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We have investigated near-infrarpei-n photodetectors with Ge/Si self-assembled quantum dots.
The self-assembled quantum dots were grown by chemical vapor depositiof064) SA vertical

stacking of 20 layers of quantum dots was inserted into a near-infrared waveguide obtained with a
Sig.ods® o2 alloy. The samples were processed into ridge waveguides. The photoresponse of the
device covers the near-infrared spectral range up tauin5At room temperature, a responsivity of

210 mA/W is measured at 1,8m and 3 mA/W at 1.5um. The photocurrent is compared to the
photoluminescence and to the absorption of the quantum dots measured in the waveguide geometry.
At room temperature, the onset of the absorption is aroungkh90.65 e\). The photocurrent is
blueshifted as compared to the absorption. 2@02 American Institute of Physics.
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Silicon germanium alloys exhibit a lower band gap thanchemical vapor deposition at low temperature followed by
silicon! Many attempts were undertaken in recent years tgpostgrowth cyclic thermal annealing was reportddhe ther-
use SiGe alloys for near-infrared optoelectronicmal treatment which reduces the threading-dislocation den-
applications: One of the major goals was to develop near-sity considerably improves the performances leading to a
infrared photonic devices operating at the telecommunicatiomesponsivity of 550 mA/W at 1.32m and 250 mA/W at
wavelengths of 1.3 and 1.5&m. The integration of SiGe on  1.55 um.
a silicon ship and its compatibility with silicon-based elec-  Another route to grow high-germanium content layers
tronic circuitry presents a high potential in terms of low-costrelies on the Stranski—Krastanow growth of pure Ge ot Si.
optoelectronic modules. Several types of near infrared phothis growth regime leads to the formation of coherent
todetectors were developed recently with thick or two-nanometer-size islands or quantum dots for a deposited
dimensional SiGe alloy layers epitaxially deposited onthickness of Ge greater than a critical thicknésg mono-
silicon? Avalanche gain im*-p-p* GeSi,_,/Si waveguide layers. These self-assembled quantum dots exhibit a photo-
photodetectors was reportédhe lattice mismatch between |uminescence around 1:31.5 um and are therefore appro-
Si and SiGe limits however the deposited thickness to a critipriate candidates for near-infrared devices like emitters or
cal value before the onset of the dislocation nucleation. Theletectors. The quantum dots are covered by pseudomorphic
telecommunication wavelengths of 1.3 and 1aE are sjlicon, allowing in turn vertical integration with Si, which is
therefore difficult to reach with the standard growth sincenot the case for Ge-terminated surfaces. Photodetectors using
high-germanium content layers are required for these applia vertical stacking of seven self-assembled quantum dot lay-
cations. The operation of detectors at fu8 can be obtained ers were first reported in Ref. 11. In a normal incidence
with strained-layer superlattices like g4 (Ref. 5 or  geometry, the interaction length between the light and the
GesSips (Ref. 6. Recently, the growth of undulating quantum dot layers remains quite small, thus leading to a low
SipsGey s layers was proposed to reach the 1.58n  apsorption efficiency and to a low responsivity. An increased
wavelength. Metal-semiconductor-metal photodetectorsinteraction length can be obtained with a waveguide geom-
were realized with a vertical stacking of undulated layers. Aetry, Several types of near-infrared waveguides can be fabri-
photoresponse of 0.1 A/W at 1.58n was measured at room cated on silicon, in particular with silicon-on-insulator sub-
temperature with this system. The deposition of pure Ge laystrates. Waveguides with a weak confinement can also be
ers represents another alternative. A first realization of a purgptained with thick SiGe alloys with a small germanium con-
Ge p-i-n photodetector grown on a graded alloy layer de-tent. SiGe alloys with a small Ge content offer the advantage

posited on silicon was reported in 198@iowever, a high g pe transparent at the 1.3 and 1,5% telecommunication
dislocation density was present, inducing a strong dark curyayelengthd?

rent. More recently, the deposition of pure Ge layers by | this work, we report on near-infrared waveguide de-

tectors using Ge/Si self-assembled quantum dots in the opti-
dElectronic mail: phill@ief.u-psud.fr cal active region. The detector consistgpef-n diodes with
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guantum dots embedded in g §iGe, o, layer. At room tem- Energy (eV)

perature, a responsivity of 210 and 3 mA/W are measured at 0.25 L L 09 08 0.7
1.3 um and 1.5um, respectively. The interband absorption

of the Ge/Si self-assembled dot layers is measured.

The self-assembled quantum dots were grown in an in-
dustrial lamp-heated single wafer chemical vapor deposition
reactor>* The wafers were 200 mm diametéd01) ori-
ented Si substrates. Silane and germane diluted in hydrogen
carrier gas were used as gas precursors. The process tem-
perature deposition was around 700 °C, at a total pressure o L A RN TR
lower than 100 Torr. The photodetector structure was the 1 1.1 12 1.3 14 15 16 1.7 1.8
following: a 2 um thick S, ogGey o layer, a 200 nm thickp ™ Wavelength (um)

