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Observation of inter-sub-level transitions in modulation-doped
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The inter-sub-level transitions in modulation-doped Ge quantum dots are observed. The dot
structure is grown by molecular-beam epitaxy, and consists of 30 periods of Ge quantum dots
sandwiched by two 6 nm boron-doped Si layers. An absorption peak in the midinfrared range is
observed at room temperature by Fourier transform infrared spectroscopy, which is attributed to the
transitions between the first two heavy-hole states of the Ge quantum dots. This study suggests the
possible use of modulation-doped Ge quantum dots for improved infrared detector applications.
© 1999 American Institute of PhysidsS0003-695(199)01338-§

Optical properties due to inter-sub-level transitions injayers is as high as$10®cm 2. Figure 1 shows a cross-
zero-dimensional quantum dot systems are attracting mucectional transmission electron microscqf¥eM) image of
attention. This interest is primarily stimulated by the antici- the sample. The Ge dots can be seen as some obscure, dark
pation that the success achieved in using quantum well strugeatures distributed in the Ge wetting layer dark stripes. One
tures in novel infrared photodetectors and imaging focabf reasons for the obscurity is that Ge interdiffuses a lot to
plane arrays may be further extended to the use of quantufdrm the SiGe alloy underneath the dots and on top of them
dots for these devices. For this application, quantum dotgecause of high growth temperat6®0 °O. This is verified
have several advantages as compared to quantum wellsy performing Raman scattering measurements. The result is
First, a predicted long carrier lifetime in the excited states inshown in Fig. 2. The spectra are recorded from the dot
quantum dots due to reduced carrier phonon interaction magample and an identical Si substrate using the same back-
further enhance detector performaricéit is also possible  scattering configuration with the identical accumulation time.
to have normal incidence photoexcitation and thusThe appearance of the Si—-Ge peak at 403 tin the top
detectiorf>® Because of their sharg-like density of states, sample spectrum implies the formation of the SiGe alloy in
the dark current levels of quantum dot infrared photodetecthe wetting layers as well as in the interfaces between the
tors are expected to be low when an appropriate doping levelots and Si layers on top of them. In addition, the appearance
is used. To date, most of the work in this field is based orof a local Si—Si vibrational peak at 440 €hsuggests the
optical transitions of electrons within the conduction band inexistence of strain in Si underneath the dots induced by the
IlI-V quantum dot structure’.® Recently, we have reported formation of Ge dots. In the bottom substrate spectrum, be-
the observation of inter-sub-level absorption of holes insides a strong Si—Si vibrational mode at 520 ¢ma small
boron-doped multiple Ge quantum dofsiVe now report on  peak is found at 303 cit (the intensity is not comparable
the inter-sub-level absorption observed in modulation-dopegyith that of the Ge—Ge mode at 301 chin the sample

p-type Ge quantum dots. The fact that the separation of dospectrun, which arises from the second-order Si—Si acous-
nors and holes causes bandbending, which influences the

band structure and the energy levels in the quantum dots,
monitors the hole inter-sub-level absorption further com-
pared with well-doped quantum dots.

The sample is grown using a solid-source molecular-
beam epitaxy(MBE) system. A Si(100) wafer with a resis-
tivity of 18—25() cm is used as a substrate and cleaned using
a standard Shiraki cleaning method followedibysitu ther-
mal cleaning at 930 °C for 15 min. The substrate temperature
is maintained at 600 °C during the epitaxial growth. The
nominal growth rates are 1 and 0.2 A/s for Si and Ge, re-
spectively. Boron doping is achieved by sublimation of bo-
ron from a Knudsen cell. The sample consists of a 200 nm
undoped Si buffer layer, 30 periods of Ge quantum dots
sandwiched between two 6 nm boron-doped Si layers, and a

50 nm undoped Si cap layer. The doping density in the Si 40 nm

FIG. 1. Cross-sectional TEM image of the sample. The quantum dots can be
¥Electronic mail: jliu@ee.ucla.edu seen as dark features distributed in the Ge wetting layer dark stripes.
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FIG. 2. Typical Raman spectrum of the sample. Ge—Ge, Si—Ge, and locat|G. 4. Polarization-dependent absorption spectra of the sample. The de-
Si—Si vibrational peaks can be seen at 301, 403, and 440, aespectively.  crease of the absorbance with increasing polarizer angle is due to the reduc-

