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Near-infrared waveguide photodetector with Ge ÕSi self-assembled
quantum dots
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We have investigated near-infraredp- i -n photodetectors with Ge/Si self-assembled quantum dots.
The self-assembled quantum dots were grown by chemical vapor deposition on Si~001!. A vertical
stacking of 20 layers of quantum dots was inserted into a near-infrared waveguide obtained with a
Si0.98Ge0.02 alloy. The samples were processed into ridge waveguides. The photoresponse of the
device covers the near-infrared spectral range up to 1.5mm. At room temperature, a responsivity of
210 mA/W is measured at 1.3mm and 3 mA/W at 1.5mm. 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 around 1.9mm ~0.65 eV!. The photocurrent is
blueshifted as compared to the absorption. ©2002 American Institute of Physics.
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Silicon germanium alloys exhibit a lower band gap th
silicon.1 Many attempts were undertaken in recent years
use SiGe alloys for near-infrared optoelectron
applications.2 One of the major goals was to develop ne
infrared photonic devices operating at the telecommunica
wavelengths of 1.3 and 1.55mm. The integration of SiGe on
a silicon ship and its compatibility with silicon-based ele
tronic circuitry presents a high potential in terms of low-co
optoelectronic modules. Several types of near infrared p
todetectors were developed recently with thick or tw
dimensional SiGe alloy layers epitaxially deposited
silicon.3 Avalanche gain inn1-p-p1GexSi12x /Si waveguide
photodetectors was reported.4 The lattice mismatch betwee
Si and SiGe limits however the deposited thickness to a c
cal value before the onset of the dislocation nucleation. T
telecommunication wavelengths of 1.3 and 1.55mm are
therefore difficult to reach with the standard growth sin
high-germanium content layers are required for these ap
cations. The operation of detectors at 1.3mm can be obtained
with strained-layer superlattices like Ge0.6Si0.4 ~Ref. 5! or
Ge0.5Si0.5 ~Ref. 6!. Recently, the growth of undulatin
Si0.5Ge0.5 layers was proposed to reach the 1.55mm
wavelength.7 Metal–semiconductor–metal photodetecto
were realized with a vertical stacking of undulated layers
photoresponse of 0.1 A/W at 1.55mm was measured at room
temperature with this system. The deposition of pure Ge
ers represents another alternative. A first realization of a p
Ge p- i -n photodetector grown on a graded alloy layer d
posited on silicon was reported in 1986.8 However, a high
dislocation density was present, inducing a strong dark
rent. More recently, the deposition of pure Ge layers
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chemical vapor deposition at low temperature followed
postgrowth cyclic thermal annealing was reported.9 The ther-
mal treatment which reduces the threading-dislocation d
sity considerably improves the performances leading t
responsivity of 550 mA/W at 1.32mm and 250 mA/W at
1.55mm.

Another route to grow high-germanium content laye
relies on the Stranski–Krastanow growth of pure Ge on S10

This growth regime leads to the formation of cohere
nanometer-size islands or quantum dots for a depos
thickness of Ge greater than a critical thickness~;4 mono-
layers!. These self-assembled quantum dots exhibit a pho
luminescence around 1.321.5 mm and are therefore appro
priate candidates for near-infrared devices like emitters
detectors. The quantum dots are covered by pseudomor
silicon, allowing in turn vertical integration with Si, which i
not the case for Ge-terminated surfaces. Photodetectors u
a vertical stacking of seven self-assembled quantum dot
ers were first reported in Ref. 11. In a normal inciden
geometry, the interaction length between the light and
quantum dot layers remains quite small, thus leading to a
absorption efficiency and to a low responsivity. An increas
interaction length can be obtained with a waveguide geo
etry. Several types of near-infrared waveguides can be fa
cated on silicon, in particular with silicon-on-insulator su
strates. Waveguides with a weak confinement can also
obtained with thick SiGe alloys with a small germanium co
tent. SiGe alloys with a small Ge content offer the advanta
to be transparent at the 1.3 and 1.55mm telecommunication
wavelengths.12

In this work, we report on near-infrared waveguide d
tectors using Ge/Si self-assembled quantum dots in the o
cal active region. The detector consists ofp- i -n diodes with
© 2002 American Institute of Physics
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quantum dots embedded in a Si0.98Ge0.02 layer. At room tem-
perature, a responsivity of 210 and 3 mA/W are measure
1.3 mm and 1.5mm, respectively. The interband absorptio
of the Ge/Si self-assembled dot layers is measured.