Si layerin situ doped with Boron (18 cm™°) using BHs  gig, 1. Low-temperaturé5 K) photoluminescence spectrum of the wave-
diluted in H,, a 80 nm thick SjodGey o Spacer layer, 20 guide with Ge/Si self-assembled quantum dots. The inset shows the room-
self-assembled quantum dot layers separated by 50 nm thid¢gmperature current density—voltage characteridtie @ mm long device.
Sig.odse o barrier layers, a 80 nm thick §jdGe, o, Spacer

layer, and a 100 nm thick™ contact layein situ doped with ~ Separate measurements on different samples show that these
phosphine diluted in K(10*° cm™3). The growth of a 2% lines shift in energy for different growth conditions. The
SiGe layer provides a weak confinement of the light due tqehonon-assisted recombination in the silicon substrate is evi-
the variation of the optical refractive index Af denced at 1.1274m. We did not observe a signature of the
~6x1073). The dot density is around 2610° cm™2, i.e.,  Sl.odS&.02 cOre of the waveguide, thus indicating an effi-
lower than the density reported in Ref. 13. The dome-shapegient transfer of the optically excited carriers to the quantum
quantum dots observed in a single Ge layer grown in thélots. The inset of Fig. 1 shows the room-temperature current
same conditions.e., uncapped quantum dptsave a typical density—voltage characteristid @ 7 mm long device. For
base size of 160 nm and a height of 23 nm. After capping by reverse applied bias of1 V, a dark current of 2.8.A
silicon, the confinement of the carriers in the islands leads t4-2X10"* Acm™?) is measured at room temperature.

a confinement energy of a few meV in the layer plane and a  1he photoresponsef@ 7 mmlong device measured at
few tens of meV along the growth directidhA sample "00M temperature is s_hown in Fig. 2 The applu_ed b_|as is O \%
without quantum dots was grown as a reference for absorp"—‘”d the photocurrent is measured in a short circuit configu-

tion measurements. Devices without waveguides operating 42i0n- The photoresponse of a %ii-n diode grown in the
normal incidence were used in order to measure the phot*2Me growth chamber is given as reference. In the latter case,
response of a silicop-i-n diode!® a normal incidence geometry was used. The cutoff wave-

The detectors were processed by reactive ion etchin{;ength of the silicon photodiode is around Juén. The spec-

into 100 um thick ridge waveguides. The etch depth was 1_4ral response of the waveguide detector with self-assembled
um. Devices with lengths going from 3 to 7 mm were mea-duantum dots clearly covers a broader spectral range. As

sured. The ohmic contacts with thE" and then™ layers expected, the spectral response can be measured up to 1.5

were obtained by depositing Ti/Au contacts. The detectord*™ wavelength due to the high germanium content of the

were glued to a ceramic pedestal. The top and back Ccmtac%glf-assembled layers. The spectral response was calibrated

were bonded with gold wires using standard thermocompresV-VithOUt accounting for the weak coupling efficiency into the

sion bonding. The photoluminescence spectra were measur%\@veg?uzuig(l.e;&/%fl)nsec;vgnvix/%lues are gl\)eRedsp?nsg:—
with a liquid-nitrogen cooled Ge photodiode. The photolu- 1es 0 m an m were measured at L

minescence was excited with an“Ataser. The spectral re- and 1.5.m, respectively. We did not observe any significa-

sponse of the devices was measured with a microscoptve dependence of the photocurrent on the polarization of

coupled to a Fourier-transform infrared spectrometer. the incoming light. This feature is in strong contrast to the

Fiqure 1 shows the low temperature hotoluminescencéesu“s reported for InAs/GaAs self-assembled quantum dots

gure 1 shows p p
spectrum of the quantum dot sample. The dominant recom-
bination line resonant at 1.53m is attributed to the Ge/Si
self-assembled quantum dots. The broadening of prh8at
half width at half maximum is attributed to the dispersion of
composition and size within a layer and to an additional
dispersion introduced by the vertical stacking. We note that
the relatively high excitation power of 400 mW induces an
additional broadening due to the dot fillihgThe broad ra-
diative recombination is typical of Ge/Si self-assembled
quantum dots~*° and significantly different from the -
dislocation-related photoluminescence spectra in silféa. T A RN
weak recombination is observed at 1.24 and 132 We Wavelength (pm)
associate these lines with the recombination in the wettin i, .
. . . . IG. 2. Room-temperature responsivity of the waveguide photodetector.

Iayers even if these recombination lines are resonant at €hRhe applied bias is 0 V. The response of a siligei-n photodiode is given

ergies close to that of the D3 and D4 dislocations in siliconas a reference.
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Elz)eggy (eV) 07 tron diffraction measurements on single buried quantum dots

109 grown by chemical vapor deposition did predict an average

25 M T

T We can notice that the onset of the absorption of the
Energy (eV) guantum dots is close to that of a bulk Ge layer. This simi-
larity is associated with the strain field which lowers signifi-
cantly the band gap. The photocurrent is blueshifted as com-
pared to the absorption. As the photocurrent results from a
convolution of the absorption and of the tunneling probabili-
ties of the carriers, this blueshift is not surprising. The tun-
FIG. 3. Room-temperature absorption measured with ai880ong wave-  neling probabilities of the carriers is higher for carriers close
guide structure. The inset shows a comparison at room temperature betwegf the band edge. Finally, we note that the onset of the ab-
the absorption and the photocurréanergy scale sorption corresponds to the onset of the photoluminescence

of the quantum dot layers.
where the photocurrent at low energy was only observed for
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