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Self-assembled Ge dots: Growth, characterization, ordering,
and applications
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The Stranski–Krastanow growth mode, which leads to the self-assembled formation of dots, allows
one to exceed the critical thickness without introducing dislocations. We report the coverage limits
for the dislocation-free dot regime in dependence of the Ge content, and also the composition
dependent thickness of the two-dimensional wetting layer. To reduce the size inhomogeneity of the
self-assembled dots, we investigated ordering effects in Si/Ge-dot multilayers. The experiments do
not only reveal a strong vertical ordering of the dots, but also a lateral correlation and a significantly
increased size homogeneity is observed. Results on first device structures, anpn-infrared detector
and a silicon based tunneling structure, both with embedded layers of self-assembled Ge dots, are
presented. ©1998 American Vacuum Society.@S0734-211X~98!09903-X#
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I. INTRODUCTION

The strain-driven self-assembled formation of Ge na
structures on Si during molecular beam epitaxy~MBE!
growth in the Stranski–Krastanow mode has recently
tracted a lot of interest.1 One promising aspect is thein situ
formation of quasi-zero-dimensional structures without
need of sophisticated structuring technology,2 at the same
time avoiding defects related to a postgrowth structuring

The second important aspect is the possibility to avoid
critical thickness limitation of pseudomorphic SiGe hete
structures, that has turned out to be one of the most se
restrictions on the road to many proposed dev
applications.3 The Stranski–Krastanow growth mode, whic
leads to the self-assembled formation of dots in strained
tems, permits to exceed the critical thickness without int
ducing dislocations.4 This allows for the realization of large
dislocation-free, Ge-rich dots. Following a brief descripti
of the experimental techniques in Sec. II of this article,
present the upper and lower coverage limits for such dots
various Ge contents in Sec. III. This knowledge, toget
with a sound understanding of the dependency of the dot
on the growth parameters, enables the realization of S
heterostructures with effective band gaps as low as
meV.5

To reduce the rather large size inhomogeneity of the s
assembled dots, which results in a large variation in
quantized energy of the electronic states, we investigated
dering effects in Si/Ge-dot multilayers with various tec
niques. The results of these experiments are summarize
Sec. IV. Transmission electron microscopy~TEM! and recip-
rocal space maps received from x-ray diffraction~XRD!

a!Author to whom correspondence should be addressed; present ad
KVG Quartz Crystal Technology GmbH, Gautingerstr. 23, 82131 Sto
dorf, Germany; electronic mail: pschittenhelm@vi-kvg.de
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show not only a strong vertical ordering of the dots, but a
a lateral correlation is observed. Atomic force microsco
~AFM! images of the surface dot layer reveal a significan
increased size homogeneity.

Not only basic research aspects have driven the intere
self-assembled Ge dots, but also first attempts have b
made, to realize various device concepts based on the l
valence band offset and the related small band gap, suc
pin-diodes,5,6 andnpn-transistors for IR detection, or carrie
storage devices.7 Besides from these optoelectronic applic
tions, we will also present some results on a Si-based tun
ing structure, apn-Esaki diode with embedded Ge dots,
Sec. V of this article.

II. EXPERIMENTAL SETUP

All samples discussed in this article have been prepa
by molecular beam epitaxy in a Riber Siva 32 system, us
electron beam evaporators for both Si and Ge. Details of
growth system and sample preparation have been desc
elsewhere.8

Photoluminescence~PL! measurements were performe
at 4 K, using an Ar1 laser with a typical power density o
0.1 W/cm2 for excitation. The signal was detected with
single grating monochromator together with a liquid nitrog
cooled Ge detector in standard lock-in technique.

AFM images were recorded in contact mode with a T
pometrix AFM setup operating with standard tips with a r
dius of approximately 50 nm in ambient air. The imag
were automatically analyzed with respect to the areal den
of the dots and to the height and diameter of every single
A purpose designed software has been developed for
analysis which allowed also for the calculation of the s
distribution of the dots.
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-
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1576 Schittenhelm et al. : Self-assembled Ge dots 1576
TEM has been accomplished on cross sections of sam
thinned by ion milling, using a 400 keV microscope~Jeol
JEM-4000EX!.

