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Temperature effect on the formation of uniform self-assembled Ge dots

G. Jin
R&D Division, Integrated Device Technology, Hillsboro, Oregon 97124

J. L. Liv®
Department of Electrical Engineering, University of California at Riverside, Riverside, California 92521

K. L. Wang
Device Research Laboratory, Department of Electrical Engineering, University of California at Los Angeles,
Los Angeles, California 90095

(Received 27 May 2003; accepted 13 August 2003

The effect of the growth temperature on the formation of uniform self-assembled Ge dots on Si
(001) substrates was studied. The ratio of pyramid dots to dome dots varies with the growth
temperature from 500 to 700°C. Temperature of 600°C was optimum to form uniform
self-assembled Ge dots, and is attributed to the enhanced diffusion kinetics. Highly uniform Ge dots
with height deviation of =3% were obtained at this growth temperature. Discontinuity in
characteristic length was found in an Arrhenius plot between 600 and 625°C, and it is due to
intermixing of Si with Ge which occurred at high temperature. 2603 American Institute of
Physics. [DOI: 10.1063/1.1616978

Self-assembled growth of coherent and strained Ge dotand a Ge Knudsen cell source. Samples were first chemically
on Si (001) has attracted extensive interest in their funda-cleaned and then dipped in a diluted HF solution to form a
mental properties and potential applications in nanoelectrorhydrogen-terminated surface before being loaded into the
ics and optoelectronics. Previous studies showed that selfracuum chamber. Aftein situ thermal cleaning at 900 °C, a
assembled Ge dots on Si001)) had a bimodal size Si buffer layer (~100 nn) was grown at 660 °C with a
distribution, i.e., square-based pyramids with f¢L®5 fac-  growth rate of about 0.1 nm/s. The temperature was mea-
ets and polygon-based domes with multifacefor prag-  sured with a calibrated pyrometer and a thermal coupler back
matic applications, one essential issue is how to realize unieontacted to the sample. After Si growth, Ge was deposited
form self-assembled dots with monomodal distributionat various growth temperatures from 500 to 700 °C with a
(the dots have similar morphology and a narrow sizedeposition rate of about 0.01 nm/s. All samples have a nomi-
distribution. nal Ge layer thickness of 1.6 nm. The samples were then
Recently, we have observed the formation omano-  situ characterized with an AFM in contact mode, which is
modal distribution of Ge dots on Si stripe mesas formed vigoreferred for characterizing small quantum dots. The typical
selective epitaxial growth on patterned substrat@similar scanning direction was parallel to g0 direction of the Si
observation of the monomodal distribution of Ge dots on(001) substrates. The scan frequency was between 0.5 and
high-index facets has been also reportéionomodal dome 1.0 Hz.
dots were observed when Kamiesal. studied the Ge thick- Figure 1 shows AFM images of the self-assembled Ge
ness effect on self-assembled dbtRosset al. reported a  dots at various growth temperatures from 500 to 700 °C. In
narrow size distribution of Ge dots on planar &l01)  Fig. 1(a) with growth temperature of 500 °C, one can clearly
substrates.These results suggest that it may be possible tgee that there are two kinds of Ge dots, pyramids and domes.
realize uniform Ge dots on planar §i01) substrates. This is the typical bimodal distribution frequently observed.
In this letter, we systematically study the effect of As the growth temperature increases, the number ratio of
growth temperature on the formation of uniform self- pyramids to domes decreases as plotted in Fig. 2 and finally
assembled Ge dots grown on @01 substrates. Atomic approaches a very low value at 600 °C, leading to the forma-
force microscopidAFM) results show that the bimodal dis- tion of a monomodal morphology distribution. As the tem-
tribution changes with the growth temperature and an optiperature further increases to 650 and 70¢F@s. 1(d) and
mum growth temperature is about 600 °C for the formationi(e), respectively, the pyramids reappear and are larger in
of monomodal Ge dots. Both an Arrhenius plot of the char-size, and there are also some very small dots, whose height is
acteristic length and the number ratio of bimodal dots show a@n the range of 2—3 nm. The very small dots were thought to
transition at 600 °C, suggesting a change of mechanism frorbe precursors of the larger dots in Ref. 6. The difference is
enhanced diffusion to the intermixing of Si with Ge at higherthat the precursors are only observed at higher temperature in
temperature. our case. The appearance of the small precursors is related to
The substrates were commercially availapleSi(001)  the change of strain distribution on the surface because of
wafers. Growth was carried out in a gas source moleculaGe/Si intermixing, which will be discussed in the following.
beam epitaxia(GSMBE) system with a SHg gas source Figure Xf) shows a three-dimensional view of the sample
grown at 600 °C. The uniform self-assembled dots are dome
3Author to whoem correspondence should be addressed; electronic mafhaped with base diameter and height of about 70 and 15 nm,
jianlin@ee.ucr.edu respectively. The areal density of the dots is about 3
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FIG. 1. Two-dimensional AFM images of Ge dots on(801) at various growth temperatureg;=(a) 500, (b) 550, (c) 600, (d) 650, and(e) 700 °C. (f)
Three-dimensional AFM image of the sample grown at 600 °C. Uniform dots are evident.

