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We report the study of infrared spectroscopy of intraband transitions in Ge/Si quantum dot
superlattices. The superlattices, which were grown on (001) oriented Si substrates by a
solid source molecular beam epitaxy system, are composed mainly of 20 or 30 periods of
Ge dot layers and Si spacer films. The structural properties of them and of the uncapped
Ge dots grown on the surfaces of some of them were tested by cross-sectional transmission
electron and atomic force microscopes, respectively. It is found that the Ge quantum dots
have flat lens-like shapes. Infrared absorption signals peaking in the mid-infrared range
were observed using Fourier transform infrared and Raman scattering spectroscopy tech-
niques. Experimental and theoretical analysis suggests that the mid-infrared response be
attributed to intraband transitions within the valence band of the Ge quantum dots in the
superlattices. The fact that the intraband absorption is strongly polarized along the growth
axis of the superlattices signifies that the Ge quantum dots with flat lens-like shapes per-
form as Ge/Si-based quantum wells. This study demonstrates the application potential of
these kinds of Ge/Si quantum dot superlattices for developing mid-infrared photodetec-
tors.
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1. Introduction

Self-assembled quantum dots (QDs) remain a topic of great fundamental and technological interest in their
optical properties due to intraband transitions over the past few years. This interest is primarily stimulated by
the anticipation that the success achieved in using quantum well structures in novel infrared photodetectors
and imaging focal plane arrays would be able to be extended to using QDs in these devices. For this applica-
tion, one of the advantages of quasi-zero-dimensional QDs as compared with quantum wells (QWSs) is their
intrinsic ability to absorb normal-incidence radiatidn 2]. Furthermore, the predicted slowing of the intra-
band relaxation proces3{5] due to reduced carrier—phonon interacti6hdould help detector performance.
Owing to the low and sharf-like density of states of QDs, the dark current levels of quantum dot infrared
photodetectors (ODIPs) are expected to be low when an appropriate doping concentration is selected. To
date, most of the reported works about optical properties due to intraband transitions in QDs were done on
I1I-V-based quantum dot structures using a variety of spectroscopy techniques. Btetl§r] investigated
the intraband absorption of charged InGaAs QDs using a capacitance spectroscopy technique coupled with
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a far-infrared spectrometer. Philligs al. [8] studied the far-infrared absorption of Si-doped InAs QDs with
GaAs and A 15Ga gsAs as the barrier materials in the range 4020 «m using a Fourier transform in-

frared (FTIR) spectrometer. Sauvagfeal. [9, 10] made researches on the intraband absorption of undoped
and doped InAs using photoinduced infrared absorption and FTIR techniques. Beeyatdt 1] observed

the mid-infrared intraband absorption in self-organized InAgBa _xAs clusters using mid-infrared photo-
conductivity measurements. Recently, normal incidence infrared absorption in an InGaAs/GaAs quantum dot
superlattice and the polarization dependence of the intraband absorptiaioped InAs and InGaAs QDs
embedded in a GaAs matrix have been reporied, [L2]. However, very limited work has been done on the
intraband absorption features of Ge/Si quantum dot structures. In fact, a large valence band offset in quasi-
zero-dimensional Ge/Si heterojunction system as well as a small hole effective mass favors hole intraband
transitions for near-far- or mid-infrared applicatiorisg]. Another key advantage of using epitaxial Ge/Si
quantum dot structures for fabricating infrared detectors is that the monolithic integration with the mature
Si-processing-based signal electronics can be achieved. With the recent success in producing high-quality,
controllable Ge QDs on Si matridf-16| by the rediscovered Stranski—Krastanow growth mdde 18] in
molecular beam epitaxy (MBE), it is timely to examine the optical nature of the intraband transitions in Ge/Si
quantum dot structures. In this paper, we report the investigation of the mid-infrared intraband absorption and
its polarization dependence in Ge/Si quantum dot superlattice with boron-doped or modulation boron-doped
Ge QDs using FTIR and Raman scattering spectroscopy techniques.

