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Growth and study of self-organized Ge quantum wires on Si (111)
substrates
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Self-organized Ge quantum wires were grown on regular atomic steps formed aldfglirection

on Si{111) substrates by annealing at 870 °C in vacuum. The samples were then studied by atomic
force  microscopy, polarization-dependent Raman scattering, and low temperature
photoluminescence spectroscopy. The results suggest that good quality Ge quantum wires were
formed and clear quantum confinement-induced quantization in the wires was observé899©
American Institute of Physic§S0003-695(99)02417-]

Recently, low dimensional semiconductor quantumSi(111). They were cleaned by a standard Si wafer cleaning
structures have attracted much attention owing to their interprocedure before Si molecular beam epitaxi®lBE)
esting properties in quantum physics and their potential apgrowth. The samples were grown using a gas source MBE
plications. In particular, self-organized nanostructures are ofystem with a SHg gas source and a Ge Knudsen source.
particular interests due to the fact that self-organization proAfter the chemical cleaning, the wafers were loaded into the
vides a possible way to realize nanostructures withoutiltrahigh vacuum(UHV) MBE chamber, and then heated to
process-induced defects or damage, which are frequentg70°C to remove the surface native oxide layer. Regular
seen in the samples defined by e-beam lithography and reaatomic steps were formed with the step height of about 0.5
tive ion etching. Most of the published work on self- nm and the terrace width of about 110 nm al¢dg0] on the
organized nanostructures was on self-organized quantusurface after the annealirigee Fig. 1 After growing a 300
dots(QDs).1 3 The purpose of those studies is to understandim Si buffer layer, Ge was deposited at a growth tempera-
the growth mechanism of island formation and to better conture of 600 °C and a growth rate of about 0.01 nm/s. The Ge
trol their sizes and spatial distribution for device applica-growth rate was stabilized by controlling the cell temperature
tions, such as the self-organized InAs QD based thgdr.  to within an error of=1 °C, and the rate was calibrated with
though the growth mechanism is still elusive, the growth ofAuger electron spectrosco#ES) and atomic force micros-
good quality QDs with the size uniformity withirt3% has copy (AFM) measurements. The sample morphology was
been reportetdand the QDs can be selectively grown on then studied by AFM.
predetermined surface locatibriTo date, little work has The Raman measurements were performed in back-
been reported on self-organized quantum wirgiace self-  scattering configuration at room temperature on a micro-
organized quantum wires are much harder to be realized thaRaman system using the 514.5 nm line of ari Aaser as the
self-organized QDs. excitation source. Low temperature photoluminescefte

Early studies on quantum wires dated back to about &pectra were also obtained at 4.2 K on a standard cryostat
decade ago. Growth on the vicinal planes of various subsystem using the 514.5 nm laser excitation with a power
strates was employed to prepare quantum wWirBecently, density of about 3 W/cfa The PL signal was detected with a
Tersoff et al® reported their theoretical studies and sug-
gested that it would be possible to create atomic height steps
on the vicinal planes of a semiconductor substrate as tem-
plates for the growth of quantum wires. In addition, previous
research has shown that self-organized Ge QDs are somehow
aligned on the upper edges of the surface kinks on tilted
Si(100) substrated? suggesting a possible way of forming
self-organized Ge quantum wires on Si substrates as the step
edges are energetically preferred by the Ge adatoms. In this (a)
work, we report the growth of self-organized Ge quantum Ge wires
wires on the regular atomic steps created ofLHi sub-
strates and our optical studies of the quantum wires. Strain
effects and quantized optical transitions related to the ground
states and the first excited states in the wires due to lateral (b)
potential confinement are observed.

The substrates used in this study were 0.5° mipeype  FIG. 1. Schematic diagrams of the(BL1) surface before and after the Ge
growth. (a) The periodic atomic step formation alopfl0] direction after
annealing but before the Ge growi(n) after the growth of self-organized
¥Electronic mail: gjin@ee.ucla.edu Ge wires alond112] direction.
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FIG. 2. Typical AFM image of self-organized Ge quantum wires i Bi) £ M polarization x1
substrate with 10 ML Ge. The most probable height and width of the wires = (303.1 cm') angle
are 4.5 and 43.4 nm, respectively. g M
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liquid nitrogen cooled germanium detector through a 0.5 m T J L
monochromator. The slit size for the PL measurements was 250 300 350 400 450 500 550 600
kept at 500um.

