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Abstract—Theresults of research aimed at the development of high-efficiency Ge/Si-based photodetectors for
fiber-optic communication applications are reported. The photodetectors are designed as vertical p—i—n diodes
on silicon-on-insulator substratesin combination with waveguide lateral geometry and contain Ge quantum-dot

layers. Thelayer density of quantum dotsis 1 x 1012 cm

; the dot sizein the plane of growth is~8 nm. Unprec-

edentedly high quantum efficiency suitable for the range of telecommunication wavelengths is attained; specif-
ically, in the waveguides illuminated from the end side, the efficiency was as high as 21 and 16% at 1.3 and
1.55 um, respectively. © 2004 MAIK “ Nauka/Interperiodica” .

1. INTRODUCTION

One of the most important areasin the devel opment
of information transfer facilities in television and tele-
phone networks, the Internet, and optical computersis
the elaboration of fiber-optic communication lines
(FOCLs). FOCLs contain a transmitter and a receiver,
commutation elements, and fiber-optic waveguides. In
the transmitter, electrical signals pass an electron con-
trol circuit and enter a semiconductor radiator (a laser
or alight-emitting diode), wherethey are converted into
optical signals that are fed via matching devices into a
fiber-optic waveguide and propagate there to aspecified
point. A photodetector (PD) detects the radiation and
performs the optoelectrical conversion and the subse-
guent amplification of the electrical signals.

Quartz is conventionally employed for optical
waveguides incorporated in FOCLs. An absorption
spectrum of high purity quartz typically features three
windows of transparency in the vicinity of 0.85, 1.3,
and 1.55 um. This region also corresponds to the near-
est atmospheric transparency window. It is currently
assumed that the near-infrared (IR) range from 1.3 to
1.55 umisthe most appropriate for FOCL applications.

Thewide use of FOCLsis hindered by the high cost
of optical transmitter—receiversoperating in the near-IR
spectral region. It is expected that the implementation
of a silicon-compatible technology for the production
of photonic FOCL elements will significantly reduce
the cost of such elements and allow monolithic integra-
tion of al components including radio-amplifying and
shifting electronics on the basis of a smple, reliable,
and easy-to-reproduce optoe ectronic integrated circuit [1].
However, silicon itself is transparent for radiation with

awavelength larger than 1.1 um. A fairly high sensitiv-
ity in the vicinity of the wavelength A = 1.5 um can be
obtained with germanium PDs. This circumstance
meansthat researchers are currently interested in devel -
oping Ge/Si heterostructures that are sensitive at room
temperature within the telecommunication wavelength
range from 1.3 to 1.55 um.

Asfor the prospects for incorporating Ge/Si hetero-
junctions into the concept of silicon VLS|, Ge/Si het-
erostructures with coherently introduced Ge nanoclus-
ters (quantum dots) are the most promising, since these
structures offer the possibility of overgrowing the elas-
tically stressed germanium layers with well-structured
Si layers, which may serve as a base for the subsequent
VLSl eements to be mounted on. Furthermore, such a
system has aready been employed in light-emitting
diodes radiating at room temperature in the range 1.3-
1.55 um with the quantum yield a alevel of 0.015%[2].

Initially, Ge/Si photodiodes with Ge quantum dots
(QDs) were designed for normal incidence of light on
the side of the p—n junction plane [3, 4]. The quantum
efficiency n ranged from 3to 8% for A = 1.3-1.46 pum.
One can increase the quantum efficiency by using a
waveguide structure that involves the effect of multiple
internal reflection from the walls of the waveguide.
Since the optical beams should propagate in the plane
of the integrated circuit, which includes all the neces-
sary FOCL elements [1], such a design is advanta-
geously suited to end-on illumination of the detector.
The fabrication of waveguide photodetectors based on
Ge/Si heterostructures with coherently introduced Ge
nanoislands was reported in [5, 6]. The highest quan-
tum efficiency attained at the wavelength A = 1.3 um
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Fig. 1. Schematic representation of the photodetector
formed on a silicon-on-insulator substrate.

wasn = 5.3 and 9.5% for a PD structure in the form of
a p—i—n diode [5] and a bipolar n—p— phototransi stor
[6], respectively. It should be noted that in [5, 6] the
layer density of islands was 1 x 10 cm™ or lower.
Clearly, one way to further increase the quantum effi-
ciency of photoconversion in such structuresisto raise
the density of Ge nanoclusters. The aim of thisstudy is
to develop awaveguide Ge/Si photodetector containing
arrays of Ge QDs with alayer density at 10 cm and
featuring high sensitivity over the telecommunication
wavelength range.