The self-assembled quantum dots were grown in an
dustrial lamp-heated single wafer chemical vapor deposi
reactor.13,14 The wafers were 200 mm diameter~001! ori-
ented Si substrates. Silane and germane diluted in hydro
carrier gas were used as gas precursors. The process
perature deposition was around 700 °C, at a total pres
lower than 100 Torr. The photodetector structure was
following: a 2mm thick Si0.98Ge0.02 layer, a 200 nm thickp1

Si layer in situ doped with Boron (1019 cm23) using B2H6

diluted in H2 , a 80 nm thick Si0.98Ge0.02 spacer layer, 20
self-assembled quantum dot layers separated by 50 nm
Si0.98Ge0.02 barrier layers, a 80 nm thick Si0.98Ge0.02 spacer
layer, and a 100 nm thickn1 contact layerin situ doped with
phosphine diluted in H2 (1019 cm23). The growth of a 2%
SiGe layer provides a weak confinement of the light due
the variation of the optical refractive index (Dn
;631023). The dot density is around 2.63109 cm22, i.e.,
lower than the density reported in Ref. 13. The dome-sha
quantum dots observed in a single Ge layer grown in
same conditions~i.e., uncapped quantum dots! have a typical
base size of 160 nm and a height of 23 nm. After capping
silicon, the confinement of the carriers in the islands lead
a confinement energy of a few meV in the layer plane an
few tens of meV along the growth direction.15 A sample
without quantum dots was grown as a reference for abs
tion measurements. Devices without waveguides operatin
normal incidence were used in order to measure the ph
response of a siliconp- i -n diode.16

The detectors were processed by reactive ion etch
into 100mm thick ridge waveguides. The etch depth was
mm. Devices with lengths going from 3 to 7 mm were me
sured. The ohmic contacts with thep1 and then1 layers
were obtained by depositing Ti/Au contacts. The detect
were glued to a ceramic pedestal. The top and back con
were bonded with gold wires using standard thermocomp
sion bonding. The photoluminescence spectra were meas
with a liquid-nitrogen cooled Ge photodiode. The photo
minescence was excited with an Ar1 laser. The spectral re
sponse of the devices was measured with a microsc
coupled to a Fourier-transform infrared spectrometer.

Figure 1 shows the low temperature photoluminesce
spectrum of the quantum dot sample. The dominant rec
bination line resonant at 1.53mm is attributed to the Ge/S
self-assembled quantum dots. The broadening of 0.18mm at
half width at half maximum is attributed to the dispersion
composition and size within a layer and to an additio
dispersion introduced by the vertical stacking. We note t
the relatively high excitation power of 400 mW induces
additional broadening due to the dot filling.15 The broad ra-
diative recombination is typical of Ge/Si self-assemb
quantum dots17–19 and significantly different from the
dislocation-related photoluminescence spectra in silicon.20 A
weak recombination is observed at 1.24 and 1.32mm. We
associate these lines with the recombination in the wet
layers even if these recombination lines are resonant at
ergies close to that of the D3 and D4 dislocations in silic
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Separate measurements on different samples show that
lines shift in energy for different growth conditions. Th
phonon-assisted recombination in the silicon substrate is
denced at 1.127mm. We did not observe a signature of th
Si0.98Ge0.02 core of the waveguide, thus indicating an ef
cient transfer of the optically excited carriers to the quant
dots. The inset of Fig. 1 shows the room-temperature cur
density–voltage characteristic of a 7 mm long device. For
a reverse applied bias of21 V, a dark current of 2.8mA
(4.231024 A cm22) is measured at room temperature.