In order to obtain reciprocal space maps of the Si/Ge-
supperlattice samples, the CuKa line of a Phillips MRD
triple-axis diffractometer with a four-crystal Ge~220! mono-
chromator and a double-crystal Ge~220! analyzer has been
used to perform XRD measurements.

Photocurrent~PC! spectra were obtained at 200 K, using
tunable broadband source for excitation. Again, a lock
technique was applied to detect the current. IV characte
tics have been analyzed with a Hewlett-Packard param
analyzer in a temperature controlled four-point setup, t
allowed for measurements from 4 to 300 K.

III. DISLOCATION-FREE DOTS

In order to be able to utilize self-assembled Ge dots
applications, it is a must to have a thorough understandin
the parameters that influence their formation and growth,
hence determine their size and their physical properties
order to accomplish this task, we have grown numerous
ries of samples at different growth temperatures and gro
rates, with varying composition and coverage. These par
eters determine the surface diffusion length of the Ge a
toms and the amount of builtin strain in the heterostructu
respectively. Their influence on the size and number of
self-assembled dots has been discussed in detail in re
publications.1,6,9 Figure 1 gives an overview on the avera
height and the areal density of an ensemble of Si0.15Ge0.85

dots grown at a temperature of 740 °C with a SiGe rate
0.2 Å/s. The data were deduced from AFM images. Th
growth regimes, labeled with roman numbers in Fig. 1, c
be distinguished. After the onset of dot formation, the av
age height of the dots remains nearly unchanged,1 while their
number increases rapidly. At this stage~I!, the spatial sepa
ration of the dots is larger than the surface diffusion length
the adatoms, therefore, nucleation of additional dots10 is
more likely than capture of the adatoms by existing on
With increasing coverage~II !, the number of dots starts t
saturate, as their average distance approaches the surfac
fusion length of the adatoms. At the same time, the d

FIG. 1. Average dot height and areal density in dependence of the cove
as received from AFM measurements.
J. Vac. Sci. Technol. B, Vol. 16, No. 3, May/Jun 1998
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grow rapidly, as most of the adatoms are now captured
existing dots instead of initiating the nucleation of a ne
one. A further deposition of SiGe~III ! does no longer in-
crease the number of dots, however, their growth contin
even faster after the introduction of misfit dislocations in t
dots.11,12

The critical thickness for the onset of dot formation
readily observable with AFM, and TEM, for example, allow
well to resolve, at which critical coverage misfit dislocatio
start to form within the dots. However, it is not as easy
exactly measure the thickness of the two-dimensional w
ting layer which forms in between the dots. While the fir
two values give the lower and upper limits of the dislocatio
free dot regime, the thickness of the wetting layer det
mines, via the quantization energy in this two-dimensio
quantum well, the in-plane band offset and thus the stren
of the confinement of the charge carriers in the dots. As
localization of carriers resulting from this confinement is e
sential for many of the proposed device applications,6 the
thickness of the two-dimensional wetting layer is also
important characteristic of these self-assembled dots.

In order to address this value, we have grown seve
series of samples with SiGe layers of different composit
and thickness. All SiGe layers were covered with a 90 nm
cap in order to reduce the surface recombination of carr
and to allow for PL investigations. Figure 2~a! displays the
PL spectrum of a sample where 5.33 monolayers~ML ! of Ge
were deposited. Two pairs of PL lines are clearly observa
each consisting of a no-phonon~NP! transition and a trans
verse optical phonon replica. The pair at the lower ene
side of the spectrum stems from the self-assembled d
while that on the high energy side is attributed to the tw
dimensional wetting layer.13,14 The NP transition energies o
the wetting layers of a whole series of samples are show
Fig. 2~b!. For all these samples pure Ge layers have b
deposited.

In the case of coverages of 4 ML and less, the measu
data are in excellent agreement with the calculated values
a two-dimensional quantum well. These calculated val
were obtained taking segregation and interdiffusion dur
overgrowth of the Ge layer into account,9 and are repre-
sented by the dashed line in Fig. 2~b!. The Ge concentration
profile in growth direction received from such a calculati
is shown in the inset of Fig. 2~b!. For coverages above 4 ML
of Ge, a significant blueshift of the measured data with
spect to the calculated values is observed. This effect
been explained by a thinning of the wetting layer due
lateral diffusion of Ge into the dots during their formation.14

The position of the ‘‘kink’’ in the data curve correspond
well with the critical thickness for the onset of dot formatio
observed by AFM. For even larger coverages, the NP tr
sition energy reaches a constant value.