2. PHOTODETECTOR PRODUCTION
TECHNOLOGY

The photodetectors under study were silicon p—-—n
diodes with 36 layers of Ge idlands built into the base
region that were divided by 30-nm-wide Si layers. Each
device combined a vertical photodiode and lateral
waveguide (Fig. 1). In order to obtain high-density ger-
manium islands, they were formed by molecular-beam
epitaxy (MBE) in the Volmer—Weber growth mode on a
preliminarily oxidized silicon surface [7]. In our previ-
ousstudies, it was shown that this procedure allows one
to yield layers of Ge nanoclusters that are coherently
matched to Si and have alayer density of up to 102 cm?
for sizesno larger than 10 nm [4, 7, 8].

As substrates, we used the silicon-on-insulator
(SOI) wafers fabricated by SMART CUT technology
(Wafer World, Inc.). The silicon layer cut off from the
SOl structure and the buried oxide had thicknesses of
280 nm and 380 nm, respectively. The upper silicon
layer was (100)-oriented. Before the MBE process, the
silicon layer was thinned to 250 nm by thermal oxida-
tion with subsequent etching of the oxide in a hydrofiu-
oric acid solution. Thediffraction pattern obtained from
the silicon surface indicated that the SOI-wafer work-
ing layer was of high crystal quality and would be suit-
able for epitaxia growth. Inthe near-IR region, the dif-
ference between the Si and SiO, refractive indices is
equal to two, which is sufficiently high to allow effi-
cient spatial focusing of a beam propagating in the
waveguide over the substrate plane.
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Fig. 2. SIMS profiles of boron and antinomy concentrations
across the epitaxial layer starting from the surface.

Boththe Si and Ge layerswere grown at 500°C. The
growth rate was maintained at a level of 0.3 and
0.03 nm/sfor Si and Ge, respectively. At first, after the
conventional cleaning of the SOI surface, a 500-nm-
thick p*-Si layer doped with boron to aconcentration of
1 x 10 cmr3 was grown; then, a 100-nm-thick buffer
layer of nominaly undoped Si was deposited. After
that, oxygen was | et into the growth chamber and the Si
surface was oxidized for 10 min at an oxygen pressure
of 10 Pa and a substrate temperature of 500°C. This
procedure resulted in the formation of a SiO, layer with
a thickness of several angstroms. Oxygen was then
pumped out of the chamber so that the pressure
decreased to 10~ Pa and a 0.5-nm-thick Ge layer was
deposited and overgrown with Si to a thickness of
30 nm. The overgrowth was preceded by an increase in
the wafer temperature to 600°C over a short period
(2 min). Such annealing was necessary for the subse-
guent growth of defect-free Ge layers. The last four
procedures (oxidation, the deposition of a0.5-nm-thick
Ge layer, annealing for 2 min, and the deposition of a
20-nm-thick Si layer) were successively repeated
36 times. The resulting multilayer Ge/Si structure was
covered with a 100-nm-thick Si layer. The background
concentration of boron in the nominally undoped Si
layers was 3 x 10% cm3. Finadly, the formation of the
p—i—n diode was completed by the growth of a300-nm-
thick n*-Si layer (with an Sb concentration of 4 x
10* cm®). Figure 2 shows the boron and antimony
concentration profiles in the structure according to the
data of secondary-ion mass spectrometry.

The state of the grown Gelayer surface was checked
using scanning tunneling microscopy (STM). By statis-
tical processing of the surface profiles, the average size
of the Ge islands in the growth plane was estimated as
~8 nm, and the density of islands, ~10** cm™. Refer-
ence specimens on silicon substrate-satellites were
grown for Raman scattering (RS) and photolumines-
cence (PL) measurements. The sequence of layers was
2004
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the same as in the SOI wafers, except for the upper
n*-Si layer, which was absent in the reference struc-
tures. Also, the number of Ge layers in the reference
structures was only 10 instead of 36.