2. Sample growth and test

Two kinds of Ge/Si quantum dot superlattices, grown by a solid-source MBE system on (001) oriented
Si substrates with the resistivity of 18 25 Q2 cm, were investigated in our experiments. For the first one,
from the substrate up, a typical structure consists of a 200 nm undoped Si buffer layer and a 20 period Ge/Si
quantum dot multilayers, each with a thin heavily boron-doped self-organized Ge dot layer sandwiched in
between two 6 nm undoped Si spacer films. The structure of the second one is composed mainly of 30 layers
of undoped self-assembled Ge QDs. The Ge dot layers are separated with boron-doped Si spacers. The
thickness of the Si spacer films in this kind of superlattice is also about 6 nm each. Fidgmeonstrates the
schematic of MBE growth structure of the Ge/Si quantum dot superlattices. These quantum dot superlattices
were grown epitaxially at a substrate temperature o650 he nominal growth rates are 1 and 0.2 A& s
for Si and Ge, respectively. Boron doping was achieved by thermal evaporation. Before the growth, the
substrates were cleaned by the standard Shiraki's cleaning procedure and then introduced into the MBE
system immediately. The protective oxide layers covering the surfaces of the Si substrates were removed
subsequently by heating the substrates t@3or 15 min.

The samples were examined with cross-sectional transmission electron microscopy (TEM), which indi-
cated evidence of the existence of the Ge/Si quantum dot superlattice structures2rbaves the cross-
sectional TEM image of the first kind of superlattice. No misfit dislocations are observed within the whole
TEM image area. The area densities of the boron-doped and modulation boron-doped Ge QDs are around
2 x 108 and 5x 10° cm~2, respectively. These numbers are determined by atomic force microscopy (AFM)
measurements performed on corresponding reference Ge/Si quantum dot superlattice samples grown under
the same growth conditions, but without the top Si cap layers. Because of the small spacing between the
dot layers the Ge QDs are possible very much to be stacked on top of each other along the growth direction
while their in-plane positions are random. Therefore, it can be estimated that the concentration of the dots per
layer is constant and the periodicity of the structure along the growth direction is excellent. AFM measure-
ments also demonstrate that the Ge QDs have flat lens-like shapes. The typical base dimension and height
of the boron-doped or modulation boron-doped Ge dots in the array are 42 and 4 nm or 38-ahdi3,
respectively, which are consistent with the data obtained from TEM measurements. The nonuniformity of
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Fig. 1. Schematic of MBE growth structure of Ge/Si quantum dot superlattice with boron-doped or modulation boron-doped Ge QDs.

Fig. 2. Cross-sectional TEM image of the Ge/Si quantum dot superlattice with directly boron-doped Ge QDs. Twenty periods of flat
lens-like Ge dot layers (thin and black) and Si spacer films (thick and white) can be seen clearly.

the dot size is estimated to Hel0%. Figure3 shows the AFM image and shape profile of the modulation
boron-doped Ge QDs.

3. Experiments and discussion

For FTIR measurements, the Ge/Si quantum dot superlattice samples were produced into multi-reflection
waveguides of 10 mnx 5 mm in size and with polished 43acets and backside in order to increase net
absorption, as shown schematically in the inset of the &igA beam condenser was used to focus the
incoming infrared beam onto the waveguides. The polarization of the incidence infrared beam was set by
an infrared polarizer, which was placed in the light path, so that the polarization dependence features of the
infrared absorption could be probed. A Si (100) substrate waveguide with the same dimension was used as
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Fig. 3. A, AFM image of the modulation boron-doped Ge QDs grown on the surface of the second kind of superlattice, and B, AFM
shape profile of one of the dots.
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Fig. 4. Room temperature infrared absorption spectra of the directly boron-doped flat lens-like Ge QDs under different polarization
directions of the incidence light. The inset shows a waveguide structure and how the p- and s-polarization of the incidence light is

defined.

the correspondent reference sample. The measurements were performed at room temperature with a Nicolet

FTIR spectrometer.

The measured infrared absorption spectra of the Ge/Si quantum dot superlattices with boron-doped and
modulation boron-doped Ge QDs are shown in HFigsd>5, respectively. A strong polarization dependence
feature in the spectra is observed. Undep0larization (p-polarization), broad absorption peaks with the
strongest intensities are observed around 1683 and 2004 fonthe superlattices with boron-doped and
modulation boron-doped Ge dots, respectively. As the polarization angle of the incidence infrared light in-
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Fig. 5. Room temperature infrared absorption spectra of the modulation boron-doped flat lens-like Ge QDs under different polarization
directions of the incidence light.

creases, the absorption peak intensities decrease until no clear absorption can be seen in the infrared spectral
range investigated under 9folarization (s-polarization), except for the free carrier background absorption.

