Size distribution of SiGeC quantum dots grown on Si (311)
and Si(001) surfaces

R. Jonczyk,® D. A. Hits, L. V. Kulik, and J. Kolodzey
Department of Electrical and Computer Engineering, University of Delaware, Newark, Delaware 19716

M. Kaba and M. A. Barteau
Department of Chemical Engineering, University of Delaware, Newark, Delaware 19716

(Received 26 November 1997; accepted 6 February)1998

Quantum dots of $i.,_,GgC, alloys with high Ge contents were grown or(3i1) and S{001)
substrates by solid source molecular beam epitaxy and were measured by atomic force microscopy.
The quantum dot layers had a nominal thicknésguivalent two-dimensiongalof 4 nm. The
smallest quantum dots occurred for the compositigydie, Cg o1 0n Si(311), and had a 40 nm

mean diameter, an 8 nm mean height, and a density of B8° cm™ 2. Quantum dots on 8)01)

were larger and had less regular spacing than quantum dotg2itSwith the same composition.
Carbon decreased both the mean size and spacing of SiGe quantum dots and the ratio of size
deviation to mean diameter. The presence of small uniform quantum dots for particular
compositions is attributed to a reduction in the surface migration of adatoms due to decreased
atomic surface diffusivity. These results suggest that quantum dot organization is controlled by
composition, substrate orientation, strain, and surface diffusion.19@8 American Vacuum
Society[S0734-211X98)03803-7

[. INTRODUCTION using surfactants such as Ga and(Bef. 10 and by reduc-
ing the substrate temperature to below 300°**&iding C to

Recent interest in low-dimensional nanostructures is mosiGe alloys adds flexibility and has been studied in thin

tivated by the possibility of new electrical and optical prop-films!! but not previously in quantum dot layers. In this ar-

erties compared to bulk and two-dimensioridD) layers. ticle, we report on the size distribution of SiGeC quantum

Sufficiently small structures are expected to exhibit quantungiots grown on $B11) and S{001) surfaces, and compare the

confinement effects at room temperature, short propagatiogffects of composition, strain, and substrate orientation.

delays, and Terabit chf densities: Ge grows on Si by the

Stranski-Krastanov mode of 2D wetting for the first 3 ML,

followed by three-dimensiondBD) islanding?® This island-  |l. EXPERIMENT

ing process can be utilized to achieve self-assembled quan- The samples were grown by solid source molecular beam
tum dot arrays. Such self-assembled or self-organized quagpitaxy (MBE) as described elsewhelk.Solid thermal
tum dots on Si substrates are being investigated foggurces were used for Si and Ge, and a heated graphite fila-
producing nanostructures compatible with Si  circuit ment was used for C. The substrate temperature was 600 °C
processing. The fabrication of nanostructures by self- for all layers. X-ray diffraction indicated that these condi-
organization during epitaxial growth avoids the limitations of tions typically produce single crystal epitaxial layers oriented
conventional lithographic processing. The question isyith the substrate, for thick layers. The Si atomic fraction
whether the resulting quantum dot arrays will have the uniwas varied from 0 to 0.1, and the C fraction was varied from
formity of sizes and positions suitable for device applica-0to 0.01. No surfactants, such as atomic H, were used during
tions. growth. The nominal thickness was 4 nm, which is the thick-
Quantum dot formation may be affected by substrate oriness of an equivalent flat layer having the same volume as
entation through differences in surface energy, bond densitythe quantum dot layer. The compositions were inferred from
and diffusivity. The growth of Ge quantum dots on Si hasgrowth conditions calibrated by Rutherford backscattering
been investigated for the ®01),>* Si(110),° Si(111),° and  spectrometry and by electron microprobe measurements of
Si(312)? orientations. It has been shown that Ge layers relaxhicker samples grown under identical conditions.
more readily on $D01) than on Si111)* and maintain The layers were examined by atomic force microscopy
purely 2D growth for slightly thicker layers on @il than  (AFM), performed with a Digital Instruments Nanoscope I
on S(001).% Additionally, the growth of SiGe quantum dots using the tapping mode technique with single crystal Si can-
on Si001) was found to depend on surface diffusich. tilevers having a nominal tip radius of 10 nrhAll samples
Quantum dot formation has been observed in the GeC sysvere taken from the center of the wafer. To further ensure
tem with optical properties depending on the C fractidns. that the results were not due to local variations, several AFM
The formation of Ge islands on Si can be suppressed bgcans were taken across the diameter of each wafer. The size
and spacing data in Table | were obtained by analyzing the
dElectronic mail: jonczyk@ee.udel.edu features from AFM scans. The quantum dot area was taken
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TasLE |. Nanostructure properties including composition, orientation of Si substrates, and statistical properties
of quantum dots for umx2 um AFM scans of samples. Dev/dia is the standard deviation of the diameter

distribution divided by the diameter.

