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Effects of interdiffusion on the band alignment of GeSi dots
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The interdiffusion effects on the band alignment of the GeSi dots embedded in Si matrix were
studied by temperature- and excitation-power-dependent photoluminescence measurements. A
different power-dependent behavior of the photoluminescence for the as-grown and the annealed
samples was observed. It was suggested that the band alignments of the dots changed from type Il
to type | after annealing due to the Ge/Si interdiffusion. The decrease of the valence band offset,
which was also induced by the Ge/Si interdiffusion, was observed from the temperature-dependent
photoluminescence measurements. 2@01 American Institute of Physics.
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Recently, many studies have been focused on the growts0 °C steps using rapid thermal annealing in a nitrogen gas
mechanism, optical, and electrical properties of the selfambient.
assembled GeSi dots embedded in Si matihe photolu- The PL spectra of the as-grown and annealed samples
minescencéPL) results showed that the band alignment formeasured at 4.5 K are shown in Fig. 1. In the PL spectrum of
the as-grown dots is a type-Il structure, which means that thée as-grown sample, apart from the Si peaks, the spectrum
conduction band of the dots is higher than that of the SFONSsists of two separate components which are characteris-
matrix (AE.>0).2-% However, it is desirable to obtain the tics of the wetting layersWL) and the GeSi dots, respec-

type-I dots which confine both electrons and holes within thdiVely- The broad PL peak of the dots could be deconvoluted

dots for its many potential applications, such as single elec!-mO two Gaussian line-shaped peaks. After thermal anneal-

. . . ing, the PL peaks shifted to higher energies due to the Ge/Si
tron tran5|st.or and quantum compLﬂe'r.ls worth notlp g that in?erdiffusioﬁ and the broad dgts PL pezgks evolved into two
the band alignment of G8}; ,/Si quantum well withx as well separated peaks. For the sample annealed at 900 °C,
Iovy gs 0.'25(Ref. 9 a'n(.:i. 0.177(Ref.' 7) is type-l st.ructure.. only PL peaks from the dots and the Si substrate are ob-
This implied the p955|bll|ty of reaching t)_/pe-l GeSi dots with served. If the two deconvoluted Gaussian line-shaped PL
low Ge content. Since the Ge content in the as-grown GeSig s of the as-grown dots were due to the size distribution
self-assembly dots is around 50% although pure Ge atomss the dots, the PL from the dots should become one nar-
were deposited on the substrate during the dot groWthis  rower peak after annealing because the size of the dots be-
important to find some ways to obtain type-lI GeSi dots. Al-
though it has been demonstrated that the thermal annealing
could be a useful technique for tuning the optical properties
of quantum structur@ few works were reported on the ef-
fects of interdiffusion on the band alignment of the GeSi
dots® In this letter, the effects of interdiffusion on the band
alignment of the GeSi dots were studied. It will be shown
that annealing is an effective method to modify the band
alignment of the GeSi dots from type Il to type I.

The sample was grown on $001) substrate by gas-
source molecular beam epitaX{¥BE) with a SiHg gas
source and a Ge effusion cell. After the growth of 100 nm Si

PL Intensity (a.u.)
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buffer layers, ten layers of dots separated by Si spacer layers PR ! . .
were grown at the temperature of 575°C. The growth rates 07 0.8 0.9 1.0 11 12
of Ge and Si were 0.38 and 4 nm/min, respectively. The Energy (eV)

thicknesses of the Ge and the Si spacer layer were 1.6 and Té)

. . G. 1. PL spectra of the multilayer GeSi dots samples annealed at different
nm, respectively. Pieces of the sample were annealed for @mperatures. The PL intensities are normalized by Si TO peak. The PL line

min with temperatures varied between 650 and 900 °C byhapes and peak positions of the dots and the wetting layers change after

annealing. The inset shows the cross-sectional TEM images of the as-grown
sample(sample A and the sample annealed at 900 °C for 5 Ksiample B.

dAuthor to whom correspondence should be addressed; electronic maiFEM images show that the dots are still present after annealing. The scale in
jwan@ee.ucla.edu the images is 100 nm.
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FIG. 3. (a) Power dependence of PL peak®,,) energies and integrated
PL intensity from the dots of samples A and(B) The power-dependent PL
. 1 . L . L . L . peak blueshiftwith the excitation power increased from 1 to 30 Wfgm
0.7 0.8 0.9 1.0 11 1.2 for the as-grown and the samples annealed at different temperatures. The
Energy (eV) decrease of blueshift. indicates the decreasing band-bending effect after an-
nealing. After 850 °C annealing, the band alignment of the dots changes to
type | from type II.

