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Abstract-A near infrared waveguide
photodetector in Si-based ternary
Si1_xyGexCy alloy was demonstrated for
0.85~1.06 um wavelength fiber-optic
interconnection system applications. Two
sets of detectors with active absorption
layer compositions of Sig70Gep2Coor and
Sig70Ge028Co02 Were designed. The active
absorption layer has a thickness of 120~450
nm. The external quantum efficiency can
reach ~3% with a cut-off wavelength of
around 1.2 um.

Index Terms-Photodetector, quantum
efficiency, absorption coefficient,
absorption efficiency, band gap, lattice
constant, critical thickness, SiGeC,
semiconductor, alloy.

I. INTRODUCTION

Epitaxial layers based on group IV elements
and grown on Si substrate extend the use of
material composition in new device concepts
for silicon microelectronic technology. In the
group IV systems, SiGe grown on Si(100) is
the most investigated heteroepitaxial layers.
Si-based band gap engineering has made
possible applications for epitaxial SiGe alloys
in higher speed devices and also new
optoelectronic devices. Such devices are the
heterojunction bipolar transistor, metal-oxide-
semiconductor field effect transistor,
photodiode and photodetector. Among these

devices, photodetectors based on SiGe and
SiGe/Si multiple-quantum well (MQW) have
been extensively studied [1]-[15] and most
were fabricated as waveguide configurations
due to the small absorption coefficient for its
indirect band gap. However, the SiGe system
grown on Si(100) substrate exhibits some
severe limitations, such as the existence of a
critical thickness for perfect strain layer
growth that depends on the amount of
germanium. Above the critical thickness
strain-relief occurs by injection and
propagation of misfit dislocations. In addition,
metastable SiGe layers (thicker than the
critical thickness and grown at low
temperature) tend to relax during post-growth
thermal treatments, typical for device
processing. Therefore, the thickness has to be
kept always below the critical thickness. On
the other hand, the high compressive strain
present in the SiGe active layers imposes
limits on the Ge fraction, the layer thickness as
well as on the temperature of processing steps
subsequent to the SiGe layer deposition. The
fundamental limitation of SiGe alloys on Si
substrate for detector applications is the large
lattice mismatch between SiGe and Si,
especially for SiGe with a high Ge fraction. In
order to obtain sufficient absorption at near-
infrared wavelengths, the Ge content should be
greater than 50%. For 60% Ge content the
critical thickness is less than 10 nm. This
thickness is too small for efficient optical
detection. By using MQW structure with
SigsGegs layer sandwiched between Si layers



in a thickness ratio of one to five, the overall
thickness of the SiGe is still limited to about
100 nm. Although the use of a graded buffer
structure may solve the lattice mismatch
problem, the large buffer layer thickness
(typically 1 um for every 10% Ge) requires a
much longer growth time.

In order to reduce the strain in SiGe alloys
and eliminate the aforementioned problems so
that one can achieve high efficiency detector
near infrared wavelength without resorting to
sophisticated processing or growth procedure,
a possible approach is to go beyond the SiGe
binary alloy system. Ternary Si;_xyGesCy
alloy is a possible candidate. The lattice
constant of carbon in the diamond structure is
0.3545 nm smaller than that of Si (0.5431 nm)
and Ge (0.5646 nm). Only small amounts of
carbon are needed for significant strain
compensation. A 1% substitutional carbon
content would compensate the strain in a
~10% SiGe alloy, thus relaxing the Ge fraction
and the SiGe thickness constraints imposed by
higher temperature processing steps on SiGe
layers. The advantages of Si;_. ,Ge,C,/Si for
optoelectronic devices are the adjustable
strain, band gap, and band offsets. According
to the Vegard’s law, the lattice-matched
composition of Siy_x_,GesCy alloys to Si is
Si1g2Ges2yCy [16]. At present, the
Si1x.yGexCy optical waveguide [17] and
photodetectors [18], [19] have already been
reported. In the literatures [18] and [19], the
compositions are 55~60%Ge with 1.5%C and
the peak response wavelength is around 0.85-
0.95 um. Due to the wavelengths range from
0.85-1.06 uwm are the fiber-optic
interconnection wavelengths used in low-cost,
reliable, high-performance silicon-based
optoelectronic integrated circuits (OEICs) and
at present, no Si;_x_yGexCy alloys detector was
reported in this wavelength range. In this
work, two sets of low Ge and C composition
detectors were designed and demonstrated.
The cut-off wavelength of the detector is
around 1.2 um. The structure with lower Ge
and C compositions in Si;_,Ge,C, active
absorption layers are very easy to grow at
500~600 °C by molecular beam epitaxy
(MBE) or rapid thermal chemical vapor
deposition (RTCVD).

