . ) ) )
o induced by a biaxial strain in Ge can be writter’as ermixing at the Si/Ge interface. The degree of the interface

intermixing can be determined by the integrated peak inten-
(1) sity ratio | gecé | sice Since the intensity depends on the rela-
tive number of corresponding bonds. This concept was used

H 5
wherewy is the frequency of the Ge zone center LO phonon;for SiGe alloy®and Ge quantum dofsand can be expressed

p andq are the Ge deformation potentials,,, ande,, is the
biaxial strain @—ag)/a with a andag being the unstrained | GeGe X
and strained lattice constants, respectively. In the earlier = EBZ(l—x)’ 2
equation, e,,= — (2C15)/(C1exc, and e,x=eyy, Where Sice
Ci1, and Cq, are elastic coefficients. Herapp=0.564  wherex is the average Ge concentration and coefficE g
X10%s 1, p=—4.7x10°"s 2, q=—6.167x10°'s 2, C,;  related to the Bose factor and the frequencies of GeGe and
=1288 kbar,C,,=482.5 kbar* and e,,= —0.042 for fully ~ SiGe optical modes of the alloy. It is found that coefficiBnt
strained pure Ge on Si, we obtain=317.4cm*. The large  varies weakly with alloy composition and is determined to be
difference between this calculated number and the exper.21°|.cd|sice Can be obtained from the spectra in Fig. 4.
mental GeGe mode valugslose to 300cm? in Fig. 4  The Ge concentrations in quantum dots estimated by this
suggests that the dots are not fully strained as assumed in tiheethod are listed in Table Il. It should be pointed out that a
calculation. By using Eq(1) and the experimental GeGe few techniques for the determination of composition of self-
optical phonon frequencies, the residual biaxial strain assembled quantum dots have been reported. These include
(e4,) on the quantum dots can be estimated and listed iscanning tunneling microscopy, TEM with high-resolu-
Table II. tion imaging*® electron energy loss spectromelfyx-ray
There are several mechanisms, which lead to the straianergy disperse spectrometfy, high-resolution x-ray
relaxation of the dots. The first one is the possible presenceiffraction?>??> and scanning TEM® Most of these tech-
of threading dislocations. In our samples, high-quality,niques have shown nonuniform dot material distribution in
dislocation-free dots were observed by TEM measurementshe dots because of interdiffusion with the surrounding me-
Furthermore, we performed selective etch-pit study of thelia. Raman scattering method used here is simple and direct,
samples(not shown herg and no threading dislocation re- however, it can only give an average concentration of the
lated pits were observed. Thus, this possibility is omitted.dots. The results obtained were in good agreement with the
The second reason of the strain relaxation is the atomic inaverage concentration values measured by x-ray diffraction

1
w=wot 2_0)0[p822+q(8xx+8yy)]1

TABLE Il. The experimental GeGe mode frequencies, integrated peak intensity ratios, and calculated Ge composition in dots and residualamptane str
the dot samples.

Sample w(GeGe) (cm?) I cee! | sice Ge composition in dots £4x (1073)
A 302 1.45 0.48 —4.8
B 301.1 1.45 0.48 —2.65
C 300.5 1.45 0.48 -1.2
D 302.4 2.14 0.58 —-5.8
E 300.4 1.29 0.45 —0.96

Downloaded 22 Nov 2002 to 128.97.88.70. Redistribution subject to AIP license or copyright, see http://ojps.aip.org/japol/japcr.jsp



J. Appl. Phys., Vol. 92, No. 11, 1 December 2002 Liu et al. 6807

Pyramid Dome
310 - Line 3
‘TE / A ‘
8 308} ‘
IS . .
2 Si substrate Si substrate
[7:]
o L P2
a e . P
Line 2
2 a
é 302 Line 1 (@)
& . ix
© 300} Si
040 045 050 055 060
Ge Concentration
L

FIG. 5. GeGe mode position as a function of Ge concentration in dots. Ge

concentration is obtained by means of the integrated intensity ratio of optical Si substrate
phonons of GeGe and SiGe. Solid lines 1 and 2 are used to guide the eyes.

The results show that the different GeGe mode frequency is obtained for

dots not only with different Ge concentrations, but also with a similar Ge

concentration. Line 3 is the calculated data by assuming Si/Ge interdiffusion (b)

only.