The fabrication of PDs was continued on a silicon
linear array using a specialy designed set of photo-
masks. The waveguide width was 50 pum and the length
varied from 100 pum to 5 mm. The vertical walls were
formed by the conventional photolithography method
and plasma—chemical etching to adepth of 1.6 um. The
buried SIO, layer was used as a refl ective coating on the
substrate side, while a 70-nm-thick aluminum foil was
used for the same purpose on the lateral walls of the
waveguide, whereit also served as an electrical contact
to the upper n*-Si layer. Theilluminated end face of the
waveguide, like all the other walls, was covered with a
225-nm-thick pyrolytic SO, layer, which aso func-
tioned as an antireflection layer at wavelength of 1.3 um.

3. RAMAN SCATTERING

We analyzed the structure of Ge nanoclusters using
the data of Raman scattering (RS) spectroscopy. The
RS spectraof the structures under excitation by Ar-laser
radiation (A = 514.5 nm) were detected at room temper-
ature using a computer-controlled setup built around a
DFS-52 spectrometer (LOMO, St. Petersburg) in the
guasi-backscattering geometry. We used the polariza-
tion scattering geometry XY; i.e., the incident radiation
was polarized aong the crystallographic direction
[001] (X axis) and the scattered radiation was detected
in the polarization [010] (Y axis). This geometry was
chosen sinceit isallowed for scattering by L O phonons
in Geand Si and isforbidden for two-phonon scattering
by TA phonons from the silicon substrate. Thus, we
avoided the difficulties encountered during the interpre-
tation of RS spectrain[9].

Figure 3 shows the Raman spectra of a sample with
Geislands and a Si substrate in XY geometry and the
spectrum obtained from the silicon substrate without
the polarization analysis of the scattered light. The lat-
ter spectrum shows peaks that correspond to two-
phonon RS by TA phonons of silicon and are similar to
those observed in [9]. It can be seen that, in XY polar-
ization geometry, these peaks have another shape and
have an intensity that is more than one order of magni-
tude lower (for clarity and ease of comparison, the
spectrum in XY geometry from the Si substrate is mul-
tiplied by a factor of 10). The spectrum of the sample
with Ge nanoclusters contains peaks that correspond to
RS by optical vibrations of Ge-Ge and Ge-Si bonds, as
well as by optical vibrations of Si—Si bonds (from the
substrate). Analysis of the position and intensity of the
RS spectrum allowed us to estimate the stoichiometry
level and the stresses in the Ge islands.
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Fig. 3. Raman spectra (solid line) in a sample with Ge nan-
oclustersand (dotted line, with intensity multiplied by afac-
tor of 10) in the Si substrate in XY geometry. The dashed
line shows the spectrum from the silicon substrate without
polarization analysis of the scattered light.

The integrated intensities of scattering by Ge-Ge
and Ge-Si bonds are related as

IGeGe X
=B , 1
e B2(1-%) @)

where B = 3.2[10]. Based on these data, we established

the relative content of germanium in the idands x
within the range 0.65-0.70.

We analyzed the position of the RS peaks using the
approach described in[11, 12]. Since the optical-phonon
frequency at the center of the Brillouin zonefor bulk ger-
manium equals 302 cm™, the frequencies of S-S,
Ge-Si, and Ge-Ge bonds can be approximated as

Wgg = 520.5—-62x—8.15¢,
Wges = 400.5 + 14.2x —5.75¢,

Weece = 302 —18(1 - X) — 3.85¢, )

where x isthe Ge content in theislands and € isthe rel-
ative mismatch of the lattice constants. In [12] the val-
ues of these frequencies (in cm™) are presented versus
the composition (when x does not exceed 0.4) and the
relative mismatch of the lattice constantsin the plane of
growth (100) € (in percent). The shift istaken for Ge and
is negative in the case of compression. Expressions (2)
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Fig. 4. PL spectrum measured at 4.2 K.
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Fig. 5. Sensitivity spectra of the photodetectors with differ-
ent waveguide length L in short-circuit mode: L = (1) 0.2,
(2) 0.5, (3) 1, (4) 2, and (5) 3 mm; room-temperature mea-
surements.

extrapolate these dependences to the region of nano-
clusters with the Ge content x approaching unity.

The maximum signal from Ge-Ge bonds is
observed at 300 cm (Fig. 3). Taking into account that,
because of the size-related quantum effect, the peak for
1.4-nm-high islands is shifted to lower frequencies by
4cm™, we can evaluate its position in unstrained
Ge,;Siy3 nanoclusters at 292.5 cm™. Thus, the total
shift dueto stresses equals 7.5 cmr. The maximum rel-
ative difference between the lattice constants in com-
pletely strained nonrelaxed Ge, ;Si 5 islands and the Si
matrix is 2.9%. Hence, it follows that the maximal shift
of the RS peak dueto stressin nonrelaxed islands would
equal 11 cm . This result means that the relaxation of
stresses in germanium nanoclusters amounts to 30%.