Il. DETECTION CONFIGURATION

Fig. 1 shows the schematic diagram of a
Si1_x«.,Ge.Cy alloy photodetector. The detector
is a waveguide configuration and consists of
an unintentionally doped Si;_ ,GesC, active
absorption layer, a heavily doped Si top cap
layer, and two lightly doped Si buffer layers.
The two lightly doped buffer layers are placed
on top and bottom of Si;_,_,Ge«C, active layer,
respectively. Devices can be shaped by
conventional photolithography and dry or wet
chemical etching. The thickness of the cap
layer is ~20 nm and of the buffer layer is ~100
nm. The thickness of Siy_,,GeC, active
absorption layer has been designed to enable
light beam coupled into the active absorption
layer from a side facet. The width is around 10
um which matched the core diameter of
single-mode fiber.
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Fig. 1. Schematic diagram of a Si;_,_,Ge,C, alloy
photodetector considered for demonstration.

I1l. THEORETICAL ANALYSIS
3.1 Lattice constant and misfit

Carbon with a lattice parameter of 0.3545
nm is much smaller than the lattice size of Si
(0.5431 nm) and Ge (0.5646 nm). The lattice
mismatch between Si and diamond is 52%
compared to only 4% between Si and Ge. In
other words, a strained diamond film on Si
would have to be laterally extended by 52% to
match the Si substrate. This means that only a
very small amount of substitutional C in Si is
necessary to introduce large average tensile
strain in the strained epilayer. Assuming a
linear dependence of the intrinsic lattice
constant ao(x, y) of Si;,Ge,Cy on the
composition x and v between Si, Ge, and



diamond one gets the following expression
[20]:

ao(X, y) = asi + X(age — asi) + y(ac - asi) (1)

where asg;, age, and ac are the lattice constants
of silicon, germanium, and diamond,
respectively. Based on this linear interpolation
it turns out that the compressive strain of 8.2%
Ge can be compensated by 1% C in strained
Si1_«.,Ge.Cy layer on Si substrate. By using a
linear interpolation between SiC, Si and Ge,
the lattice constant of Si;__,GeCy can be
expressed as:

ao(X, y) = asi + X(age — asi) + 2y(asic — asi)
forO<y<0.5 2

This formula provides strain compensation
for 9.4% Ge by 1% C. The difference is due to
the fact that asic is not exactly in the middle
between ag; and ac. Moreover, agic is 0.436
nm, whereas (as; + ac)/2 is 0.461 nm.

Assuming that Vegard’s law is valid, the
misfit parameter for the Si,_, ,Ge,C, layers
grown on Si substrate can be written as:

fm = (@sicec — asi)/as;i
= [X(ace - asi) + y(ac - asj)}/as; (3)

From Eg. (3) we can see that carefully
chosen composition x and y can decrease the
mismatch dislocation between Si;_, GeC,
layer and the Si substrate.

3.2 Absorption coefficient

Since the quantum efficiency of the
detector strongly depends on the materials
absorption coefficient, an estimate of the
absorption coefficient as a function of photon
energy and Ge and C compositions of the alloy
is necessary. Si;_yGe,C, indirect absorption
process depends on the interaction of electron
and electromagnetic wave and at the same
time, depends on the interaction of electron
and lattice. The fundamental absorption
coefficient a can be expressed as [21]:
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where hv is the photon energy, E; is the
indirect bandgap of Si;_«_,Ge\C, alloy, E, is the
phonon energy, T is the temperature, k is
Boltzmann constant, and the parameters A, and
A weigh the phonon absorption and emission
contributions, respectively.

3.3 Absorption efficiency and external
quantum efficiency

For waveguide configuration detector, the
absorption efficiency nesr of Sii_ Ge,C, layer
as a function of the layer thickness (d) and
optical absorption coefficient (a) satisfies
[11]:

Nert = 1 — exp(-od) (7

The external quantum efficiency 7y can
be expressed as [6]:

New = C(l_ R)(l_ e_arﬂ_) (8)

where C is the coupling efficiency of fiber-to-
waveguide detector. R is the power reflectivity
of air-semiconductor interface, a is the
absorption coefficient of Si;_, ,GesC, alloy, f is
a ratio expressing the volume of Si;_,,Ge.Cy
alloy layer with respect to the total volume of
the detection layers, L is the detection length,
and I' is the optical power confinement factor
within the Si;_, ,Ge,C, detection layer and can
be described as:

— fj;ctive—absorption—layer E(X’y)|2d Xd y
LIECY) dxdy
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where E(X, y) is the transverse electric field
profile in the Si;_,_,Ge«C, detection layer.
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Fig. 2. Band gap versus lattice constant for a
strained Siy_y_yGeC, alloy.
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Fig. 3. C and Ge compositions in Siy_ ,GecC, alloy
at different lattice constants.

