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ABSTRACT

The silicon electronic-photonic integrated circuit (EPIC) has emerged as a
promising technology to break through the interconnect bottlenecks in
telecommunications and on-chip interconnects. High performance photonic modulators
and photodetectors compatible with Si complimentary metal oxide semiconductor
(CMOS) devices are indispensable to achieve this goal. A photonic modulator generates
optical “1” and “0” signals by switching the light on and off, while a photodetector
converts the optical signals to electrical ones so that they can be processed by a CMOS
circuit. Due to its compatibility with Si CMOS processing and adequate optoelectric
properties, epitaxial GeSi material has been considered as a promising candidate to
achieve this goal. This thesis investigates epitaxial GeSi photodetectors and electro-
absorption (EA) modulators integrated with high index contrast Si(core)/SiO;(cladding)
waveguides to form an EPIC circuit on a Si platform with CMOS compatibility.

Tensile strain is introduced into the GeSi material to enhance its optoelectronic
properties. The effect of tensile strain on the band structure of Ge is systematically
studied, and the deformation potential constants of Ge are derived from the experimental
results with relatively high accuracy. Methods to engineer the tensile strain in Ge are
demonstrated. Tensile strain in small, selectively grown Ge mesas and stripes with at
least one dimension <<10 pm is also investigated. The results are instructive to design
selectively grown GeSi EA modulators and photodetectors integrated with Si/SiO,
waveguides.

Free-space coupled Ge photodetectors on Si are fabricated with significantly
improved performance in the L band (1561-1620nm) of telecommunications as a result of
strain engineering. We have demonstrated a selectively grown Ge photodetector on a Si
platform with a bandwidth of 8.5 GHz and a high responsivity over a broad wavelength
range of 650-1605 nm. Full responsivity was achieved at 0 bias and full bandwidth was
obtained at 1 V reverse bias, compatible with the requirement of Si ultra-large scale
integrated circuits (ULSI).

The GeSi EA modulator is based on Franz-Keldysh (FK) effect, where the electric
field shifts the direct band edge of the GeSi material and significantly enhances its



absorption coefficient in the weakly absorbing regime. Therefore, by modulating the
electric field in the GeSi material, we can modulate the intensity of the light of a certain
range of wavelength that passes through the GeSi material. A strain-enhanced FK effect
in tensile strained epitaxial Ge material is demonstrated. A waveguide-integrated GeSi
EA modulator with 4.8 dB insertion loss, 9.8 dB extinction ratio and a bandwidth >50
GHz has been designed with the material composition and device structure optimized for
operations around 1550 nm. The same material and device structure can be also used for
waveguide-integrated photodetectors with a responsivity of 1.1 A/W at 1550 nm and a
bandwidth >35 GHz. A method to monolithically integrate GeSi modulators,
photodetectors and Si/SiO, waveguides is proposed and the expected performance is
evaluated.

Waveguide-integrated GeSi photodetectors and EA modulators are fabricated on a
standard 180 nm CMOS production line based on the design. We demonstrate a
waveguide-integrated GeSi photodetector with a responsivity of 1.0 A/W at 1518 nm and
a bandwidth >4.5 GHz, as well as a GeSi EA modulator with an extinction ratio of ~0.3
dB. While the device performance of the EA modulator is far from ideal due to
fabrication issues, the preliminary results demonstrate the feasibility of the electronic-
photonic integration on a Si platform with GeSi modulator and detector devices. The
problems in this first device processing are identified, and solutions are proposed and
partially tested. The device performance could be greatly enhanced with improved
processing technique.
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Chapter 1 Introduction

1.1 Overview and Motivation
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Fig. 1.1 The gate delay and interconnect delay as a function of feature size for Al/SiO, and Cﬁ/low k
dielectric CMOS technology

Silicon based microelectronics has achieved great success over the past 50 years
and drastically changed the life of the human being. With the development of
photolithography and etching téchnique, currently tens of millions of complementafy
metal oxide semiconductor (CMOS) transistors are integrated on a Si chip for
information processing [ 1]. The driving force for improved performance in Si
microelectronics is the ever shrinkage of device feature size which enables higher and
higher level of integration. However, as the feature size decreases below 100 nm, the gain
in the performance from shrinking the size of the devices is becoming less and less. This
is due to two reasons. (1) RC delay. With the shrinkage of the feature size and the