FIG. 6. (a) Schematic of the dot transition from pyramid to dome. The more

domes on the surface, the more relaxation is achieved@rethematic of

the dot capping process. The embedded dots in the Ge dot superlattices
measurement€. (The comparison is not shown her@his  induce additional strain relaxation because of the Si capping.

allows us to believe that the concept of EB) is applicable
to the quantum dot structures.

Figure 5 plots the GeGe peak position as a function ohqgitional strain relaxation mechanisms exist apart from

the Ge concentration in dots. Solid straight lines 1 and 2 argse/sj interdiffusion. We believe that this additional strain
used to guide the eyes and indicate that the different GeGgy|axation comes from the process of the formation of Ge
mode frequency is obtained for dots not only with different yg¢g.

Ge concentrations, but also with a similar Ge concentration.  The relaxation of the formation of dots can be divided
In order to clarify the observed dependences, we noticed thghig two parts, i.e., the relaxation of the surface-layered dots
the lattice parameter of an alloy with a Ge concentratior of gnq the relaxation of the buried dots. It is not difficult to
can be determined by Vegard's law understand the relaxation of the surface-layered dots if we go
as, e, =Xage™ (1—X)as;, (3) th.ro.ug.h the dot formation process. When Ge is deposited on
Si, it first takes a layer-by-layer growth format. As the Ge
whereage andag; are lattice parameters of pure Ge and Si.film exceeds its critical thickness, it becomes rough by form-
By considering this alloying effect only, the in-plane strain ing pyramidal islands to relieve strain energy. As more Ge is
exx Can be written asds;,  ce —a0)/(asi, ce). Moreover,  deposited, the islands transform from the pyramid shape to
we assume the same, and other deformation potentials for the dome shape, suggesting that there is more strain relax-
pure Ge. This approximation is reasonable because the inteation. It is indeed seen from Fig. 2 that the pyramid-over-
diffusion occurs in the interface and the “core” of the dots dome ratio increases with the increase of the nominal Ge
remains pure Ge. For example, the nonuniform Ge content ithickness for the samples grown at the same temperature of
the dots has been proved by elemental distribution analysis40 °C. The pyramid-over-dome ratios are listed in Table I.
using an electron energy filtering imaging method in TE#M This strain relaxation mechanism is schematically shown in
and scanning TEM? Simple calculations show, for example, Fig. 6(a). It should be noted that the relaxation is accom-
in-plane strain to be-0.02 for an alloy with Ge concentra- plished by the deformation of the film to form quantum dots
tion of 0.48(samples A, B, and [ leading to a GeGe mode only when the film thickness is less than about 20%.
frequency of 308.3 cm! by using Eq.(1). Calculated GeGe When the film thickness exceeds this value, misfit/threading
mode frequency as a function of Ge concentration is plottedlislocations have to be present to relieve the increased strain
in Fig. 5 as line 3. The calculated values show considerablenergy from the increased film thickness as typically ob-
shift from the value obtained for fully strained Ge on Si served in conventional heteroepitaxy.
(317.4cm?), however, are still larger than the peak fre- The relaxation is also induced by the dot embedding
guencies of the GeGe modes of the samples A—E. As a magffect. Sutter and Lagally have used a strain-driven atom
ter of fact, the absolute value of residual strain on the dotsliffusion model to show that the dot shape transforms to
shown in Table Il is much smaller than the absolute valugruncated shape after the growth of the Si layer onZfop.
estimated here by interdiffusion only. Moreover, the picturelndeed, we have observed this transition from the cross-
of interdiffusion does not completely account for the peaksection TEM measurements. A schematic showing this pro-
position difference for the different samples with the samecess is illustrated in Fig.(6). Similar to Fig. &a), a two-
degree of interdiffusion. The earlier analysis suggests thaiimensional illustration is used for simplicity. Because of the
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capping process, the in-plane strain distribution is modifiedamong these samples. This study shows that Raman spec-
and the change 15 troscopy is an efficient tool for the determination of the av-
erage compositions and strains for zero-dimensional quan-

2
2C11 H L_L, t d t
Agy=——- In| | 1+ -1 (4) UM dots.
*Cp L-L! L’ )
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