FIG. 2. Typical power-dependent PL spectrad@fsample A andb) sample
B. The PL peak positions of the dots show different power-dependent be-

haviors for samples A and B. o .
P excitation power, more photon induced electrons and holes

result in a higher Hartree potential, and the potential upshifts

came uniform after annealing, which is not our case. So th¢he relative energies of electrons and holes states and results
two deconvoluted PL peaks of the as-grown dots were attribin the blueshift of PL band* So, the significant PL blueshift
uted to the NP transition and TO repli€aOy,; and NR). of sample A indicates that the band alignment of the as-
The insets in Fig. 1 show the typical bright-field cross-grown dot is type Il, which is consistent with former studies
sectional transmission electron microscdp¥M) images of  on GeSi dot$™*
as-grown samplgsample A and the sample annealed at In contrast to sample A, the NR PL peak blueshift1.5
900 °C for 5 min(sample B. It is observed that the dots are meV) of sample B is much smaller than the value usually
still present after annealing. For the as-grown sample, thebserved in Ggi; _,/Si type-Il system. For example, even
average base and the height of the dots are 80 and 14 nwhen the excitation power density increases from 1 to 4
respectively. After annealing in sample B, due to the Ge/SWi/cn?, the blueshift was as large as3.6 meV, in a 3-nm-
interdiffusion, the average base and the height of the dots/pe-1l G sSip;/Si quantum well? This NP, PL peak
increase to 100 and 30 nm, respectively. blueshift(1.5 me\j of sample B is similar to the blueshift of

Typical PL spectra measured at 4.5 K with different ex-the GeSi wetting layer, whose band alignment is typed,
citation powers for samples A and B are shown in Fig. 2.the band alignment of sample B could be reasonably ex-
Figure 3a) shows the excitation-power dependence of NP plained by a type-I band alignment and the blueshift is due to
PL peak energies of sample A and sample B. For sample Ahe band filling effect! which is due to the finite density of
the NRy,; peaks show a linear blueshift of 32 meV with in- states of the GeSi dots layer. The power dependence of the
creasing excitation power from 1 to 30 W/&nfFor sample integrated PL intensities of the dots as shown in Fig) 3
B, the PL peak blueshift is only 1.5 meV with the samefurther support the type-I band alignment of sample B. Ac-
excitation power increment. cording to the formulal «P™, wherel represents the PL

The power-dependent PL measurements were wideljntensity andP the excitation powet,the coefficientm is
used to study the band alignment of the GeSi quantunfiound to be 0.78 and 0.99 for samples A and B, respectively.
dots>*  SiGe/Si quantum wef'?2 and 1lI-V  The sublinear power dependence of PL intensity of sample A
heterostructure¥’ In the type-ll band alignment quantum is due to a typical saturation effects of the type-Il alignment.
structure, a band bending occurs at the interfaces due to the type-Il alignment, the indirect excitons are first localized

Hartree potential, as seen in the insets of Fi@).3At higher  at the interfaces, and then recombine. As the interface state
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Temperature (K) =1(0)[1+A(T)exp(—E,/KT)], wherel is intensity, T is tem-
w200 100 50 25 perature A(T) is the coefficientE, is an activation energy,
| andk is Boltzmann’s constant, the slopes of the straight lines

(o] n [ ] a

= 10 3 . ' ' at higher measurement temperature give the thermal activa-
. tion energyE,, which is related to the depth of the dot
%‘ 10k confining potentiaf. In GeSi dot/Si system, since the con-

S ] duction band offset of the GeSi on Si is small, this activation
= i energy at higher measurement temperature mainly reflects
T 102k _ the valence band offset between the dots and the Si matrix
3 = sampie AE=170 meV (and/or the wetting lay¢r The activation energies for

e * sample B E,=90 meV samples A and B are fitted to be 170 and 90 meV, respec-
2 10k tively, as shown in Fig. 4. The smaller activation energy in

L , sample B indicates the decrease of the valence band offset
10 20 30 40 50 caused by the Ge/Si interdiffusion.
1000/T (1000/K) In conclusion, the interdiffusion effects on the band
alignment of the GeSi dots were studied. The TEM image
FIG. 4. Temperature dependence of integrated PL intensities from the doishq\wed that the dots were dislocation-free and the dots still

of samples A and B. The fitted lines are also shown, from which the therma t aft i For th GeSi dots. the PL
activation energyE, is determined. The lower thermal activation energy of present arter annealing. For the as-grown el dots, the

sample B indicates that the valence band offset decreases after annealind?€aks of the dots showed a large bluest82 me\) when

the excitation power increased from 1 to 30 WfcrAfter
annealing, the magnitude of the blueshift decreased. For the
samples annealed above 850 °C, the blueshift decreased to
1.5 meV. The different power-dependent PL behavior indi-
cated that the band alignment of the dots changed from type
Il to type | due to the decrease of the Ge content in the dots.

; The decrease of the valence band offset was observed from
end.the samp_les annealed at different temperatures are sh_o temperature dependent photoluminescence measure-
in Fig. 3(b). It is observed that the magnitude of the queshlftmentS_
decreases with the increase of the annealing temperature.
The decrease of the magnitude of the blueshift in the type-Il The authors acknowledge partial support by ARO and
guantum well structure has two possible reasons: one is th®emiconductor Research Corporation. The Australian Re-
decrease of the well width and another one is the decrease séarch Council is also acknowledged for their financial sup-
the conduction band offséin our samples, the height of the port.
dots (compared with the well width in type-Il quantum well
structurg increased after annealing, so the decrease of thégor a rﬁvievr(pafer\y/ Sge,kOI- P. :CTEK?;?V' YUAB'|B$|k£OVityanog' Q- V.
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density is finite, the PL intensity quickly saturates amd
<134 For sample Bm~1 and the linear relationship with-
out saturation confirms the type-l band alignment.

The power-dependent PL peak blueshiftsth the exci-
tation power increased from 1 to 30 W/&nfor the as-grown
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