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Experimental proof-of-principle investigation of enhanced ZapT
in (001) oriented Si /Ge superlattices
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An experimental proof-of-principle of an enhanc&dyT (thermoelectric figure of mejitis
demonstrated usin@01) oriented Si/Ge superlattices. The highest value of the experimggial

at 300 K for a(001) oriented Sj20 A)/Ge(20 A) superlattice is 0.1 using=5 Wm K™%, for the
in-plane thermal conductivity, which is a factor of seven enhancement relative to the estimated
value ofZ;5T=0.014 for bulk Si. The good agreement between experiment and theory validates our
modeling approactdenoted as “carrier pocket engineering® design superlattices with enhanced
values of Z;pT. Proposals are made to enhance the experimental valueydf for Si/Ge
superlattices even further. @000 American Institute of Physid$§0003-695(00)05136-§

The use of low-dimensional structures, as realized in théaxy (MBE) technology, it is not possible to grow strain-
form of two-dimensional2D) quantum well5™*° and one- nonsymmetrized SLs with satisfactory structural qualities for
dimensional(1D) quantum wires®~?° has been shown to thermoelectric applications. The values D§,T for strain-
provide a promising strategy for designing materials with asymmetrized(001) and (111) oriented Si20 A)/Ge(20 A)
large value of the thermoelectric figure of medfl. The  SLs are predicted to be 0.24 and 0.96 at 300 K, respectively,
original predictions of enhancedT for isolated quantum using a simple model based on the constant relaxation time
wells and/or wiregdenoted byZ,pT andZ,T, respectively  approximation(CRTA).*314
used a simple model based on the constant relaxation time |n this letter, the experimental proof-of-principle study
approximation(CRTA)."*® Although the predictions of en- of the enhanced values &@,pT is presented using MBE-
hancedZ,pTs within the quantum wells were experimentally grown strain-symmetrized @0 A)/Ge20 A) SLs. The
verified using the(111) oriented PbTe/Ph ,EuTe multiple  growth direction for all the superlattice samples used in the
quantum wefi® and Si/SiGe superlatticéSL) system&’*"  present study is the01) direction, since the optimization of
utilizing very thick barriers to isolate the neighboring quan-the growth conditions for the(111) oriented strain-
tum wells electrically, the main efforts in this research areédsymmetrized Si/Ge SLs has not been carried out yet.
are now shifted toward en_han_cing the valu_eZ@,gT, which The growth of the(001) oriented Si20 A)/Ge20 A)
denotes the thermoelectric figure of merit for the wholegnerjattices used in the present study are briefly described
[three-dimensional3D)] superlattice. . as follows. Typically, 100 periods of alternating layers of

Recently, a general optimization approach to maX|m|zeSi(20 A) and G€20 A) were grown on top of a 0.3—-0,5m-

the value ofZ;pT using the superlattice structures, as de'thick S, <Gey s undoped buffer layer. This undoped buffer
noted by the term “carrier pocket engineering,” was pro- layer was. in turn grown on a 1 thick Sip_,Ge,
il il 12“ —X

posed, whereby the structures and geometries of a given SE)’(:OHO.S) graded buffer layer using antimony as a

perlattice system are optimized in such a way that the i . .
optimized structure maximizes the valuesZf,T. The use Surfactar® (surfactant-mediated growth The Si_Ge;

! raded buffer layers were grown both on a sli e
of unconventionalX z_and L valleys was proposed for the goped(OOl) Si suybstratefsan?ples JL167 and JLl%rgr?g%n
QaAs/AIAs superlatfice system, an kpl=0.4 was '%re— a (001 oriented Si-on-insulatofSOIl) substrate(samples
dicted fc}{ both (001 and (111 oriented GaA®0 Al ;193" 5 19451 197, and JL1RIThe reason why we use
AlAs(20 A) SLs at 300 K:“ For Si/Ge SLs, yet another new ’ e . . . )