4. PHOTOLUMINESCENCE

The steady-state photoluminescence (PL) spectra
were measured using a setup based on an SDL-1 double
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monochromator with a 300 groove/mm grating (focal
distance, 600 mm). The PL was excited using Ar-laser
radiation (A = 488 nm) with a power density of
25 W/cm?. Emission was detected using a liquid-nitro-
gen-cooled germanium p—i-n photodiode (Edinburgh
Instruments). Figure 4 shows the PL spectrum mea-
sured at 4.2 K. The spectrum features a set of linesin
the range 1.05-1.1 €V that correspond to the exciton
recombination in silicon and a broad band in the vicin-
ity of 0.8 eV (A = 1.55 um) attributed to indirect (in red
space) optical recombination between holes localized
in Ge islands and electrons at the type-I1 heterobound-
ary in Si. The low-energy edge of the PL signal from
the idands is defined by the edge of the Ge-detector
spectral characteristic. The presence of efficient PL in
the wavel ength range of interest allows one to hope that
waveguide photodetectors will provide highly efficient
photoconversion.

5. PHOTOELECTRIC CHARACTERISTICS
OF THE PHOTODETECTOR

Typical spectral dependences of the current—power
sensitivity of the photodetector in the short-circuit
mode (bias U = 0) when the waveguide ends are illumi-
nated are shown in Fig. 5. Different curves correspond
to different waveguide lengths L. The photoresponse of
the samples was measured at room temperature using
an IKS-31 infrared spectrometer and a phase-sensitive
nanovoltmeter at a modulation frequency of 560 Hz.
The spectral characteristics of illuminance were
obtained using a cooled CdHgTe photoresistor. |n order
to exclude the penetration of light into the substrate,
which would lead to an erroneous value of illuminance
because of an increase in the areathat isilluminated in
reality, the light beam was directed onto the detector
from above at an angle of ~5° relative to the normal to
the detector’s end face. As for the photosensitive area,
we took the value 50 x 400 um?, where 50 pm is the
waveguide width and 400 um is the total thickness of
the structure including the substrate. This procedure
disregards the optical coupling of light in the
waveguide and yields the lower-bound estimate of the
sensitivity and quantum efficiency.

Figure 6 shows the dependences of quantum effi-
ciency n at thewavelengths A = 1.3 and 1.55 um on the
waveguide length and the reverse bias. The values of n
were calculated from the relationship between the sen-
sitivity R, photon energy hv, and the e ementary charge e:
R = (rhv)n. It turned out that the maximum quantum
efficiency is attained in the structures with waveguide
length L > 3 mm (Fig. 6a) at reverse bias U > 3V
(Fig. 6b) and is as high as 21 and 16% for wavelengths
of 1.3 and 1.55 um, respectively. The flattening out of
n observed in long waveguides apparently indicates
that the light that penetrates the face of the edge and
propagates over the germanium layers is completely
absorbed in this case. We previously observed the flat-
tening of the photoresponse with reverse bias in the
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Fig. 6. Quantum efficiency at 1.3 and 1.55 pm vs. (@) the
waveguide length in short-circuit mode and (b) the reverse
bias for the waveguide length L = 4 mm.

conventional geometry of Ge/Si-based p—i—n photo-
diodes whose p— junction side wasilluminated [4]; we
attributed this effect to the electric-field stimulation of
gjection of photoholes localized in Ge idands into the
valence band.

6. CONCLUSIONS

The main results of this study can be formulated as
follows:
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(i) A method for the production of waveguidesilicon
p—i—n photodiodes with built-in layers of Ge quantum
dots on silicon-on-insulator substrates for the telecom-
munication wavelength range (1.3—1.55 um) is devel-
oped. The layer density of quantum dots is 10? cm™,
and the dot size does not exceed 10 nm.

(i) Dueto both the effect of multipleinternal reflec-
tion and the high density of Ge nanoclusters in the
active region, we obtain a quantum efficiency of 21 and
16% at wavelengths of 1.3 and 1.55 um, respectively.
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