From this, the thickness of the remaining two-dimensio
wetting layer can be estimated, comparing it with the cal
lated values. For the samples shown in Fig. 2~b! this results
in a wetting layer thickness of approximately 3.5 ML corr
sponding to 5.6 Å, which agrees well with a value of 5

ge
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1577 Schittenhelm et al. : Self-assembled Ge dots 1577
received from XRD measurements.15 The same investigation
has been repeated on several series of samples with
alloys of different composition, all of them grown at 740 °
at a Ge rate of 0.2 Å/s. Figure 3~a! gives a compilation of the
results of these experiments: the critical thickness for
onset of dot formation (hc,dot) as received from AFM and PL
measurements, the critical coverage for the introduction
misfit dislocations (hc,diss) as received from TEM, and th
thickness of the wetting layer (hWL) are plotted in depen
dence of the Ge content of the SiGe alloy.

In Fig. 3~b! the measured values forhc,dot andhc,diss are
compared with the Matthews–Blakeslee critical thickness
the relaxation of two-dimensional layers via mis
dislocations,16 represented by the dashed line. For Ge c
tents below x50.25, a direct transition from a two
dimensional strained layer to a dislocated layer is expecte17

For higher Ge contents, there should be an intermediate
gime of dislocation free dots, withhc,dot andhc,diss as lower
and upper limits, respectively. The solid lines in Fig. 3~b! are
simple linear interpolations and are only meant to serve a

FIG. 2. ~a! PL spectrum of a 5.33 ML Ge layer capped by 90 nm of Si.~b!
NP-transition energies of the wetting layer PL for different Ge coverag
The dashed line represents calculated values for a two-dimensional qua
well according to Ref. 9. The inset shows the calculated Ge concentra
profile of the wetting layer in growth direction.
JVST B - Microelectronics and Nanometer Structures
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guide to the eye. However, Fig. 3~b! reveals clearly, that the
coveragehc,diss is well above the Matthews–Blakeslee crit
cal thickness, confirming the expected partial elastic rel
ation of strain due to the formation of self-assembled dots
should be remembered, that the height of the dots is e
larger, in the order of 5–8 nm for the samples discussed1,6

These results clearly demonstrate, that the critical thickn
limitation in SiGe heterostructures may be circumvented t
significant extent by the use of self-assembled dots.

IV. ORDERING

This enlarged critical thickness for the formation of mis
dislocations opens up the road to several novel device c
cepts, some of which will be discussed later. However, th
is a significant drawback in the use of self-assembled d
their sizes are mostly rather inhomogeneous, resulting
wide spread of the electronic states of an dot ensemble, a
that is for example reflected by the broad linewidth of the d
related PL in Fig. 2~a!. Various concepts have been di
cussed in literature to obtain a more homogeneous size
tribution, as for example the careful choice of appropria
growth conditions1 or the growth on structured18,19 or tilted
surfaces.20

In this article, we focus on the utilization of self-orderin
effects to achieve an enhanced size homogeneity and a r
lar spatial arrangement of the dots in three dimensions. T
soff et al. have predicted this effect and have presented fi

s.
um
on

FIG. 3. ~a! Characteristic values for Ge layers grown at 740 °C with a rate
0.2 Å/s: onset of dot formation (hc,dot), thickness of the wetting layer
(hWL), and introduction of misfit dislocations (hc,diss). ~b! Overview on the
different growth modes for SiGe alloys at a growth temperature of 740
The dashed curve corresponds to the Matthews–Blakeslee critical thick
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1578 Schittenhelm et al. : Self-assembled Ge dots 1578
evidence for Si/SiGe superlattice structures.21 In order to
study this phenomenon in more detail, we grew a serie
superlattice samples, each consitisting of 19 periods
d Si/h Ge with 10 nm<d<40 nm and 5 ML<h<6 ML.
All samples were grown at a temperature of 670 °C with
Ge rate of 0.075 Å/s. The topmost Ge layer of all samp
remained uncapped to allow for AFM investigations.

