PHYSICAL REVIEW B 67, 165333 (2003

Cross-plane thermal conductivity of self-assembled Ge quantum dot superlattices
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We report the temperature dependent cross-plane thermal conductivities of Ge quantum dot superlattices
measured by theadmethod. A large reduction in the thermal conductivity of the superlattices compared with
that of bulk materials is observed. A simple model taking into account the relaxation time approximation,
including phonon scattering on quantum dots, well explains the experimental data.
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[. INTRODUCTION strates. The nominal growth rates were 1 and 0.2 A/s for Si

) . . and Ge, respectively. The growth started with a 100-nm Si

The self-assembled guantum dot structure is an interesting,ter ayer, followed by the quantum dot superlattice layers
topic for physical investigation of zero-dimensional System.y, .+ 4o composed of bilayers in which the Ge dot layers are
Due to the low-dimensional confinement effect, the Ge-on-Sj . . .
eparated by a 20-nm Si spacer layer. The periods and nomi-

guantum dot structure is expected to demonstrate novel oﬁ—

toelectronic properties that can be applied to develop ginal Ge thickness are different for various samples. Most of

based technology competitive with traditional optoelectronicth® samples investigated here are also described in Ref. 18,
materials such as 1I-V compounds’ In addition, it is pre- Where we systematically studied phonons in the Ge quantum
dicted that low-dimensional systems can have a thermoele¢lot superlattices. To investigate structural properties of the
tric figure of merit,Z, much larger than that of bulk material samples, transmission electron microscopyEM) and

due to enhanced electron transport and reduced thermatomic force microscopyAFM) were used. Figure (&)
conductivity’ Studies ofZ enhancement stimulated by this shows a typical cross-sectional TEM image of sample C. The
prediction have been carried out on several materialg period vertically correlated Ge quantum dot layers are

systems~** Progress to date in Si/Ge quantum well Super-gyigent. Figure (b) shows an AFM image of sample C. All
lattice material system indicated thatenhancement in both dots appear as domes and pyramids. The density is 4.1

in-plane and cross-plane directions can be realfZéd®Fur- =, .
thermore, due to its>-like density of states, quantum dot ><_109 cm“. The average dot base _and height were detr—__\r-
structures are believed to have beteenhancement than Mined to be 14 and 122 nm, respectively. Here, the AFM tip

quantum wells. This was initially verified using the PbTe effect on the dot size quantification has been calibrated by
superlattice systerf. For the SiGe quantum dot system, TEM and taken into account. Similar measurements have
there have been several studies on the phonon spectrum beren performed on other samples as well. The structural data
Ge dot superlattice¥;*® though limited work has been done are summarized in Table I.
on the_thermal transport properties of the Ge quantum Thermal conductivity of the samples was measured by a
dots®*" In this paper, we report systematically the investi- differential % method™®?° The reference sample used for
gation of cross-plane thermal conductivity of Ge quantumgitferential measurement is the same as the substrate used in
dot superlattices. sample growth. On each sample, a plasma-enhanced chemi-
cal vapor depositetPECVD) silicon nitride layer, about 100
Il. EXPERIMENT nm thick, was deposited to provide electrical insulation for

Samples(A through G) were grown by a solid source the measurement. Goldw3heater-thermometer wires were

molecular beam epitaxfy{MBE) system on Si00 sub- patterned and fabricated on top of the nitride layer. The mea-
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FIG. 2. Thermal conductivity as a function of temperature for
guantum dot sampl€ and bulk single-crystal Si and Ge.

tivities of the nitride layer and the Si substrate as a way of
checking the accuracy of measurement.

IIl. RESULTS AND DISCUSSIONS

Figure 2 shows the thermal conductivity versus measure-
ment temperature for samp&and bulk Si and bulk Ge. A
large reduction in the cross-plane thermal conductivity of the
quantum dot sample as compared with the value of the bulk
Si and Ge samples is observed. The peak value orKtfie
curve shifts to a temperature as high as about 200 K, com-
pared with about 10—30 K for bulk material. This is a typical
indication of the quantum size effect. Figure 3 shows the
thermal conductivity as a function of measurement tempera-
ture for all the samples. For the group of samples grown at

