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Elastic relaxation of dry-etched Si/SiGe quantum dots
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P. D. Wang and C. M. Sotomayor Torrés
Nanoelectronics Research Center, University of Glasgow, Glasgow, United Kingdom
(Received 2 March 1998

Elastic relaxation of the compressive strain due to the lattice mismatch between SiGe and Si has been
studied with both x-ray diffraction and Raman scattering in sr80-100 nm dry-etched Si/SiGe quantum
dots fabricated from high-quality multilayers grown @01)-oriented Si. The Raman spectroscopic investi-
gations showed that the dot alloy layers have relaxed by approximately 65% from their fully strained value and
that a compensating tensile strain has been induced in the Si layers. The relaxation is essentially independent
of the dot size and the values derived experimentally compare well with analytical and numerical model
calculations[S0163-182608)07731-5

[. INTRODUCTION High-resolution x-ray diffraction can be used for the as-
sessment both of the coherent strain due to the elastic relax-
The SiGe material system has been widely investigate@tion of dry-etched semiconductor nanostructures and of ran-
because of its high degree of compatibility with Si technol-dom strain fields due to defects induced by the fabrication
ogy. So far, the band offsets of SiGe with respect to Si hav@rocess>*°In the case of laterally periodic structures such
been utilized to enhance the performance of electrical de@s the studied arrays of quantum dots, the superlattice peaks
vices such as heterobipolar transistors, but there is also a 18€cuITing in x-ray diffraction split up into a series of lateral
of interest in fabricating Si-based optical devices. Opticaldot satellites, which necessitates the two-dimensional map-
absorption devices such as SiGe infrared detectors have beBH'9 of the intensity distribution in reciprocal space.
realized* Optical emission from SiGe is hampered by the !N this article we report on reciprocal space mapping and
indirect band gaps of both constituents and hence has a lof§@man investigations of the elastic relaxation of Si/SiGe
efficiency. However, the electroluminescence emission effiduantum dots with diameters ranging from 30 to 100 nm and
ciency of SiGe superlattices can be increased by orders & Simulation using both an analytical isotropic model and
magnitude if they are structured into arrays of quantum dotdinite element calcu_latlorjs. The large alloy layer rglaxanon is
with dot diameters below 100—200 r&A. found to be essentially independent of the dot diameter and
In the growth of SiGe on Si, the offsets in the valence and? appreciable compensating tensile strain is evident in the
conduction bands as well as the band gap itself strongly dedi layers. B_ot_h are in agreement with the continuum-elastic
pend on the strain in the lay&f. Therefore, for a proper Model predictions.
interpretation of optical and electrical experiments, a knowl-
edge of the strain status of fche Iayers is rgquirgd. The latter II. EXPERIMENT
can be evaluated by x-ray diffraction and vibrational Raman
spectroscopy. X-ray diffraction is sensitive to lattice con- The sample was grown by solid-source molecular beam
stants and does not allow a direct determination of the strairpitaxy in a VG Semicon V80 system at a growth tempera-
status of the Si and SiGe layers separately. Raman scatteririgre of 600 °C° It consists of ten periods of nominally 23
however, does offer such a material resolution. nm of Si and 4 nm of SiGe with a Ge concentration of 35%
Raman spectroscopy has been applied previously to anan a(001-oriented Si substrate. The excellent quality of the
lyzing the strain in a variety of SiGe mesa and wire sample is illustrated in Fig. 1, where an x-ray rocking curve
heterostructurds® with modeling of the results based on the of an as-grown reference sample is shown along with its
finite element method:*! Comparatively litle Raman work simulation using dynamical x-ray-diffraction theory. Since
has been performed on SiGe dot heterostructtffdéwhere  no broadening of the superlattice satellites occurs up to the
dots with a smal(50—60 nm or large(300—1000 nmdiam-  eighth and ninth order, the composition and layer thicknesses
eter were investigated. In the large dots, only small shifts oire homogeneous throughout the multiple quantum well
the Raman vibrational frequencies from the pseudomorphistack. The parameters derived from the dynamical fit are
values were obtained, due to the edge induced relax&tion.22.4 nm for the Si barrier thickness, 3.0 nm for the thickness
In the small dots, a 50% relaxation of the alloy layer wasof the SiGe wells, and 25% for their Ge concentration.
observed? No information was available in these studies Four quantum dot arrays with a size of 1 fmere de-
from simultaneous x-ray-diffraction analyses. fined by electron beam lithography and subsequent reactive
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FIG. 1. (004 rocking curve of the unetched reference sample  g|G. 3. »,—2¢ scans through the zeroth-ordepper curve and
(crossesalong with its dynamical simulatiotfull line). first-order (lower curve dot satellites.