Figure 4 shows the AFM image of the topmost layer o
30 nm Si/5.5 ML Ge superlattice. The analysis of the hei
distribution of the dots in the superlattice samples revea
significantly reduced size variation as compared to a sin
layer sample. While for a coverage of 5 ML, the size var
tion of the dots in the superlattice sample of66% is compa-
rable to that in a single layer, the value of68% for a 6 ML
superlattice sample is much smaller in the case of a sin
layer, where the size variation amounts to628%.1 Conse-
quently, these self-ordering effects may indeed enable
growth of homogeneously sized dots. Figure 5~a! displays a
cross-sectional TEM image of the 40 nm Si/5.5 ML Ge s
perlattice. A nearly perfect vertical correlation of the dots
cleary observable, that also influences the size of the d
For all samples, the dots in the bottommost layer hav
diameter of approximately 150 nm and a height of 4.5 n
However, the development of the dimensions of the dots
the subsequent layers is different for samples with a vary
thicknessd of the Si layers. Figure 5~b! shows the diamete
and height of the dots in the 18th layer in dependence of
Si spacer thicknessd. It can clearly be seen, that both valu
decrease with increasing values ofd. The same dependenc
is observed for the dots in the 19th, uncapped period. T
behavior is not yet understood, and will have to be the s
ject of future investigations. However, the fact itself is co
firmed by XRD measurements, that reveal a reduced ver
correlation length for the samples with thinner Si space
which can be understood in terms of a larger gradient in
size occuring in these samples.22

The same sample, that is shown in Fig. 5~a!, has also been
investigated by XRD, using the reciprocal space mapp
technique. In Fig. 6~a!, the measured reciprocal space m
around the~113! reciprocal lattice point is depicted. The su

FIG. 4. AFM image of the topmost Ge-dot layer of a 19 period Si/Ge-
superlattice.
J. Vac. Sci. Technol. B, Vol. 16, No. 3, May/Jun 1998
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strate peak (S) and the coherent superlattice peaks (SL0,61)
of the vertical superlattice are clearly observable. The wi
of the superlattice peaks is comparable to that of the s
strate peak, clearly indicating the high structural quality
the layer sequence. The feature labeled~A! represents the
analyzer streak, an XRD artefact. Besides the peaks of
vertical superlattice, additional maxima of the scattered
tensity occur in the reciprocal space map (D0,61). In order to
clarify the nature of these additional maxima, the diffu
scattering pattern of an array of dots has been calculate22

assuming an arrangement of dots of identical size in a di
dered square lattice with axes parallel to the@100# and@010#
direction. The results of these calculations are shown in F
6~b!. The calculated reciprocal space map clearly cor
sponds to the measured features labeled (D0,61). Conse-
quently, these can be attributed to a diffuse scattering fr
the dots. A more detailed analysis of the reciprocal sp
maps reveals, that the lateral correlation of the dots is onl
a short range type, as the variation of the mean dot dista
of approximately 520 nm amounts to 180 nm.22

V. DEVICE CONCEPTS

In order to demonstrate the applicability of self-assemb
Ge dots in device structures, we investigate two differ

t

FIG. 5. ~a! TEM cross section of a 19 period 40 nm Si/5.5 ML Ge super
tice. The vertical correlation of the dots is clearly observable.~b! Diameter
and height of dots in the topmost capped dot layer in dependence of th
spacer thicknessd.
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FIG. 6. ~a! Measured XRD reciprocal space map of a 19 period 40 nm Si/5.5 ML Ge superlattice.~b! Calculated diffuse scattering contribution of the array
self-assembled dots of the same sample to the reciprocal space map.
a
S

t
d
s

ed
he
to
n
in

g
en
he
ce
PC
g
y
e
le

ac
n.
ic

the
a
is

nce

se
e
of

as

of

ts

ing
ex-
uc-
uc-
.
at

a

re a
ro-
n.
ain-
concepts: the enhancement of infrared detection inpin and
npn structures due to the introduction of Ge dots with sm
band gaps as absorbing layers, and the realization of
based tunneling structures using Esaki-typepn structures.