FIG. 1. (8 TEM image of sampleC; (b) AFM image of 540 °C, the data above 200 K shows that with the increase in
sampleC. Ge dot size, the thermal conductivity decreases. This trend is

not obvious for the data below 200 K, mainly because of the
surements were conducted inside a vacuum cryostat that opelatively small thickness of the samples grown at 54Q2C
erated from 80 to 300 K. For each temperature point, a widgeriods. A similar trend is also observed for the group of
frequency range, from 300 to 5000 Hz, is adopted in thesamples grown at 600 °C. For the samples with the same Ge
temperature rise signal sampling. The thermal conductivityequivalent thickness but grown at different temperatifes
in the cross-plane direction is obtained from a fitting pro-C, andE), the results show that the higher the growth tem-
gram, which can also be used to extract the thermal condugerature, the larger the thermal conductivity. Figure 4 sum-

TABLE I. Structural data of the samples.

Ge layer Si layer
Growth T Thickness  Thickness Dot base Dot height Density
Sample (°C) Period A) (nm) (nm) (nm) (cm™?)

A 500 10 15 20 114.7 15.1 5010°
B 540 10 12 20 110.4 11.9 3610°
C 540 10 15 20 122.0 14.0 410°
D 540 10 18 20 122.2 16.0 3610°
E 600 22 15 20 175.5 10.2 2610°
F 600 22 12 20 152.4 10.0 K03
G 600 25 6 20 — — —
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25 branchi in the phonon wave vector interval &fdk. The
i G combined relaxation timec includes all relaxation rates cor-
< ’ . ¥ responding to the different scattering processes, which do not
E 201 £ e conserve crystal momentuff:
s | o
> - 2 24 1 1 1 1 1 1
15[ 4 —= =t —+—. )
g —v—B } ¢ TC T T TB Tu 7D
2 10k [ 540°C Here, 1k is the three-phonon umklapp processesy,lis
8 e the phonon—point-defect scatteringsotopes, impurities,
© pmEaAREESEd etc), 1/rg is the phonon-boundary scattering, andplis the
g 5} 500°C phonon scattering by quantum défsEquation(2) includes
e I the phonon relaxation processes, which are dominant in Si,
1 Ge, and SiGe,_, structures. The expressions for phonon

0 50 100 150 200 250 300 350 relaxation rates {,, 1/ry, and 1kg were derived by Kle-
Temperature (K) mens in Ref. 22. The new term7}/ is related to the phonon
scattering on quantum dots. The most general expression for

samples grown at different temperatures and with different Ge

equivalent thicknesses. 1 vgoy
—= , ©)
marizes the room-temperature thermal conductivity as a D v

function of the nominal Ge layer thickness. Error bars repreyhere o, is the total cross section of the dot ensemble of
sent the fluctuations among the values from measurements g\ me\/. Here, we treat all dots as equal spheres with ra-
different times and for wires having different sizes. Line 1jys 4 on a plane, which is perpendicular to the growth di-

shows that there is a slight dependence of thermal conduGaction. To describe the phonon transport in quantum dot
tivity on nominal Ge thickness for the samples grown at thegperjattices, we use the continuum model approximation
same substrate temperature. Line 2, however, suggests thatqy g, assumption that the thermal phonon wave can be

for the same nominal Ge layer thickness, there is a muchypresented by a sum of plane wagdghus, the expression
more significant chang.e in thermal conductivity for the g, the scattering cross sectian of a single quantum dot
samples grown at the different substrate temperatures. become¥®

In order to explain the above results, we realize that the

expression for the lattice thermal conductivity in the P
relaxation-time approximation can be writtert’a€ o=i2 > (2m+1)|]1+Ry2 (4
m=0
k= %2 j dkvé_(k)fc.(k)$(k), (1) In the above equatiorR,, is a reflection coefficient
i ! :

h'* (ka) +iBh* (ka)

wherei denotes a particular phonon polarization bram‘ghi,

m— .7 : )
is the phonon group velocity associated with tte branch, hm(ka) +iphn(ka)
7¢c is the combined relaxation time, aig{k)dk is the con-

©)