lon etching using SiGl" The diameters of the quantum dots and the diffracted x-ray wave vectors a& Reciprocal space

In the square arrays were nominally 30, 40, 60, and 100 nrg‘happing is achieved via independent variatiorwoénd 2.

respectively. The spacing of the dots, i.e., the lateral period, The R . ¢ ied out at ¢
was five times the respective dot diameter. Scanning electron € Raman experiments were carried out at room tem-

microscope investigations of the 100 nm dot sample showeB€rature in a quasibaockscatteri_ng geprr?@tqsing.an angle
that the dots were etched uniformly across the array, wer@f incidence of 77.7° for the incoming laser light on the

with depth from the surface. The etching depth was approxiof 457.9 nm argon laser light, analyzed with a Spex 14018
mate|y 225 nm and nomina”y one period of the mu|tip|e double monochromator, and detected with a cooled RCA

quantum well structure remained unetched. Figure 2 shows 31034A photomultiplier. The incident light was polarized in

sketch of the dot geometry. the scattering plane, while the scattered light was collected
The x-ray experiments were performed at the bendingvithout polarization analysis.

magnet beam line ROEMO | of HASYLAB, Hamburg. The

beam line was equipped with an asymmetrically cut double

crystal monochromator and a wavelengfidd\ was used. A 1. RESULTS

sufficient angular resolution was achieved by using a narrow

slit in front of the Nal scintillation detector. The measure-

ments of the unstructured reference sample were done with a An w—26 scan of the 40 nm dot array analogous to the

Philips MRD diffractometer with a four-crystal @20  rocking curve in Fig. 1 is depicted in Fig. @pper curvg

monochromator. o The lower curve is am—26 scan through the first-order dot
The angle between the incident x rays and the samplgateliites. As can be seen, the width of the dot satellites is

surface is denoted as and the angle between the primary significantly smaller than the width of the zeroth-order satel-

lites. The latter apparently consist of two peaks: a narrow

A. X-ray diffraction

d Period p = 5d—> peak (with a full width at half maximum identical to the
width of the first-order satellit¢ssuperimposed on a broader
A N ) one. We attribute this feature to the incomplete etching of the
2| N 7 superlattice. The remaining two-dimensional part of approxi-
f; " 10 X{ 22.4 nm Si mately two unetched penods_ gives rise to brpader multiple
a N / 3 nm Sig 75Geg .25 quantum well peaks at positions nearly identical to the dot
| N —— satellites.
| — In Fig. 4 reciprocal space magRSM’s) around(004) of
N —— the 30 nm and the 100 nm dot array are shown. The different
A lateral periods of 5 times the dot diameter give rise to lateral

v

satellites with a spacing inversely proportional to the real
space periods of 150 nm and 500 nm, respectively. The
larger width of the satellites in the RSM of the 30 nm array
is due to a larger detector-slit width, which was chosen to
increase the detected intensity.