It should be noted that the positions of the above-observed infrared absorption peaks of the Ge/Si quantum
dot superlattices are comparable to the energy separation between the lowest and the second states in the
valence band of the flat lens-like Ge QDs in the superlattices, which is determined by theoretical calculation.
For simply, a lens-like Ge quantum dot can be treated as an infinite-barrier quantum box but no exciton effects
as well as dielectric screening3, 19, 20] are considered. Thus, the energies of the allowed hole states in the
dot can be evaluated precisely as follows:

232 n2 k2 |2
E”*""z%<L_§+L_§+L_§)’ nkl=123... )
wherem* represents Ge hole effective makg, andLy are the base dimensions of the dot wHilgis its
height. In calculation, the effective masses of @32and 0.044ng for heavy and light holes, respectively, and
the typical values of the base dimension and height of the actual flat lens-like Ge QDs, which are obtained
from AFM and TEM measurements, are used. Under this condition, the first two terms id)ecgm(be
omitted because bothy andLy (42 or 38 nm) are much larger th&n (4 or 3~ 4 nm). With regard to the
directly boron-doped Ge QDs, the calculation demonstrates that, in the valence band, the first two heavy hole
levels locate at 73 and 292 meV, respectively, while the energy of the first light hole state is about 530 meV. As
known, the possible largest barrier for both heavy and light holes in the dots is the bandgap difference between
Siand Ge (1.12-0.67 eV= 0.45 eV)if we assume that this band offset is consumed entirely in the valence
band. Therefore, it can be easily understood that there are no confined light hole states in the dots themselves
because of the small dot size and small light hole effective mass as well, while there exist at least two heavy
hole bound states in the dots. The light hole levels, which are in fact the virtual continua below the valence

band edge of the Si barrier, should not be occupied. It is found that the calculated energy separation between

TThis number is estimated based on unstrained Ge dots and underlying Si. The presence of strain will change the
bandgaps of Si and Ge, and thus the corresponding band offset.
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the ground and the first excited heavy hole states is 219 meV and closed to the measured absorption peak
energy of 209 meV+ 6 um) for O° polarization for the superlattice with the directly boron-doped Ge dots.

The little difference between the experimental and theoretical data may be due to the fact that the coupling
among the corresponding heavy hole quasi-bound states in different Ge dots along the growth direction is
not taken into the calculation account. As mentioned above, thin spacing between the Ge dot layers makes
the Ge QDs have the tendency of being stacked on top of each other along the growth direction. Thus, in
the direction, it is possible very much that the corresponding heavy hole quasi-bound states in different Ge
dots couple together to form superlattice minibar2ig.[Actually, the energy separation between the first

two heavy hole minibands in the Ge/Si quantum dot superlattice is slightly smaller than that between the
first two heavy hole bound states in just one Ge quantum dot. With regard to the modulation boron-doped
Ge QDs, the calculated energy separation between the ground and the first excited heavy hole states is about
270 meV while, for 0 polarization, the absorption peak energy of the superlattice with the modulation boron-
doped Ge dots is measured at 248 meV5m). Besides the formation of heavy hole minibands along the
growth direction of the superlattice, band bending due to the space separation between donors and holes, and
valence band mixing, etc. may have a certain contribution to the larger difference between the theoretical
and experimental data. According to the above analysis, we attribute the infrared absorption observed to the
intraband transition within the valence band of the flat lens-like Ge QDs.

As shown in Figst and5, for 0° polarization, the full widths at half maximum (FWHM) of the intraband
absorption peaks are about 75 and 96 meV for the superlattices with boron-doped and modulation boron-
doped Ge dots, respectively. The size distribution of the self-organized Ge QDs is the main contribution to
the large broadening of the absorption peaks. The nonparabolicity of the hole bands may also play a strong
role in this case as was observed in the quantum well d&;&9, 22].

In Figs4 and5, absorption signals, which are believed to result from the Ge wetting layers, are found to
locate at 1230 and 1280 crhfor the superlattices with boron-doped and modulation boron-doped Ge dots,
respectively. It can be judged that the wetting layers in these two kinds of superlattices are about the same
under almost the same growth conditions (for example, growth tempera®3te) addition, a sharp peak
near 1100 cm?! is mainly due to the strong infrared absorption from S#Bd water in the spectral range of
interest.