increase in the density of devices per unit area, the cross-section of the metal
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interconnects decreases while the total length increases, so the resistance becomes higher -
and higher. Therefore, the RC delay becomes more and more severe. Fig. 1.1 shows the
gate and interconnect delay vs. feature size for AI/SiO; and Cu/low dielectric material
interconnect technology [2]. Whilé the gate delay decreases with the featun: size since the
gate width becomes shorter and shorter, the RC delay due to metal interconnects
increases with the shrinkage of feature size. Overall, the AI/SiO, technology already
starts to show a significant increase in the total delay for feature size <150 nm, and
Cw/low dielectric metal contacts starts to show notable increase in the total delay for sub-
100 nm technology. RC delay not only slows down the overall speed of the chip, but also
induces desynchronized signals in the clock distribution and increases the bit error rate of
the chip. (2) The heat dissipation. The total length of metal interconnects has reached the
order of 20 kilometers on the state-of-the-art Si microprocessors [3]. Winding up such a
long wire on a ~1 inch Square chip would generate lots of heat when the current flows
through these metal interconnects. In fact, it is an important reason for Intel to abort their
4 GHz single chip central processing unit (CPU) in 2004 [4]. Clearly, metal interconnect
is not ideal for ultra high speed data transmission on chip and has become a bottleneck
that limits the performancé of the microprocessor. New technoldgies are needed to speed
up the data transmission on chip.

Another dilemma in modern information technology is that although the optical
fiber has a capacity of 40 Gb/sec in data transmission, the speed decreases qonsiderably
when it reaches our computers and we can only obtain a bandwidth of ~100 Mb/sec by
now. This is because the optical signals have to be transformed back to electrical signals

and transmit through metal cables to be accepted by our computers. The RC delay in the
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metal cables greatly lifnits the bit rate we receive from the network. We could enjoy
nearly 1000 times higher bandwidth if the optical signals can be directly processed on our
computers. This technology is envisioned as “Fiber to the X”, where “X” stand for any
terminal that receives the optical signal from an opticél fiber. If we use light of slightly
different wavelengths to carry different channels of information in the same optical fiber
[5], then bandwidth can be even further expanded. For example, in the C band (1520-
1560 nm) and L (1561-1620nm) of telecommunications, wavelengths can be divided at
an interval of 0.5 nm, giving 200 channels in the C and L bands. Each channel‘ can reach
40 Gb/sec bit rate, so the total capacity with wavelength multiplexing can reach 8 Tb/sec!
The beauty of this technique is that the light of different wavelengths can be transmitted
through the same optical fiber simultaneously since they do not interfere with each other.
Such ability can never be achieved in metal interconnects. This technology is called
dense wavelength division multiplexing (DWDM). If we can integrate photonic devices
on a Si chip to filter the wavelengths and transform the optical signals'from the fiber back -
to electronic signals for the transistors to process, then we can achieve tens of thousands
of times enhancement in thé bandwidth of the network.

Silicon photonics has emerged as a promising solution to the interconnect bottle
neck both on chip and in the network [6]. By substituting the metallic wires with optical
waveguides, not only the bandwidth of data transmission can be increased, but the heat
dissipation can be greatly reduced as well since photons do not generate any heat when
‘they propagate in a waveguide. Fig. 1.2 shons a schématic diagram of using optical clock
instead of electrical clock on chip to speed up the interconnect and avoid desynchronized

signals due to RC delay. In this application light source is either directly modulated or
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indirectly modulate by an external photonic modulator to generate optical clocking

signals.
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Fig. 1.2 Schematic diagram showing the concept of on-chip optical clock distribution.
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Fig. 1.3 Schematic figure showing an electronic-photonic integrated circuit (EPIC) for dense
wavelength division multiplexing and fiber to the home applications.
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‘The signals are sent through waveguides (red lines in Fig. 1.2) to different regions on
chip. The waveguides keep splitting until the end node region is small enough so that the
RC delay becomes negligible for the performance of the chip. At this step the optical
clock signal is transformed back to electrical ones by high bandwidth photodetectors
(blue squares in Fig. 1.2) and the further split electrically via H-trees (thin green lines in
Fig. 1.2). By introducing optical functions onto a Si chip, the computer can also talk to
the outside world optically and make full use of the high bandwidth offered by optical
communications. Fig. 1.3 shows a schematic drawing to achieve DWDM on a Si chip.
The optical signals carried by different wavelengths are coupled from a fiber to the
waveguide, filtered by ring resonators that pick up a specific wavelength, and then
transformed back to electrical signals by a photodetector. In this way, our computers can
directly receive optical signals from optical fibers and fully exploit the high bandwidth
provided by optical communications. Clearly, to achieve electronic-photonic integrated -
circuit (EPIC) on chip, four components are essential: the light source (laser or LED), the
modulator, the photodetector, and the waveguides that connects all these components.
The laser is the “power source” for the photonic part of the chip. The moduiator is used to
switch the light on and off to generate optical 0 and 1 signals, while the photodetector is
used to transform the optical signals back into electrical ones so that the transistors on the
Si chip can process the information. Waveguides in photonics are just. like the metal
wires in electronics, and they conduct the optical signals to different optoelectronic
components. In ‘the case of DWDM, filters based on resonant effects (such as ring
" resonators) are also needed to demultiplex the different wavelengths. To exploit the