The photoresponse of a 7 mm long device measured a
room temperature is shown in Fig. 2. The applied bias is 0
and the photocurrent is measured in a short circuit confi
ration. The photoresponse of a Sip- i -n diode grown in the
same growth chamber is given as reference. In the latter c
a normal incidence geometry was used. The cutoff wa
length of the silicon photodiode is around 1.2mm. The spec-
tral response of the waveguide detector with self-assem
quantum dots clearly covers a broader spectral range.
expected, the spectral response can be measured up t
mm wavelength due to the high germanium content of
self-assembled layers. The spectral response was calib
without accounting for the weak coupling efficiency into th
waveguide~i.e., conservative values are given!. Responsivi-
ties of 210 mA/W and 3 mA/W were measured at 1.3mm
and 1.5mm, respectively. We did not observe any signific
tive dependence of the photocurrent on the polarization
the incoming light. This feature is in strong contrast to t
results reported for InAs/GaAs self-assembled quantum d

FIG. 1. Low-temperature~5 K! photoluminescence spectrum of the wav
guide with Ge/Si self-assembled quantum dots. The inset shows the ro
temperature current density–voltage characteristic of a 7 mm long device.

FIG. 2. Room-temperature responsivity of the waveguide photodete
The applied bias is 0 V. The response of a siliconp- i -n photodiode is given
as a reference.
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where the photocurrent at low energy was only observed
transverse electric~TE! polarized light.21 We note that the
amplitude of the photocurrent is weakly dependent on
applied bias. Similar results were obtained for 3 or 7 m
long devices since these lengths are larger than the abs
tion length of the waveguide.

Figure 3 shows the absorption of a 900mm long wave-
guide quantum dot sample. The absorption is obtained
normalizing the transmission of the quantum dot sample
the transmission of a waveguide reference sample wit
shorter length. The measurement was performed at ro
temperature. We have carefully checked with samples w
different lengths the origin of the absorption. The onset
the absorption occurs around 1.9mm ~0.65 eV!. The quanti-
tative measurement of the absorption coefficient of the qu
tum dot layers is difficult because of the weak confinem
of the waveguide and the uncertainty on the overlap fac
between the guided optical modes and the quantum dot
ers. A detailed discussion of the absorption and the comp
son of its energy dependence with the usual laws for
absorption of an indirect gap bulk semiconductor using
Macfarlane–Roberts expression1 or the absorption of a two
dimensional indirect gap semiconductor22 are beyond the
scope of this work. Only a rough estimation of the absorpt
coefficient can be given : if we assume an overlap facto
1.331022 between the quantum dot layers and the first c
fined optical mode23 an absorption coefficient of 1000 cm21

is measured at 1.5mm for one quantum dot layer. The ons
of the absorption can be compared to that reported
strained Si12xGex layer structures at low temperature~90
K!.24 A variation of the onset of the absorption of approx
mately 70 meV can be assumed between room tempera
and 90 K. At 90 K, the onset of the absorption is therefo
predicted to occur around 720 meV. This value, which
counts for the weak confinement energy of the dots, is cl
to that reported for a strained Si0.4Ge0.6 alloy in Ref. 24. A
similar alloy concentration is deduced following the theor
ical approach by in Ref. 25 by People to estimate the b
gap of coherently strained GexSi12x bulk alloys. This feature
indicates that the absorption properties of the self-assem
quantum dots are similar to that of a tetragonally strain
Si0.4Ge0.6 alloy layer. We emphasize that selected-area e

FIG. 3. Room-temperature absorption measured with a 900mm long wave-
guide structure. The inset shows a comparison at room temperature be
the absorption and the photocurrent~energy scale!.
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tron diffraction measurements on single buried quantum d
grown by chemical vapor deposition did predict an avera
composition of 50% for the quantum dots, as a result
strain-induced intermixing.26 These two values obtained b
the analysis of the structural and of the optical properties
thus found consistent.

We can notice that the onset of the absorption of
quantum dots is close to that of a bulk Ge layer. This sim
larity is associated with the strain field which lowers signi
cantly the band gap. The photocurrent is blueshifted as c
pared to the absorption. As the photocurrent results from
convolution of the absorption and of the tunneling probab
ties of the carriers, this blueshift is not surprising. The tu
neling probabilities of the carriers is higher for carriers clo
to the band edge. Finally, we note that the onset of the
sorption corresponds to the onset of the photoluminesce
of the quantum dot layers.

This work was supported by the Re´seau Micro et Nano-
technologie~RMNT! under Contract No. 00V0091.
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