IV. CALCULATION AND DISCUSSION

4.1 Band gap, lattice constant and
composition

Experimental indirect band gaps are 5.5
eV for C, 1.13 eV for Si, and 0.67 eV for Ge.
Soref had estimated the band gap of ternary
semiconductor Siy_,Ge,C, versus lattice
parameter and composition [22] and shown
that the absorption edges of the materials
cover the near-infrared, visible, and near-
ultraviolet ranges. Fig. 2 shows the band gap
of a strained Si;_,Ge,C, alloy versus lattice
constant came from the literature [23]. From
Fig. 2 we can see that for the strained

Si1xyGesCy alloy, the lattice constant is
between 0.5434~0.5454 nm and the band gap
is about 1.045~1.073 eV. This means that if
use strained Si;_,Ge,C, alloy as the active
absorption layer in detectors, the maximum
absorption wavelength can reach 1.16~1.19
um and varied with composition of x and vy.
Fig. 3 shows the possible C and Ge
compositions in Si;_x_,Ge,C, alloy for different
lattice constants obtained according to Eq. (1).
A high C concentration will lead to a
crystallographic degradation of the layer [24].
Carbon concentrations above 5 at.% starts to
destroy the epitaxial relation between the layer
and the substrate and a long growth time is
also needed. In order to maintain high quality
and at the same time easy to grow, two low C
compositions of  Sig79Gep2Co01 and
Sip70Ge028Co02 Were considered for
compressive strain materials. According to Eq.
(3), the mismatches of Sip 790Geq2Coo1 and
Sip70G€028Co02 layer with Si substrate are
0.44% and 0.41%, respectively. This is
matched very much with the 0.52% for
Si0.7gsGeo.205C0.01 reported in Ref. [17]

4.2 Critical thickness

The MBE growth of strained Si;_«_,Ge.Cy
layers is a much complicated process than the
growth of SiGe layers. There is only a narrow
temperature window for good epitaxial growth
using atomic sources. At lower substrate
temperatures, i.e. below 400 °C, twinning
leads to amorphous growth as the temperature
is reduced or the carbon content of the layer
increases. If the substrate temperature is above
600 °C the metastable regime does not exist
and instead a mixed alloy carbide phase is
produced. The carbide phase becomes
dominant at higher temperatures. Thus in order
to achieve high-quality expitxial materials, the
Si1_x.yGexCy growth should be carried out in a
temperature window between 400 and 600 °C
[25]. For rapid thermal chemical vapor
deposition (RTCVD), layers grown at 650 °C
were of good quality as reported in [26] but if
the growth temperatures are too high, some of
the C atoms will be incorporated either as
clusters or as SiC and will also decrease the
critical thickness for strained layer growth. At
lower temperatures, the growth will become
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550 and 600 °C were used in this work.
According to the rule of 1% C compensating
8.2% Ge in strained Si;_«,Ge,C, layer on Si
substrate, the equivalent binary composition
a||0y of Siolgngeo_llg and Si0.884Geo_115 with
similar strain with ternary Sig79Ge€o2Co01 and
Sip70Ge0.28Co.02 alloy were obtained. Therefore,
the critical thickness for both Sig gg2Geg.115 and
Si0.884Ge().115 |ayerS and also for Sio_7gGeo_2Co.01
and Sip70Geo28Co02 layers are 500, 175, and
150 nm at the growth temperatures of 500,
550, and 600 °C, respectively [27].

4.3 Absorption coefficient and absorption
efficiency

The values of parameters A, and A, in Eq.
(4)~(6) were obtained by using the equivalent
binary alloy of SiolgngEO_llg and Si0.884Geo_115
and are A, = 11000 and A. = 3000 for both
Sig.79G€02Co01 and Sig.70G€025Co02 alloy [6].
The band gap of Sig 7¢Gep2Coor and
Sio]oGeo_ngO.oz is Eg = 1.045 eV and hv =
1.052 eV (~1.187 um). Usually, the phonon
energy E, is less than several percent, e.g.
2.58x107? eV. So the absorption coefficient a
satisfies Eq. (5) and the results were shown in
Fig. 4. From Fig. 4 we can see that the
absorption coefficient is very small when the
wavelength is near 1.2 wm. This indicates that
for Sio,7gGeo_2Co.01 or SiojoGeo_ngO.oz active
absorption layer detector, the maximum
absorption cut-off wavelength is limited to 1.2
um. It should be mentioned that the cut-off
wavelength could be adjusted by the choice of
the Ge and C contents.
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Fig. 5. The absorption efficiency versus the layer
thickness at different wavelengths for strained
Si1_xyGe,Cy alloys.
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Fig. 6. The optical power confinement factor versus
the Siy_, yGe,Cy active absorption layer thickness at
different wavelengths.