FIG. 2. Sketch of the dot geometry. About one period of the The streak denoted bl traces the Ewald sphere in the
superlattice remained unetched. reciprocal plane and is due to a limited angular resolution of

Si(001) substrate
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FIG. 5. Reciprocal space maps arouidd5 of the (a) 60-nm

FIG. 4. Reciprocal space maps aroui®4) of the (a) 30-nm
P ’ P uea @ and(b) 100-nm dot arrays.

and(b) 100-nm dot arrays.

the detector setuis denotes the Si substrate peak &jdare  the lower left corner of the map again follows the Ewald
the dot satellites of respective order. The first indararks  sphere. Another streak that is nearly symmetric to the first
the order of the corresponding superlattice satellite and thene with repect to the substrate truncation rod is attributed to
second index labels the lateral order of the dot satellite. ~a monochromator stregk.The more prominent one, which

Diffuse scattering centered around the substrate peak iins only on the right-hand side of the substrate peak, is
observable, which is very likely the result of lattice defects inapproximately parallel to thgl11] direction and may be due
the Czochralski-grown Si substrate. It obscures potential difto stacking faults.
fuse scattering from the quantum dots and thus prevents the In the (115 RSM of the 100 nm diameter dot&ig. 5),
detection and the structural analysis of a possibly presersatellites on the left and right hand sides of the substrate peak
damaged layer at the sidewalls of the dots. Such a damagede also visible. We attribute their existence to a periodic
sidewall layer would manifest itself in diffuse scattering strain field induced by the relaxing dots in the unetched part
around and between the coherent dot sateltftes. of the multilayer and the Si substrate.

In contrast to symmetrical reciprocal lattice points The shift of the envelope of the dot satellites towangs
(RLP’s) such as(004), the diffraction around asymmetrical =0 is clearly visible, as more satellites are present on the
RLP’s is also influenced by the in-plane lattice constant inright hand side than on the left hand side of the substiate
the layers and hence the lateral strain. A lateral strain relaxposition. The peak shift has been determined for all four dot
ation increases the in-plane lattice constant compared to i@rrays and the corresponding values for the average strain
value in an unetched, fully strained, and pseudomorphicelaxation expressed as in-plane lattice constants are depicted
layer. This increase of the in-plane lattice constant in than Fig. 6 (lower curveg. As the number of observable satel-
guantum dots induces a shift of the envelope of the dot safites decreases with decreasing dot period, the error bars for
ellites in the direction of smaller reciprocal in-plane coordi- smaller dots are larger.
nates|q,|. The shift is proportional to the increase of the Due to the relaxation, a tensile strain is induced in the Si
average in-plane lattice constant above the value of the urdayers and the compressive strain in the etched SiGe layers is
strained Si substrate. reduced. However, the relaxing dots also cause a tensile

In Fig. 5, RSM’s around the asymmetrit15 RLP are strain in the unetched superlattice periods and the Si sub-
shown for the 60 nm and the 100 nm dot array. For geometristrate directly underneath the dots. Moreover, the unetched
cal reasons concerning the experimental setup, the investigeegions between the dots are compressively strained. The
tion of RLPs with a more distinct asymmetry théil5 was range of these strain fields in the unetched material scales
not possible. The streak through the substrate peak towardgith the dot diameter and is larger for the 100 nm dots than
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' interfaces’® The frequencies of the FLA modes are very well
100 o— reproduced in the Rytov thed?° taking the x-ray values
§ [l 1) for the layer parameters and using known or interpolated
— 90 v —— values ofvg=8433 m/s and gige= 7553 m/s for the layer
E -n\ T FE 2) sound velocitiespg= 2330 kg/n‘g} and psice=3088 kg/ni
*§ 80 \ for the mass densities, amd;=4.66 andng;c.=4.70 for the
= . \ refractive indices at 457.9 nm. A perfect fit is obtained with
g 70— the Rytov model by increasing the superlattice peii@@.4
“= I - \ nm) by 0.2 nm. Such a slight increase in the period predicted
2 60 T by Raman results over the value determined by x-ray diffrac-
) I XRD\T\I tion has been observed before for InSh/IpAl,Sb
2 s superlattice$® It was attributed to the literature sound ve-
I 1 locities used in that study being slightly too high. The
40 . present result shows that the small difference between x-ray
30 40 60 80 100 200 and Raman results for the period is more systematic and
Dot diameter (nm) warrants further investigation.