x10° cm~? and the deviation in height of the dots is about Of surface diffusion, and after about 5 min, the dot density
+3%. This result has demonstrated the possibility of formingdoes not show any significant change over time, suggesting
uniform self-assembled Ge dots on ®01) by controlling  that the diffusion has reached an equilibrium state. The time
the substrate temperature. constant is about 2.3 min with the best fit of exponential
The formation of uniform dots at 600 °C arises from decay.
enhanced diffusion. One experimental way to prove the Ge In order to understand the mechanisms of the tempera-
diffusion process is to study the dot morphology evolution ature effect on the dot morphology evolution, we measured
different postgrowth holding times, that is, the time intervalthe areal dot density including the pyramids and domes on
between the finish of Ge growth and the drop in substratéhe samples grown at different temperatures and analyzed the
temperature. Figure 3 gives the dot density as a function ofharacteristic lengtly.., which is defined as the inverse of
the holding time. The growth temperature was kept at 575 °Ghe square root of the areal density \(@/ealdensity). It
for this set of samples. This is akin to &m situ annealing should be noted that many previous studies on dot morphol-
process. The results indicate that the change in density slowsyy were based on size measurements, such as the height,
down with an increase in holding time, consistent with Ka-base size, and volume of each dot. However, the accuracy of
mins et al’s annealing study.If Ostwald ripening is domi- the dot base is questionable because of the AFM tip effect
nant in the process, the size of the dots would linearly in-and nontrivial estimation of the dot volume for the real mor-
crease over time, then the dot density will also roughlyphology of the dots. Figure 4 shows an Arrhenius plot of the
linearly decrease. If the equilibrium process is dominant, artharacteristic length .. For a typical Arrhenius relation, the
equilibrium distribution is anticipated. We believe that, after data sit around a line, whose slope represents the correspond-
stopping growth, the density decreases over time as a result
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FIG. 2. Ratio of the number of pyramidal dots to that of the dome dots as &1G. 3. Areal dot density vs the holding time at growth temperature of
function of the growth temperature from 500 to 700 °C. The optimum tem-575 °C. The solid line is a simple exponential decay fit showing that the

perature is about 600 °C for the formation of monomodal distributed dots.time constant is 2.3 min.
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Growth Temperature (OC) ing d(_)t d_ens_ity at higher temperatu(®600 °Q. The bimq-
700 650 600 550 500 df'i| d!str|but|on at low temperz_iture is due to the limit of
—r v T r diffusion. As the temperature increases, Ge adatoms have
sufficiently long diffusion lengtHabout 3um at 600 °G°
* and find preferential sites, and it is much longer than the
s characteristic lengtli0.2 um). However, if the temperature
L T is higher than 625 °C, intermixing between the Si and Ge
* interface results in modification of the interface strain relax-
500 550 600 650 700 ation and redistributiof™'>Moreover, the strain at the edges
Growth Temperature ('C) .
of Ge dots becomes stronger as the dot size gets bigger.
The consequence of thermoinduced and strain-induced inter-
diffusion is that the wetting layer is no longer a pure Ge
layer, but a nonuniform SiGe-like layer on the surface, lead-
ing to a nonuniform strain distribution. The lower strain from
the lower Ge concentration of a SiGe structure allows the
oo o NN s 1 . . formation of larger pyramids, i.e., corruption of the mono-
1.00 1.05 110 115 120 125 1.30 modal distribution and reoccurrence of bimodal dstsown
Inverse Temperature (103/T) in Figs. 2d) and Ze)]. Both the line offset and the change in

FIG. 4. Arrhenius plot of the characteristic length.) vs the growth tem- activation energy I.n Fig. 4 have proveql th.at ther_e Was. a
perature. Discontinuity of the length takes place between 600 and 625 °cchange of mechanism from enhanced diffusion to intermix-

The inset shows the areal dot density as a function of the temperature. ing of Si with Ge in the temperature range investigated.
In summary, the temperature effect on the formation of

self-assembled Ge dots on &01) substrates was investi-

Ing actlvqtlon energy. Two line Segmem?’ hovyev_er, Weregated. It was found that growth temperature of 600 °C is an
found to fit the experimental data with a discontinuitylof optimum temperature for the formation of uniform Ge dots
at a temperature between 600 and 625°C well. The oﬁ‘se&ue to enhanced diffusion. Highly uniform Ge dots with

suggests lattice relaxation due to the interdiffusion at hig eight deviation of about:3%
temper_ature. TW.O different slopes give two slightly_ diﬁeren_t600°c. At lower temperatures, diffusion tends to limit the
activation energies of 0.88 and 0.91 eV, respectively. Thigyation of uniform dots while at high temperatures, the

imay be qlijledﬁ the facc;:t thati thfe G(_a atortw)’lsfdmusedori Wett,'n%termixing between Si and Ge reduces strain and allows the
ayers with ditterent Ge mole fractions before and after Sig-, . ation of larger size dots. Finally, it is worth pointing out

n|f|ci91nt Si and i(iBeblnit_erdzfu?on.h q hol q q that the optimum temperature of 600 °C was obtained for our
tis generally elieve that the dot morphology Gepenas,, icylar experimental conditions. This number may vary
on whether the process is thermodynamically or kineticall depending on the growth rate, vacuum conditions, source

constrained. In real-time low-energy electron microscopy type (gas or solid sourdewhether or not there is all hydro-

studies, Roset a_l. observ_ed that Iarger dOt.S grow W.h”e en ambient, postgrowth holding time, and other growth
smaller dots shrink and disappear with an increase in G onditions

deposition, instead of all the dots growing, consistent with

the Ostwald ripening phenomenon, which is a coarsening This work was partially supported by the Semiconductor
process of a particle size driven by the Gibbs—Thomson efResearch Corporation, Army Research Office, and the Na-
fect. Hence, no stable size distribution would be reachedtional Science Foundation.
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