The absorption efficiency, ner, iS a
function of the layer thickness (d) and optical
absorption coefficient (). Fig. 5 shows the
Ners Versus the layer thickness at different
wavelength obtained according to Eq. (7).
From Fig. 5 we can see that at less than the
maximum critical thickness of 500 nm at 500
°C, the active absorption layers have a strong
absorption efficiency in the optical
interconnection wavelength of 0.85-1.06 um.

4.4 External quantum efficiency
In order to estimate the external quantum

efficiency, firstly, optical power confinement
factor within the active absorption laver



should be obtained. By calculating Eq. (9) for
the fundamental guided mode, the
confinement factor I' versus the active
absorption layer thickness at different
wavelengths was shown in Fig. 6. In the
calculation, the refractive index of 3.5 for Si
and 3.64 for SiGeC layer were used. Fig. 6
shows at the maximum critical layer thickness
of 500 nm (for the growth temperature of 500
°C), the maximum confinement factor for
0.85~1.1 wm wavelength is around 80%. With
the decrease of the detection layer thickness,
the confinement factor along with the
absorption efficiency will decrease. If the
detection layer is too thin, the confinement
factor and the absorption efficiency are also
too small and will affect the external quantum
efficiency of the detector. So below the layer
critical thickness, the active absorption layer
should be as thick as possible. By calculating
Fresnel’s equation for normal incidence, the
reflectivity R of the air-semiconductor
interface in Eq. (8) was about 56.9% for both
Sio.79G€02Co.01 and Sig . 7 0G€025Co.02
compositions detectors. The coupling
efficiency C of the fiber-to-waveguide and the
ratio f of the volume of Si,_._,Ge,C, alloy layer
with respect to the total volume of the
detection layers were calculated and shown in
Fig. 7. In the calculation, the coupling
efficiency C was obtained according to the
ratio of optical sensitive portion of the detector
with the cross-section area of the fiber. The
core diameter of single-mode fiber and the
width of this waveguide detector were chosen
to be 10 um. Finally, the external quantum
efficiencies (nex) were calculated. Figs. 8, 9
and 10 show the external quantum efficiency
(next) Versus the detection length at different
thickness of the active absorption layers for
three typical wavelengths. From Fig. 8 we can
see that for 0.85 um wavelength, the detection
external quantum efficiency can be higher than
1% and reach 3% at a very short detection
length of 200 nm. For 0.9 um wavelength (Fig.
9), at a short length of 300 nm, the detectors
also have high external quantum efficiencies
and are almost the same as of 0.85 um
wavelength. Even at the Si absorption edge of
1.1 um (Fig. 10), the detectors also have
strong absorptions. For example, at the
detection length of 1 mm, the external
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active absorption layer of 450 nm is 2.1%. The
maximum external quantum efficiency can
reach 3% at a little long detector length.
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Fig. 7. The coupling efficiency C of the fiber-to-
waveguide and the ratio f of the volume of
Si1_xyGe,Cy alloy layer with respect to the total
volume of the detection layers versus the layer
thickness.
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Fig. 8. External quantum efficiency (nex) as a
function of detection length at different active
absorption layers for the wavelength of 0.85 um.

Fig. 11 shows the final layer structure and
thickness of the photodecector obtained in this
work with a cut-off wavelength of 1.2 um The
layers can be grown by MBE or RTCVD
methods at 500, 550, and 600 °C. It should be
emphasized that this waveguide detector has
very low Ge and C compositions compared
with the SiGeC detector reported in the
literatures [18] and [19]. According to above
calculation, by using a MQW structure with a
strained alloy sandwiched layer between Si
layers, the overall absorption layer thickness,



factor will increase and thus the quantum
efficiency can be further enhanced.
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function of detection length at different active
absorption layers for the wavelength of 1.1 um.
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Fig. 11. The final waveguide photodetector layer
structure and thickness for MBE or RTCVD
growth at 500, 550, and 600 °C, respectively.

V. CONCLUSION

Two new compositions of Sig79Gep2Co.01
and Sip70Gep28Co02 alloys near infrared
waveguide photodetectors were proposed for
fiber-optic communication system
applications. The width of the waveguide
detectors is 10 um and the thickness of the
active absorption layer is between 120~450
nm below the critical layer thickness. The
detection active absorption layers have lower
compositions of Ge (20~28%) and C (1~2%)
and high absorption efficiency in the
0.85~1.06 um wavelength range. The external
quantum efficiency can be as high as 3.0% and
the maximum absorption wavelength can
reach 1.2 um. These detector structures are
very easy to grow at 500~600 °C by MBE or
RTCVD methods and are very suitable for the
monolithic integration with Si-based SiGe(C)
optical waveguide devices. By using MQW
structure with a strained SiGeC alloy
sandwiched between Si layers, the overall
absorption layer thickness, the coupling
efficiency, and the confinement factor will
increase and thus the quantum efficiency can
be further enhanced.
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