Also shown in Fig. 7 is a series of longitudinal opticO)

_FIG. 6. Average elastic relaxation of the quantum dots as obphonon peaks due to lattice vibrations within the Si and SiGe
tained from the reciprocal space mafmwer curve, labeled XRD  |ayers. For the as-grown superlattideig. 7(a)], three peaks
and the finite element calculatiofispper curves, labeled FE occur at 295.3, 410.3, and 514.2 ch(shoulder feature

o ) associated with the so-called Ge-Ge, Ge-Si, and Si-Si
aforementioned lateral satellites of the substrate peak are vigog 2 c¢nv? in the unstrained Si layers and Si substrate. In
30 and 40 nm dots. For the latter, the satellite peaks arg14.3, and 520.1 cit [see Fig. To)]. However, analysis of
hidden in the diffuse scattering. . the dot results requires some care because of two factors:
~ As a consequence of the tensile and compressive straifist, the samples are incompletely etched through leaving at
flelqls induced in the unetched materlaL_ the average in-planRast one two-dimensional superlattice alloy layer and sec-
responding elastic relaxation are smaller tr_]an expecte.d fggurface materials forming a diluted SiGe layer coating the
the etched part alone and the discrepancy increases with intire structuré:*228 Evidence for this comes from the Ra-
creasing dot diameter. The data points in Fig. 6 thereforgygn spectrum shown in Fig(d, which is taken from the

represent lower limits for the dot relaxation. unmasked and etched surface area in between the four arrays
of dots on the sample. Weak peaks at 302, 409, and 515.5
B. Raman spectroscopy cm ! (shouldey due to SiGe alloy formation are evident

Raman spectra obtained from the reference sample arfﬂong with the intense 520.'2 crh line and some secona-
the dot arrays are shown in Fig. 7. The spectrum of theprder scattering from the Si substrate. Thus, in the 500-550

_1 .
reference sample exhibits a series of eight sharp peaks ?En regl;(lo.n of tggsqotllRamankspectrym fthere r?re dactuallé/
frequencies up to 100 cnt that are due to superlattice our peaks: two SI-Si alloy peaks coming from the dots an

folded longitudinal acousti¢€FLA) modes. The appearance SiGe coating plus unetched aIIo_y layers, respectively, one'Si
of such a large number of FLA peaks together with theirsubstrate peak, and one dot Si-layer peak. Curve resolving

h . high-quali latti ith sh Eﬁis frequency region lead to a_ready identification_ of the
sharpness indicates a high-quality superlattice with shar our bands. In the least squares fits, the frequency, width, and

line shapes of the Si substrate and background Si-Si alloy

2000 q———T——— T ) ) . 5
- i 1 peaks were fixed using parameter values obtained from fits to
= Si/SiGe - the reference spectra. The frequencies of the other two
£ i i/Si ] ; o
= 1500 4 295K ] modes, as obtained from the curve fitting, are plotted versus
2 - 1 dot diameter in Fig. 8. The alloy layer Si-Si frequencies are
& . considerably lower in the dots than in the fully strained su-
= 1000 - ] perlattice case, while the Si layer frequencies are reduced
2 - 1 from that of bulk Si. These results indicate considerable
é—" strain relaxation effects in the dots. Similar strain relaxation
= 500l induced shifts in the Si-Si line frequency have been observed
g i (©) previously for 50—60 nm dot<;but the frequency shifts in
é : @j kxjo . the Si layers of the Si/SiGe superlattice samples were not
ol b v resolved in that case.
0 200 400 600