Figure 6 depicts the normalized intraband absorbance versus the polarizationéaofjibe incidence
infrared light. The co%d-like solid line presents the well-known polarization dependence feature of the
intersubband transitions in Ge/Si-based QWs grown on Si (100) substrate. The solid square (A) and open
triangle (B) symbols are the polarization-dependent data of the normalized intraband absorbance of the Ge/Si
quantum dot superlattices with boron-doped and modulation boron-doped Ge QDs, respectively. It can be
seen clearly that the intraband absorption intensity decreases with the increasing of the polarization angle
0, the same as what Figlsand5 demonstrate, and the curves have the quantum-well-like feature. A similar
quantum-well-like polarization dependence feature about the intraband absorptiedoped InAs/GaAs
and InGaAs/GaAs quantum dot systems was repot@dlp]. Theoretically there should still be obvious
intraband absorption under 9folarization of the incidence infrared light, not as shown in Bigg because
the intraband transitions in quantum dots are also sensitive to normal incidence photoexcitation. However,
in the superlattices, the Ge dots sandwiched in between two Si spacer films are usually flattened under most
growth conditions 24]. Thus, the dots have relatively large base dimensions while their heights are very
small. Accordingly, the quantum confinement becomes strong along the growth direction but weak in the
lateral directions. Therefore, the polarization dependence of the intraband absorption in the flat lens-like Ge
QDs appears similar to that in the Ge/Si-based QWs.

The intraband absorption within the valence band of the flat lens-like Ge QDs was also investigated using
a Raman scattering spectroscopy technique because Raman scattering light that covers almost the whole
frequency domain can arouse intraband transitions. The investigation was performed with a Renishaw 2000
Raman spectrometer at room temperature. Raman scattering spectra were excited by the 514 nm line of an
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Fig. 6. Incidence light polarization angle dependence of the normalized intraband absorbance for boron-doped A, and modulation
boron-doped B, Ge QDs. The experimental curves have the quantum-well-like feature.
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Fig. 7. Polarized(x(z, z2)X) and depolarizedx(z, y)X) Raman spectra of a Ge/Si quantum dot superlattice with directly boron-doped
Ge QDs. The arrows at about 1790, 960 and 1455 tmdicate the intraband absorption in the flat lens-like Ge dots, the second- and
third-order Si optical phonons, respectively.

Ar ion laser in the back-scattering configuration and then recorded by a Si charge couple device (CCD)
camera. Figur@ shows the measured polarization-dependent Raman spectra of another sample of the Ge/Si
quantum dot superlattice with directly boron-doped Ge QDs. In the measurement, the incident laser was
focused on a cleaved edge side of the sample and the scattering light with polarization in either parallel to the
growth direction(z) (so-called polarized spectrum(z, z)X)) or perpendicular to the growth directigy)

(so-called depolarized spectruix(z, y)X)) was collected. In the polarized Raman spectiuiiz, 2)X), the

broad peak around 1790 crhis believed to result from the intraband absorption within the valence band of

the Ge dots because its peak energy is in agreement with the calculated energy separation between the first
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two heavy hole bound states in a typical flat lens-like dot in the light of the previous theoretical method. Its
FWHM is about 100 meV which is close to that observed by FTIR too. The other two peaks at about 960
and 1455 cm? are attributed to the second- and third-order Si optical phonons. In the depolarized Raman
spectrum(x(z, y)X), the intraband absorption signal is absence in the observed wavenumber range because
the Raman tensor should be zero in this configuration according to the selectior?f)2§.[Meanwhile,

there are no clear phonon peaks since the Si optical phonons are forbidden in principle in this case.

4. Conclusion

In conclusion, mid-infrared absorption in Ge/Si quantum dot superlattices grown on Si (100) substrates
was observed using FTIR and Raman scattering spectroscopy techniques. The absorption is attributed to
heavy hole quasi-bound to quasi-bound intraband transition in the flat lens-like Ge QDs in the superlattices
and strongly polarized along the growth axis of the structures in the spectral range investigated. The de-
creasing of the absorption intensity with the increasing of the polarization angle of the incoming infrared
light implies that the polarization selection rule of the intraband transitions within the valence band of the
flat lens-like Ge QDs is similar to the polarization selection rule of intersubband transitions in the valence
band of Ge/Si-based QWs. The successful observation of the mid-infrared intraband absorption in the well-
grown Ge/Si quantum dot superlattices provides an impetus to using Ge/Si quantum dot structures to develop
mid-infrared photodetectors.
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