: . : . SOl substrates in addition {001 Si substrates is to avoid a

concept, that of lattice strain engineering, was proposed u?ér e contribution of the h(onor)w drag effect from the Si sub-
ing strain-nonsymmetrized SLs, whefgyT=0.78 and 1.25 9 P 9

are predicted for 4001 oriented Si20 A)/Ge(20 A) SL and srt]rate tokthehmeasurgd .Seig?(:k C%efﬁCSm?IO\.N 200 K f
for a (117 oriented SiL5 A)/Ge(40 A) SL, respectively, at that masks the contribution ®from the superlattice part o

0,23,24
300 K314 However, with the current molecular beam epi- (€ sample?._ _ _
Shown in Fig. 1a) are the experimentally measured See-

beck coefficientfas-measured values are plotted using open
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400

—T ; - tering and longitudinal acoustic phonon deformation poten-
JL169 (@) ] tial scattering, where the effect of free-carrier screening is
8 uL1e7 300K also included?® We use the Matthiessen’s rule
OJL199
oJL197 JL194 ] 1 1 N 1 +i @
Tiol E) 7'imp( E) 7adBE)  Text
to include the scattering mechanisms that are extrinsic to the
properties of the ideal strain-symmetrized Si/Ge superlat-
tices. These scattering mechanisfdsnoted byr,,) include

300 F

-

200 |- / ~
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Improved Model —
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O as-measured value
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@ net contribution from SL 1 scattering due to the interface roughness and that due to the

- " structural defects and dislocations. It is also noted that the
2x10" 10, 4x10 values forr,(E) (associated with ionized impurity scatter-
nfcm -] ing) and 7,{ E) (associated with longitudinal acoustic pho-

non deformation potential scatteringre calculated without
the use of any fitting parameters by solving the Boltzmann
equation using the literature values for the band parameters
of bulk Si and G&? whereas the value for, is obtained by
fitting the experimental results for the carrier mobility for the

600

.;"’ 400 ! superlattice samples as a function of carrier concentration at
& JL169 JL193 300 K as shown in Fig. (b). The predicted values fdiS|
g 200 F JL167 8 o-dL197 O 1 thus obtained are plotted by the solid curve in Figp)1To
oy I JLige ° L1940 resolve the second reason for the discrepancy between theory
(CRTA) and experimentas-measure8) [see(2) abovd, we
have employed a simple parallel-conductor model to subtract
gx1018 T 0'19 10" the buffer layer contribution to the measul&li [denoted by

n[cm™] St} from the as-measured values 08| [denoted by
S@s) to evaluate the net contribution to the measufsd

FIG. 1. (@) The Seebeck coefficier® and (b) the Hall carrier mobilityu as from the superlattice part of the sample orjenoted by
a function of the carrier concentration at 300 K for t0€1) oriented strain- S(SL)]

symmetrized $R0 A)/Ge(20 A) superlattices. In(@) and (b), the open

circles denote the as-measur@kperimental values forS and u, respec- S(a.s)a_(a.s)_ g(buf) 0_(buf.)
tively. The closed circles, ifa), denote the experimental values®for the SSh) = o U 2
superlattice part of the sample only, after subtracting the buffer layer con- O-(E‘]""S)— g-%’“f') !

tribution to the measurefl according to Eq(2). In (a), the dashed and solid
curves, respectively, denote the theoretically predicted valusdsing the  where &) and ¢ 2" are, respectively, the electrical sheet

constant relaxation time approximation and those using the improved the‘bonductivity (electrical conductance per unit ayefr the

retical model, includingre,=4.0x10"*s in Eq.(1) [see(b)]. In (b), the . . . L
dash-dotted curve and the solid curve, respectively, denote the theoretic§|uperla’[tlce samples, including the buffer layer contribution

results foru using the improved model with and without including thg, ~ and that for the bare buffer layer samgéesample with only
term in Eq.(1), where.,=4.0x 10" **s is obtained by fitting the experi- the buffer layers that are identical with those used for the