Jonczyk et al.: Size distribution of SiGeC quantum dots

Dot dia- Peak Dot Avg. dot
Sample Substr. meter wavl. density height Dev
No. Composition orient. (nm) (nm) (cm™?) (nm) /dia
SGC191 SiGeyo (311 70 141 x10° 9.1 0.86
SGC180 Si065&.6Co.01 (311 40 64 3.4¢10% 7.6 0.61
SGC183 SiGeyo (001 71 207 6.%10° 12.8 1.23
SGC181 S.065&.sCo.01 (001 58 125 1.%10% 115 0.98
SGC204 Ge (311 105 231 2.5%10° 16.5 0.79
SGC205 GgolCo.01 (311 95 186 3.x10° 15.6 0.74
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at a vertical position located two times the root mean squar8oth large coalesced quantum dots and small coherent quan-
(rm9) surface roughness away from the mean base line 2Bum dots are present in this sample. The size distribution

surface. The quantum dot diameter is calculated from thehows a peak for large quantum dots at about 90 nm diam-
guantum dot area assuming a circle of the same area as théer and a somewhat broader peak for small quantum dots at

guantum dot.

[ll. RESULT AND DISCUSSION

Figure Xa) shows a top view of SiGe quantum dots on
Si (311) together with the quantum dot-area distribution.

(b)
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Fic. 1. (a) Atomic force microscopy scan of 2mXx 2 um area of §j;Gey g9
grown on(311) Si and quantum dot area distributiaiip) atomic force mi-
croscopy scan of 2zmXx2 um area of §j1Ge)gg Cp o1 grown on(311) Si

and quantum dot area distribution. The curves were normalized by multi

35 nm. Between these two maxima quantum dots of all sizes
exist at a fairly constant rate. Quantum dots grown under
similar conditions but containing C are shown in Figb)l

The presence of C decreased the mean size of the quantum
dots, reduced the range of feature sizes, as will be shown
later by Fourier analysis, and narrowed the quantum dot size
distribution to only one strong peak at 40 nm quantum dot
diameter. SiGeC samples grown under identical conditions
on Si001) substrates showed that C had similar effects on
the quantum dot size distribution and quantum dot feature
sizes, however the effect was less pronounced than for
samples grown or{311). This indicates that the substrate
orientation affects the quantum dot size. The addition of C to
Ge quantum dots grown of811) substrates yielded only a
slight reduction in size and quantum dot spacing. We at-
tribute the reduced effect of C on pure Ge to low substitu-
tional incorporation of C in Ge. Statistics for all layers dis-
cussed above are given in Table I. As indicated in Table I,
over the range of compositions and substrate orientations
investigated, the smallest quantum dots were obtained for
SiGeC compositions on &11). It is also worth noting that,
although smaller quantum dots are expected to have a
smaller deviation of sizes, C reduced the ratio of quantum
dot size deviation to quantum dot diameter, indicating higher
regularity in SiGe layers containing C.

To determine the distribution of sizes, Fourier analysis
was performed. The Fourier transform is proportional to the
number of occurrences of the spatial wave veckorThe
spatial wavelength, 2/k, is the characteristic length associ-
ated with periodic spatial variations, including diameters,
spacings, and vertical slopes of quantum dot edges. Two
types of Fourier transforms were performed on the surfaces:
2D based on the two-axix-y) raster scans, and one dimen-
sional(1D) based on only th& coordinate of sequential line
scans. The 2D spectrum showed circular symmetry, indicat-
ing no preferred orientation on any of the substrates. The 1D
Fourier intensity power spectrum, the square of the Fourier
transform, is plotted versus spatial wavelength in Fig. 2, for

plying the number of equally sized quantum dots with their area and dividthe quantum dots of Fig. 1. The addition of C to SiGe re-

ing the result by the scan area.
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duced the mean value and the relative-range deviation of the
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311) and more regular quantum dot layers o1i3%i) compared
with Si(001) substrates may be due to surface-related differ-
- Geg.99Co.01 ences including diffusivities, local strain, and critical thick-

—--Ge

ness. For $i:Ge o and Ggodlo o1 quantum dots under
equivalent strain conditions, we found SiGe quantum dots to
be smaller than GeC quantum dots, indicating that the
(100) chemical nature of the alloy affects quantum dot size in ad-
dition to strain.

o

= Sig 1Ge0.89C0.01

—-Sig.1Geo IV. CONCLUSIONS

In conclusion, we have grown Ge, SiGe, GeC, and SiGeC
311) guantum dots on(001) and (311) Si substrates. Quantum
dots containing Si and C have smaller size and spacing for
= Si 1Ge0 50Co.01 both (001) and(311) surfaces, and reduced deviations in size
-+ Si;1Geg o and spacing, which is crucial for applications requiring uni-
formity. The effect of C is stronger for alloys containing

o

Fourier Intensity (arb. units)

0 , : . small amounts of Si, and is more prominent for alloys grown
on (311) substrates. Differences between strain equivalent
0 200 400 600 800 SiGe and GeC layers grown ¢811) surfaces indicated that
Wave length (nm) strain alone does not determine the geometry of quantum dot

layers. These results indicate that strain, composition, and
Fic. 2. Fourier intensity distribution spectrum vs quantum dot spatial wave-substrate orientation all play roles in quantum dot formation
length for Ge, GeC, SiGe, and SiGeC quantum dots €813i and S(00),  and provide different vehicles to control the self-assembly

obtained from AFM scans of Fig. 1, over theunx 2 um area. Markers and self-organization of quantum dots for device applica-
represent measured data, solid lines were calculated by fitting the measure_On
ions.

data to an exponentially altered Gaussian. t
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