Figure 2 shows the AFM image of the self-organized Ge
guantum wires on a 8ill) substrate after growing an FIG. 3. Raman spectra taken from the same sample as examined in Fig. 2.

equivalent of 10 ML(or 1.6 nm Ge. The Ge wires are The upper and lower curves are \:vith the po_lariza_tion o_f the excitati_on light
parallel (0°) and perpendiculaf90°) to the wire orientation, respectively.

ajgned_ alo_ng[11_2] direCti_on ar_‘d regularly spaced along The Ge—-Ge_mode is seen as the incident light polarization parallel to the
[110] direction with the pitch size of about 110 nm. The direction[112] of the sample. For the 90° polarization, no Ge—Ge peak was

AFM results indicated the average height of the self-seen.
organized Ge wires of about 4.5 nm and the average width of

the wires of about 43.4 nm. As normally seen in the growthiant with the AFM image in Fig. 2 and confirms the exis-

of Ge on S${100), the growth of Ge on $111) is alsO  tence of the self-organized Ge wires and the wire orientation.
Stranski—Krastanov mode growth. The former system can be |, addition. the peak of the Ge—Ge mode of the wires at

monolayer and bilayer growth mode, but the latter systenygs 1 cnil is blue shifted by 3.1 ci* as compared with
belongs to bilayer growth mode. Therefore, we estimateqhat from bulk Ge at 302.0 ciit, indicating a small amount
that the quantity of Ge in the wires was equivalent to aboubf compressive strain built in the Ge wires. We do not rule
1.1 nm, and the rest of the Gabout 0.5 nmshould con- oyt the confinement effect, which probably occurs in the
tribute to the formation of a wetting layer. wires. However, according to Sutter's stutlythe phonon
From the AFM imageFig. 2, the Ge wires are not very confinement effect only causes an insignificant shift of the
smoothly distributed along the wire direction. The Iateralpeak to lower energy. We believe that the strain effect is
size fluctuation of the Ge wires is believed to be caused byominant in our case. Assuming a negligible quantum con-
the wire formation mechanism: the self-organized Ge wireginement effect on the Ge Raman shift, we estimate that a
are the result of Self-aligned Self-organized Ge dots along thB|ueSh|ft of 3.1 Crﬁl in the Ge quantum wires Corresponds
upper edges of the surface stéfsirst, after the formation o an equivalent of about 0.8% lattice mismatch induced
of regular atomic steps and the deposition of the 300 nm Sitrain!? This is much less than the strain normally existed in
buffer layer on the $111) substrate, a two-dimension@D)  a pseudomorphic Ge/Si heterostructure, which should be
Ge wetting layer forms on the surface due to the typicalahout 4.1% for Ge on Si surface. The partial relaxation of the
Stranski—Krastanov mode growth. Then self-organized Geompressive strain in our Ge wires confirms again the loca-
QDs are formed on the convex surface, which yields to thajon of our Ge wires at the upper edges of the atomic height
upper edge sites of the steps on the substrate. Finally, due &eps, which is similar to that reported by Sakametal.°
the energetic preference of Ge accumulation on the edggho found that the Ge QDs were preferentially located on
sites, more and more Ge adatoms migrate to the edge sit@se upper edges of the kinks on the tilted(il) substrates
and fill the gaps between the self-aligned QDs along theind were largely relaxed.
edges, leading to the formation of self-organized Ge wires.  The Ge wires located at the upper edges of the atomic
In order to study the properties of the Ge wires, we havesurface steps should be accomplished by the distortion of the
performed polarization-dependent Raman scattering on thsi in the close vicinity of the Ge wires, as seen in the dry
samples. Figure 3 shows the Raman spectra with the polagtched Si—SiGe and Si—Ge wires and ddtEhis is further
ization of the excitation light parallel and perpendicular toconfirmed by a 4.2 K PL measurement on the same sample.
the wire orientation, i.e[112] direction. In both curves, the As shown in Fig. 4, at the energy above 1.0 eV, the PL peaks
peak at around 520 cm originates predominantly from the originating from the Si region are doublets separated by 4.6
Si substrate and the Si buffer layéi—Sj. The top curve, meV from each other. The weaker higher energy components
taken with the light polarization parallel to the wire orienta- of each doublet are from the strained Si regions induced by
tion, shows a peak located at 305.1 chnwhich is attributed  the formation of the Ge wires, suggesting the existence of a
to the optical phonons of the Ge—Ge stretching mode. Théensile strain in the Si adjacent to the Ge wires. The en-
appearance of the peak is due to the strong coupling betwedranced multiple phonon features in the PL spectrum of the Si
the excitation light and the Ge wires; while the bottom curve region are also consistent with the existence of strained re-
with minimum light coupling to the Ge wires due to the 90° gion in Si. The 4.6 meV blueshift of indirect band gap Si
of the light polarization with respect to the orientation of the peaks corresponds to a tensile strain induced by an equiva-