Raman scattering for these quantum dot samii@he par-
1 ticular density and sound velocity inside a dot are modified
5 . . . . by the Ge composition in the quantum dot. We use an ap-
1.0 1.2 1.4 16 1.8 20 proximate formula pe=pge X+(1—X)ps; and Ce=Cge X
+(1—x)cg;, wherex is the Ge composition.
In order to find finalo,, we have to sum the contribu-
FIG. 4. Room-temperature thermal conductivity as a function oftions from all scattered waves from all the dots in the unit
nominal Ge thickness. volumeV, taking into account dot ordering in the layers. At

here
tribution to the specific heat from modes of the polarization
. pc | im(ka)
o * PeCe | im(Ked) |’
O
£ 20t : gggog p is the densitygc is the sound velocity, the subscriptde-
s e 500°C notes the parameter of the dot materij,(ka)=j,(ka)
g +iyn(ka), j andy are the spherical Bessel functions of the
S 15+ first and second kinds, respectively, anfj is the complex
2 conjugate. Because of Si/Ge interdiffusion, the quantum dots
3 10 are not pure Ge. Average Ge compositions were obtained by
= L
E
2
[

Nominal Ge Thickness (nm)
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some arbitrary point, the reflected amplitU8aormalized to :
the amplitude of the incident plane wave is given as 25t Calculation
QE‘ u  Experiment IIIIII..SampIe F
SO S 20}
S |F( 2 | 2 eliurn), (6) s -
o 215} LN sample B
where the scattering functidf( ) is §
S 10+
i< 3 Sample A
F(9)= 5 > (2n+1)(1+R,)P,(cosd) 7 = 5i cemusaEEEREERESEE
n
E
and P,(cosd) are Legendre polynomials, whete=ky—Kk, é’ ot
k, and k, are the wave vectors of the plane and scattered L

waves. The sum in Ed6) can be split into two terms: 0 5 100 150 200 250 300 350
Temperature (K)

N N
> elur= N+ D eliurmn |, 8 FIG. 5. Comparison of experimental and calculated thermal con-
n=1 n#m