In the substrate spectrum, a small peak at 303 canises from the second-  tion of the component of the photon polarization along the growth direction.
order Si—Si acoustic phonons.

sorption mainly associated with the free carriers can be ob-

tic phonons. In order to obtain more structural data of theseryed as a monotonously increasing absorption towards low
dots, atomic force microscopyAFM) is used to examine a energy.

similar sample without the cap layer. Details can be found Previously, we observed an absorption peak at 2000
elsewheré! Combined with these results, we conclude thatem 1 for multiple boron-doped Ge quantum dots with a
the Ge dots in our sample have a typical height of 25 A. Theheight of 40 A We treated those dots as quantum boxes
nonuniformity of the dot size is estimated to be 10%. Theanq attributed the absorption peak to the transitions between
areal density of the dots is around®Zn 2, _ the first two heavy-hole states. Here, an inter-sub-level ab-
The inter-sub-level transitions in the dots can be Ve”f'edsorption peak with almost the same peak position is observed
by performing Fourier transform infrared spectroscopyat g reduced dot siz@5 A in heighy. This could arise from
(FTIR) measurements. The infrared absorption spectra of thgye fact that the present dots are modulation doped, and thus,
sample are taken at room temperature using a Nicolet speghe pand structures are affected by the separation of donors
trometer. A waveguide structure of 10 B mm in size is  and holes. In order to evaluate the transitions in the present
prepared with a polished backside and polished 45° facets igots, a finite-barrier model is used to determine the energies.
order to enhance the absorption. A Si substrate waveguid€or simplicity, we do not consider valence-band mixing as
with the same dimension is used as the reference. Figure Je|| as dielectric screening. In addition, because the lateral
?hOWS th? measured absprpnon spectrum with unpolarizegimensions of the Ge dots are usually much larger than their
infrared light. An absorption peak is found at 2004 m  peights, we omitted the quantum-confinement effect in the
which is believed to come from the inter-sub-level transition|gteral  direction. Assuming é=+—2mgE/#2 and 7
of holes in the Ge quantum dots. The full width at half maxi- — 2mg(Vo+ E)/#:2, whereE is the allowed energies in the
mum (FWHM) of 62 meV is considerably larger than the o5 v/ is the valence-band offset between the Si barriers
inter-sub-level peak width observed in the InGaAs/GaAsyng the Ge dots, ani, andmg are the effective masses of
quantum dot superlattice~13 meV)." Obviously, the size  the noles in the Ge dots and Si barriers, respectively. The
nonuniformity of quantum dots may be a contributing factor. 5jjowed energies can be evaluated as folldivs:
Additionally, the nonparabolicity of the hole bands may play
a strong role in the broadening of the absorption peaks as (n/mp)tan(na/2)=&/mg
was observed in the quantum well cd8éBackground ab- and

Gedos (plmp)tan™Y(yal2)=— élmg,
04 Dot layers EI\I,-I(IG 9? meV
l250mev where “a” is the typical height of the dots. The effective
_ o2 | e masses in the dots used in the calculations are 0.30 and 0.044
3 oof S si m, for the heavy and light holes, respectively. In addition, it
E;’ is important to note that the present Ge/Si system is a type-I
é 021 structure. Thus, the largest possible barkigrfor the heavy
04l and light holes is the band-gap difference between the Si and
g Ge (1.12-0.67e¥0.45eV) if we assume the entire band
06 offset occurs in the valence batftiThe calculated results are
_0_8' , L schematically shown in the top-right inset of Fig. 3, indicat-
1000 2000 3000 4000 ing that there are no occupied light-hole levels, while there
Wavenumber (cm”) are two heavy-hole energy levels at 95 and 345 meV. The

FIG. 3. FTIR absorption spectrum of the sample. No polarization of theen(_argy_ sepz_aranon between these two levels is 250 meV,
incident infrared light is employed. An absorption peak at 200akimdue ~ Which is quite close to the measured peak energy of 249

to the inter-sub-level absorption in the Ge quantum dots. meV (2004 cm ! peak in Fig. 3. Generally, there should not
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