wires, the Ge—Ge mode is very weak. This result is consislent of about 1% lattice mismatch with respect to bulk Si. By
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the effective mass of the heavy hole in Ge wires. We used
Ey=0.718eV as measured by 4.2 K PL from a bulk Ge
sample, and the effective mass of the heavy holm;ﬁge

=0.32m,.* Considering that there may still be an effect of
quantum confinement on the Raman peak shift, we believe
n=1 that the strain data, an equivalent of 1% lattice mismatch, as
2 O716V) extracted from the PL data may be more reliable than that
' n=2 from Raman analysis. The energy shift in the Ge wires in-
0847¢v)  x 10 duced by a biaxial strain of equivalent to 1% lattice mis-
" ™ match is estimated to be aboNE = — 44 meV*® By using
e XLW.J\‘\'A\/J the experimentally measured wire heigdt5 nm), and a
. . valence band discontinuity of 0.4 eV, we can estimate that
o o 1o T2 due to the Ge wire confinement in taedirection, the tran-
sition energies should be at 0.722 and 0.861 eV, respectively,
with the energy separation of 139 meV. Considering some
FIG. 4. 4.2 K PL spectrum of the same sample. The peaks at 0.716 andncertainty in the effective mass and possible errors of the

0.847 eV are, respectively, assigned to optical transitions related to th?neasuremem wire sizes. this estimated number is in very
ground and first excited states in the Ge quantum wires. The peaks are !

labeled as NR1.1475 eV, TA (1.1284 eV, TO (1.0885 ey, TO+2TA  900d agreement with the measured data.

(1.0545 eV, and 2TOFTA (1.0216 eV, representing the no-phonon, trans- In summary, we have grown self-organized Ge quantum

verse apoustic, transverse optical, and multiple phonon modes from the Sjyires on S{111) substrates by forming regular atomic steps

respectively. The separation of the doublets is about 4.5 meV. first followed by Ge deposition. Optical studies of the Ge

wires suggest that these wires have a built-in biaxial strain

combining results from both Raman scattering and PL reequivalent to about 1% lattice mismatch. In addition, quan-

sults, one can conclude that a biaxial strain exists in these Gézed optical transitions due to the confinement in Ge wire

wires grown at the upper edges of the steps. were also observed. Studies are under way to improve further
In the PL spectrum shown in Fig. 4, there are additionalthe understanding of the growth mechanisms and the poten-

two small PL peaks located at 0.716 and 0.847 eV, respedial applications of these structures.

tively. These two peaks are most likely from the optical tran-

sitions related to the quantized energy states in the Ge wires .

due to lateral wire confinement. To support this assertion, W%jer's%pﬁ)oré W'.th AEM ngd Mr. J.ohn YehTipd Yahkao Luo for

used a simple quantum mechanics model to estimate the i de' b auring the e_zxpelrlmgnts. IS w(;)r was sup-

ergies of the quantum states by assuming that the quantu orztce)89|n part by the National Science Foundat{@MR-

wires have a lateral size &f and a height oH in they (or 3.

[110])) and thez (or [111]) directions, respectively. Due to
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