mentaly,. data(dash-dotted curye growth of the samples JL193, JL194, JL197, and J)199
The net values of the Seebeck coefficient for the superlattice
equal to the actual carrier concentrationsince the constant part of the sample thus obtained are plotted using the filled
energy surface for these superlattice samples is cir¢isler  circles in Fig. 1a). It is noted that the subtraction of the
tropic) and the geometric factor to convemi,, to n is equal  buffer layer contribution to estimate the valuesS5f- was
to unity in this casé>? It is found, in Fig. 1a), that the not able to be carried out for samples JL167 and JL169,
measured values for the Seebeck coefficient are significantlsince the transport properties of the bare buffer samples for
larger than the values predicted by a model based on thinese superlatticefthe Si_,Ge, buffer layers grown on
CRTA [see the dashed curve in Fig(al]. The possible (001) Si substrates directlywere not measurable due to their
causes for this discrepancy between theory and experimetdarge impedances.
are explained as follows(l) ionized impurity scattering, Shown in Fig. 2 is the experimentally determined ther-
which is the dominant scattering mechanism for the supermoelectric power factoiS?c after subtracting the buffer
lattice samples used in the present study, gives rise to dayer contributions as discussed earli@ifled circles, to-
increase in the value 98|, relative to that predicted by the gether with the results of the theoretical predictions, as a
CRTA, through its preferable dependence of the relaxatiorfiunction of carrier concentration at 300 K. It is noted that
time function,(E), on energy, and?) the as-measured val- the theoretical values f@?o using the improved theoretical
ues of|§| for the superlattice samples used in the presenmodels discussed earlier without including theJ/term are
study tend to be larger than the net values| §ff that are  plotted using the solid curve, whereas those obtained includ-
attributed to the superlattice part of the sample only, due ting the 1/, term in the Matthiessen’s rule are plotted using
the parallel transport contribution from the, SjGe, buffer  the dash-dotted curve. The formolid curve of the theo-
layers and/or Si substrate. To resolve the fattorwe have retical results foiS?s is considered to represent the intrinsic
developed an improved theoretical model ®based on the properties of the homogeneously dod€01) oriented Si20

Boltzmann transport theory, including ionized impurity scat-A)/Ge(20 A) SLs, where the extrinsic mechanisms for scat-
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40 . . values ofZ3pT for (001) oriented Si20 A)/Ge(20 A) super-
©=5 Wm K™’ lattices are as high as 0.1 at 300 K, which is about a seven-
30 | T=300K 1°2 fold enhancement relative to the corresponding value for
X D Theonstcal (without +,) bulk Si (Z;pT=0.014). The successful experimental proof-
E - o of-principle study of enhanceghT using the(001) oriented
5 g princip y edsp g the(001)
S20r e N Si(20 A)/Ge(20 A) superlattices suggests that practically use-
= ’NUM 101 ful values of Z;pT (Z3pT>1) that are predicted fo(111)
Ol T Mt o~ oriented Si/Ge SL'S are also realizable in experiments. In
» - S addition, it is expected that the introduction of ti¥ée and
- Theoretical (with ,.) modulation-doping schemes would increase the values of
0 H==i® 1_(3'19 700 Z5pT for (111) oriented Si/Ge SLs even further, looking to a
nfem] value of Z;pT~2 at 300 K.

FIG. 2. The experimentally determined as well as theoretically predicted  The authors would like to thank Professor G. Chen, T.
thermoelectric power factd®?o (left scale as a function of carrier concen- Borca-TasciUC, and Dr. G. Dresselhaus for valuable discus-

tration at 300 K fo_r the(001) oriented Si20 A)/Ge(20 A) superlattice sions. The authors gratefully acknowledge support from
samples. The experimental results & vs n shown here are those after

the subtraction of the buffer layer contribution according to &.(filled ONR under MURI Subcontract No. 205-G-7A114-01 and
circles. The theoretical curves shown here are obtained using the improvethe U.S. Navy under Contract No. N00167-98-K-0024.
theoretical model witidash-dotted curyeand without(solid curve includ-

ing the 7o, term in Eq.(1), wherer.,=4.0x 10" *s is obtained in Fig. (b).
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