ductivity as a function of measurement temperature for three

The first term on the right-hand side of H&) is the number ~ Samples.
of dots in volumeV and represents the scattering of phonons o5 o7 . . , .
from quantum dots when they act as independent scatteriry/0nd time>~“"The detailed discussion can be found in Ref.
centers. We refer to this as thiecoherentscattering term. 28, Where phonon dispersion modification due to the scatter-
The second term on the right-hand side of the @yrepre- N9 ON qu_antum dots had been taker_l into account in order to
sents the cooperative scattering action of the quantum dot§imulate in-plane phonon transport in a quantum dot super-
We refer this to theoherentscattering term, in analogy with lattice. _
the terminology adopted in acoustfAn appearance of the ~ 'ne procedure calculating the cross-plane thermal con-
coherent scattering in the cross plane direction is caused HJHCtVity consists of a number of steps. First, we calculate
the dot ordering in the layers. the single dot scattering funcnc{m‘:qs. (5)—(7)]. Then, we
In general, the problem of finding the total cross section,‘?amu'at? the total cross section fgr the guantum dot superlat-
o, can be done only numerically. Averaging of the scatter-iC€ taking into account dot ordering in spgégs. (6)—(9)].
ing effects produced by a single quantum dot layer can resulf€Xt; we calculate the set of relaxation times using &,
in a significant simplification of the calculation procedure. In{@king into account dispersion modification. Finally, we ob-
some special cases, such asweak scattering density limit t&in the lattice thermal conductivity using E@). _
described in Ref. 25, the averaging can be done over the The total scattering on quantum dots in the considered
Fresnel zones. The rescattering from all scatters in a give[fMperature range exceeds those caused by phonons and iso-
zone will be, on average, equal in magnitude but opposite iﬁopes. This results in a S|gn|f|canf[ crqss—plane lattice conduc-
sign from the contribution of the presending zone. FollowingtVity decrease as well as modification of the thermal con-
this stationary phase approach, only scatters within the firductivity temperature dependence. In Fig. 5, we show a plot
Fresnel zone contribute to the transmitted wave field. ByPf thermal conductivity versus temperature for SiGe quan-
definition these scatters radiate in phase with the backgrounfym dot superlattice samplds B, andF. It is clear that the
wave field, which means that the precise location of the sca@lculated temperature dependence of thermal conductivity
ter is of minor importance. The discrete distribution of thefOr all samples are in good agreement with the experimental
scatters can be replaced by a smooth scatter densiwe data. The result_s of numerical S|mulat|o.n. shqw the same shift
use the result obtained in Ref. 26 for the transmission coefof the superlattice&k-T curve peak position in comparison
ficient of a single layer: with the curve from bulk materials in Flg.. 2. The good agree-
ment between the calculated and experimental data validates
A our approach based on the continuum model approximation
T=(1—l Ef(O)), (9 and the assumption that the thermal phonon wave can be
represented by a sum of plane waves affected by the scatter-
where v4 is the sheet dot density in the layer. The weaking on acoustically mismatched obstacles.
scattering density limit is defined by the requirement We have demonstrated that a simple model taking into
|vf(0)/k?|<1, which is well satisfied due to the finite acous- consideration the relaxation time approximation can explain
tic mismatch between Si and Ge up to'%@ot/cnt density.  the large reduction in the thermal conductivity of quantum
The effects of scattering on quantum dots affect other redot samples compared with bulk. Moreover, it also explains
laxations times via phonon dispersion modification. In thethe observed variation in thermal conductivity for different
cross-plane direction the increased phonon scattering modsamples by considering the variation of dot base diameter,
fies the phonon dispersion in such a way that acoustiquantum dot density, and Si/Ge interdiffusion effect that
phonons travel with a group velocity different from the onesmooths an acoustic mismatch between silicon and SiGe
in bulk. The problem of wave dispersion in a medium con-dots. The question now arises as to which of the three physi-
taining a number of scatters has been intensively studied faral parameters plays a more important role in determining
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points in the graph. As seen in Fig. 6, the calculation shows
Average base: 132.8 nm that an increase of dot density as well as Ge content in the
Average Ge: 0.5 quantum dots significantly decreases the lattice thermal con-
ductivity, while an increase in dot base diameter has a
weaker impact in reducing the thermal conductivity. The ex-
planation for this comes from Eq$5)—(8), where an in-
crease in dot density enhances botiherentandincoherent
terms produced by the quantum dot ensemlitg. (8)],
while an increase in Ge content enhances acoustic mismatch
between the dot and host materiaic{p.Ce), and thus, in-
creases the scattering produced by a singldEqt (5)]. An
increase in growth temperature results in Ge diffusion out of
5 - s dots, decreasing the dot-host material acoustic mismatch.
10 10 10 Samples grown at lower temperature contain more Ge inside
. -2
Dot Density (cm®) the dot, and thus, exhibit lower thermal conductivity. An in-
150 crease in the dot base diameter also results in the enhance-
ment of single dot scattering, therefore decreasing the ther-
Average base: 132.8 nm mal conductivity. Nevertheless, a relatively small dot size
Average dot density: 2X10° cm™? variation (see Table )l makes the effect of this parameter
minor in comparison with the other two. This can also be
concluded from the comparison with the experimental data
points. In Fig. &c), the experimental data points do not fol-
1 4X10° em? low the trend of the calculated data because other param-
eters, such as dot density, play a more dominant role in de-
termining the thermal conductivity. To emphasize this, in
Fig. 6(c) we have highlighted the dot density for two specific
samples which have dot density that are one order of mag-
o | . . . . nitude lower than the average dot density used for the calcu-
0.0 0.2 0.4 0.6 0.8 1.0 lation. Because all of our quantum dot samples have a Ge
Ge Composition in Dots composition close to 0.5 in the dots, we do not observe the
experimental data following the calculated curve in a large
_ . 2 region, especially in the dramatic thermal conductivity
Average dot density: 2X10" cm change region for Ge composition between 0 to 0.2. Never-
Average Ge content: 0.5 theless, most of the experiment data fit the calculated curve
40 L 2 6X10% em™ except that two points deviate from the curve because of
D their small dot densities. In Fig(#, we observe fairly good
1.4X10" cm agreement between the experimental data and the calcula-
tion, where we change the dot density only and fix all other
20 - physical parameters.

A a
A
T a0 IV. CONCLUSION

In summary, we report the temperature-dependent thermal
. L L L 1 conductivity of different Ge quantum dot superlattices and

80 100 120 140 160 180 present a theoretical explanation for the obtained results. It is
(©) Dot Base Diameter (nm) found that the thermal conductivity of the Ge quantum dot
. _ superlattices is significantly reduced compared with the bulk

FIG. 6. Room-temperature thermal conductivity as a function of, 5|, of Si and Ge. A simple model based on the relaxation
:)252021i(;i?estlzz’(tl):)o(rgee;:hmgl?rsvlgoxr/]vemvglrjizztuo?l;(Z)trsné apnga?((;::ter time approximation explains not only this large reduction but
axi9). Dot height(14 nm and interlayer distanc20 nm are the also the variation in thermal conductivity among the different

same for all points in the graph. quantum dot samples.
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