Frequency shift cm™) IV. MODEL CALCULATIONS

FIG. 7. Room temperature Raman spectra ffajrthe as-grown A. Finite element calculations
superlattice,(b) the 60 nm dot array, an¢t) the etched surface Finite element calculations of the elastic relaxation of the

between the dot arrays. The spectral resolution was 3'cm quantum dots have been performed with the commercial pro-
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gram NASTRAN. The following values for the lattice con- ) _ . )
stants and the elastic constants have been asstfified: | F'G-tﬁ- Ca'_CU|at|ed dtlsptlr?cergent Iflle(fdcalel 20.3[ fg a ScIjGteTh
aSi= 5.431 05 AiaGez 5.6579 A, Cll,Si= 165.8 GPa:CH,Si ayerlln greglon c.ose .0 .e siaewall 0 gre axe nm dot. e
—63.9 GPa,Cyys—79.6 GPa,Ci; o= 1285 GPa,Cry e abscissa is the radial direction and theaxis corresponds to the

~483 GPa, andC, 683 GPa. The values for SuPeriatice growth direction.

SIO;IZSrSa Qé;?g:’"e;go?gt%:gig 3%;2%&:”&5?8;;2?;& cometri- We have used the values of Si for Young’s modulus and
g the Poisson ratioE=130.25 GPa and=0.279. The aver-

cal models. In the first model, the vertical superlattice struc- . . )
.~age relaxation of the dot resulting from the analytical calcu-
ture was replaced by a homogeneous layer of the same thick=." "~ . . : A
ation is practically identical to the corresponding finite ele-

_?EISSSV?QS o\llgl::e ttf:) ersgsggﬁ]g%rﬂr%%sé?oor} r?gége zlijnagrfg(éiﬁent curve[labeled(2) in Fig. 6]. The displacement field
) o P Close to the sidewall of an elastically relaxed 40 nm dot is
sary for the discretization of the structure.

In the second model, we took the compositional modula_shown in Fig. 9. Only the displacements of one SiGe layer in

tion of the multiple quantum well into account and obtainedthe center of the dot and about 3 nm of the surrounding Si

results close to those of the less accurate first model. In botRe o> &€ plotted. The ratio between position and plotted

models, the stress in the unetched material induced by thelsplacement Is 1:20.

relaxing quantum dot was accounted for by modeling a large
part of the substrate between the dots. V. DISCUSSION
The numerical values of the average elastic relaxation of
the quantum dots following from the two models are plotted
in the upper curves of Fig. Babeled(1) and (2)] for com-
parison with the experimental ones. A cylindrical shape
the dots was assumed in both cases after we had verified that SiGe_ (4 _ A )
; . gl = (asi— asice/ Asice: (1)
the slight taper of the dot shape has only a very small influ-
ence on the relaxation(4%). whereag; is the Si substrate lattice constant aagls. is the
alloy bulk lattice constant. The bulk lattice constant as a
function of alloy composition i§’

The compressive parallel straﬁﬁiee in the as-grown al-
loy epilayer of the superlattice, as calculated from the lattice
Ofmismatch between the epilayer and the substrate, is

B. Analytical isotropic model

For a second analysis, we have adapted an analytical asigd X) =0.54310.0%+0.0026¢ (nm), (2
model developed for shrink fit problems of long solid circu-
lar cylinders by Barto* This model assumes elastic isot-
ropy and the small difference in the elastic constants of S
and S 75Ge, o5 is not accounted for. The boundary condi-
tions are that the shear stress vanishes at the sidewall and
the normal stressr,, is equal to the misfit stress, which
varies according to the chemical modulation along the s
growth direction. 8 =~ Sws{715, ©)