The experiments on pin-diode structures did not lead
the expected increase in infrared absorbtion as compare
pseudomorphic SiGe quantum wells and are discus
elsewhere.5 However, in an-Si/p-Ge/n-Si heterostructure, a
band edge modulation as sketched in Fig. 7~a! should result.
This structure will lead to a localization of the photoexit
holes in thep-type base formed by the Ge dots, while t
built in field of the base–collector junction drives the pho
generated electrons towards the collector. The holes confi
in the base lead to an electrostatic reduction of the dop
induced conduction-band modulation in the base, resultin
an exponential increase of the thermionic electron curr
This mechanism provides an internal amplification of t
photocurrent, that should result in a significantly enhan
photosensitivity. To investigate this effect, we performed
spectroscopy experiments on samples whose base re
consisted of three layers of 12 MLp-doped Ge separated b
6 nm of nominally undoped Si. This base region was emb
ded inn-doped Si emitter and collector regions. The who
layer sequence was grown on an-type Si substrate to allow
for a back contact without mesa etching. The front cont
was carried out in a windowlike form to enable illuminatio
For comparison, a reference structure was grown, in wh
the dot layers were replaced by Si0.6Ge0.4 quantum wells
with a thickness of 30 Å.
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The PC spectra of both samples are shown in Fig. 7~b!.
For the sample with the dot layers, not only the onset of
photocurrent is shifted to smaller energies, indicating
smaller band gap, but also the absolute value of the PC
about one order of magnitude larger than in the refere
sample. The inset of Fig. 7~b! contains anI –V curve of the
dot layer sample without illumination under floating ba
condition, confirming thenpn characteristic of the sampl
structure. For the technologically important wavelength
1.33mm, a maximum external quantum efficiency of 4% w
measured in normal incidence geometry.

Another concept which exploits the small band gaps
self-assembled Ge dots is shown in Fig. 8~a!. If a Ge dot
layer is embedded between highlyp- andn-doped Si layers,
Esaki tunneling from then-conduction band through the do
to thep-valence band may occur at an appropriate bias.23 As
the tunneling probability increases strongly with decreas
band gap, the tunneling current in such a structure is
pected to be significantly higher than in a Si reference str
ture. This should allow to realize Si-based tunneling str
tures for use in high frequency applications, for example

The I –V curves of two such tunneling diodes measured
4 K are shown in Fig. 7~b!. Both structures were grown on
highly p-doped Si-substrate and consist of a 631019 cm23

boron-doped Si buffer layer and a 931019 cm23

phosphorous-doped Si cap layer, but only in one structu
Ge-dot layer was introduced. Both samples display p
nounced Zener tunneling when biased in reverse directio24

However, as expected, the current through the diode cont
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1580 Schittenhelm et al. : Self-assembled Ge dots 1580
ing the Ge dots is nearly three orders of magnitude high
The same statement applies for forward bias, althoug
negative differential resistance is only observed in the c
of the Si reference structure. Several reasons may accoun
the absence of a negative differential resistance in the cas
the diode with the Ge dot layer. Different dot sizes, for e
ample, resulting in a variation of the effective band ga
would lead to a peak of the tunneling current through
respective dots at different bias voltages, consequently
ducing a broadening of the Esaki peak.23 Another explana-
tion could be found in an increased excess current du
structural imperfections of the dot layer. Although the
questions are still to be answered, the existing data dem
strate, that it is possible to grow Si-based tunneling str
tures by MBE, and they give strong evidence of an eff
tively enhanced tunneling current due to the introduction o
layer of self-assembled Ge dots.

VI. CONCLUSIONS

In conclusion, we have presented upper and lower co
age limits for the dislocation-free SiGe dot regime at

FIG. 7. ~a! Band edge modulation of anpn structure with a Ge dot layer in
the p-base region, with and without illumination.~b! Photoresponse ofnpn
structures with Ge-dot layers embedded in thep region, compared tonpn
structures with two-dimensional SiGe quantum wells in thep region. Inset:
I –V characteristic with floating base.
J. Vac. Sci. Technol. B, Vol. 16, No. 3, May/Jun 1998
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growth temperature of 740 °C for various Ge contents. T
gether with previously published results on the depende
of the dot size on the growth parameters and with the thi
nesses of the two-dimensional wetting layers presented
this article, these results should allow for the customiz
engineering of the band edge modulation of the se
assembled dot layers. We have also shown, that Si/Ge
superlattices provide a means to produce ensembles of
of homogeneous size and rather regular spacings. Furt
more we have demonstrated an infrared photodetector b
on Ge dots with high external efficiency in normal inciden
geometry, and first evidence for an enhanced Esaki tunne
in pn diodes with embedded Ge dots. In spite of some
answered questions, we hope that our findings will stimul
further work on this promising field.
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