The main advantages of this analytical model is that the(‘/vhereéwsi is the frequency shift in wave numbers from the

stresses and strains can be determined quickly at any poig,k sj frequency of 520.2 ciit. For the Si-Si line in the
and with any desired numerical accuracy without the Necess|oy layers SﬁiGe: Sws;./b,2 where

sity of solving large linear matrix equations. The main dis-
advantage is that the influence of the unetched material, b=—715-825% (x<0.35 (4)
which slightly hinders the elastic relaxation at the bottom of

the dots, cannot be taken into account. and hence

which for x=0.25 yieldsag;ce=0.5483 nm. Hence the ex-
pected average parallel strain 4§'“*=—0.009 484 in our
as-grown superlattice. The Raman LO-phonon frequencies
can also be used to estimatﬁ' in the case of the Si layers
from the relationshi’
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12— T 1] 0.2 become tensilely strained relative to the Si substrate, with
E Bulk o o &f'~0.001 as compared with}'®*~ —0.0035. Thus an ap-
1 preciable compensating strain is set up in the Si layers when
1 -02 alloy layer relaxation occurs during dot formation. Such an
% = Si/SiGe EDW g _ effect has been theoretically prgdicfédout until now has
- 295 K 177 w been difficult to observe directly in such small dots.
= J-06 5 The full line in Fig. 10 represents the strain in the SiGe
E ]\ ] layers calculated with the analytical model. It agrees well
02 ]-08 with the results obtained for 30, 40, and 60 nm dots within
ol SiGe calc. -)% 1 experimental error, but less so for the 100 nm dots. The
C Superlattice ] calculated parallel strain in the Si layers is approximately
02— 1(')0 e 100012 25% smaller than the Raman results.

The Raman results indicate that the dots are essentially
fully relaxed(averaged over the whole dohdependently of

FIG. 10. In-plane straig,| in the Si () and the SiGe((J) alloy dqt dlameter§ in the mve;’ugated range. Th|s is in agregment
layers of the dots, as determined by Raman scattering. The equiv¥ith the continuum elastic model calculations for dot diam-
lent superlattice and bulk frequencies are plotted at the right. Th&t€rs up to about 200 nisee Fig. 6. The elastic relaxation
calculateds "¢ for the superlattice is denoted by. The full (bro- ~ derived from the x-ray reciprocal space maps is systemati-
ken) line represents the parallel strain in the relakatdained SiGe  cally smaller, which is attributed to the averaging over the

Dot diameter (nm)

(Si) layers calculated with the analytical model. strain fields both in the dots and in the unetched material
below.
SiGe__
e =~ dwsisf921 ) VI. CONCLUSIONS
for x=0.25. The required bulk frequency valug, ; of the The elastic relaxation of dry etched Si/SiGe quantum dots

Si-Si line in a Sj 756G, »5 alloy was estimated from the data has been investigated by means of both x-ray reciprocal
of Lockwood and Baribedt to be 503.3 cml. This agrees SPace mapping and inelastic light scattering spectroscopy.

well with predictions based on more recent results for the30th techniques show a similar large and essentially size-
concentration dependence obtained by Tsangl?® and independent relaxation for dot diameters up to 100 nm. The

also those obtained earlier by Byi%. Raman results provide confirmation of earlier theoretical pre-

The experimentally determined averaggin the Si and dictions of a compensating'tensile strain induced.in thg Si
SiGe dot layers, based on E¢8) and(5) and the frequency Iayers_ by SlG_e I_ayer relaxgtlon. The observed strain ratio of
data of Fig. 8, are given in Fig. 10. For the SiGe layers thel:—3_|n the Si/SiGe Ia_yers is well reproduced by continuum-
Raman value fog | in the fully strained as-grown superlat- elastic model calculations.
tice is a little higher than that predicted from Ed), but the
difference lies within the errors associated with determining
b and sw3.g; for x=0.25. The parallel strain in the dots is ~ This work has been supported by the GMe, the BMWV,
considerably reduced compared to the as-grown superlattind the FWF. The measurements have been performed at the
and, within errors, is independent of the dot sigp to 100 ROEMO | beam line of the HASYLAB in Hamburg. We are
nm). On average, the strain in the alloy layer has relaxed bygrateful to Detlev Bahr for his assistance with the beam-line
approximately 65% due to the fabrication of dots from thesetup and H. J. Labbfer his assistance in the Raman mea-
superlattice. In comparison, the Si layers in the dots haveurements.
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