advantages of photonic interconnect the modulator and the photodetector have to work at
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a bandwidth greater than 10 GHz. Although such devices are readily available based on
II-V semiconductors, they are not compatible with Si microelectronic technology and are
hard to integrate on a Si microelectronic chip. Therefore, high performance light sources,
photonic modulators and photodetéctors that can be processed together with the Si
electronic circuits are higher desirable for EPIC on Si. In this thesis, we focus on the
research on CMOS compatible photodetector and photonic modulatérs devices on Si.
Germanium has been shown to be a promising material for photodetection on Si.
The direct band gap of Ge is 0.8 eV, corresponding to 1550 nm. Therefore, it has a good
quantum efficiency in photon-absorption for wavelengths <1550 nm (C band). The
electron mobility of Ge is 3900 cm” sec™ V™' and hole mobility is 1900 cm?sec”’ V™', both
are about 4 times higher than those of Si. Due to the high carrier mobilfty, a fast device
can be achieved at a relatively low bias. Further more, SiGe technology has already been
applied to strained Si transistors [7], and even Ge MOS devices is under hot investigation
recently due to the high mobility and low threshold voltage offered by Ge devices [7, 8].
Therefore, the material is fully compatible with Si electronic technology and has a
tendency to expand its applications in ultra-large scale integrated circuits (ULSI). Due to
the 4% lattice mismatch between Ge and Si, epitaxial growth of Ge on Si has been a big
challenge. However, with the development of SiGe buffer layer growth [9] and pure Ge
low temperature buffer growth [10], the problem has been overcome. In terms of device
fabrication, Ge photodetectors on Si with GHz bandwidth have also been demonstrated
[11,12,13]. Two of the major remaining challenges for Ge photodetectors are: (1) How to

enhance the quantum efficiency of Ge photodetectors in the L band of
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telecommunications, and (2) how to integrate the Ge photodetectors with waveguides on
a Si chip. These two issues will be addressed in this thesis.

Si based photonic modulators has also been an active field of study for nearly 20
years [14]. Most of them employ the change in the refractive index of Si by free carrier
injection. The free carriers can be injected optically with a pump laser [15], or electrically
with a forward biased p-i-n diode [16] or a CMOS device working at carrier inversion
mode [17]. With the refractive index change in a.Mach-Zender structure [17] or ring
resonator [16], modulator devices based on phase shift have been fabricated and Si
modulators working at a bandwidth of a few GHz have been demonstrated. There are
several disadvantages of these devices, though. First, the injected carriers recombine in a
relatively long time (greater than ns) and limit the speed of the modulator. Although the
free carriers can be swept out of the Si region by reverse biasing the diode structure, the
‘speed is still limited by the transit time of the carriers. Second, electrical injection into a
p-i-n diode inevitably involves a relatively high current, which increases the power
consumption of the device. Third, in the case of phase modulation by ring resonators the
quality factor (Q) of the ring has to be traded off for higher speed. This is because the
higher the Q, the long the light stays in the ring, and the longer the delay of the light in
the modulator. However, lower Q would also decrease the modulation depth of the
devices since the intensity contrast for resdnant and none resonant wavelengths is no
longer so large. Therefore, there is plenty of room to improve the currently available Si

modulators.
In ITI-V semiconductors high speed optical modulators are usually achieved by

electro-absorption (EA) effect like Franz-Keldysh (FK) effect in the bulk material [18] or
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Quantum Confined Stark effect (QCSE) in quantum well devices [19,20]. The electric
field can shift the direct band gap and change the photon absorption of III-V materials,
thereby making a transparent material opaque at a certain wavelength range when an
electric field is applied. With this method we can make an EA modulator. Such devices
are usually achieved with reverse biased p-i-n diode structures, where a strong electric
field is built into the intrinsic layer when a reverse bias is applied on the devices. Since
the field effect takes place in sub ps time frame [21], the speed of the device can reach
the order of tens of GHz [22]. Also, because the. current at reverse bias is much smaller
than that at forward bias, the power consumption of the device is much lower than the
phase modulators by carrier injection. However, the field effect on the absorption around
the band edge of Si is very weak because the oscillation strength of the indirect gap
transition is more than two orders of magnitude lower than that of the direct gap [14].
Although Si also has several direct gaps, they are all in the range of 3-4 eV and are
irrelevant to the wavelengths used in optical communications. Germanium, on the other
hand, has a direct gap of 0.8 eV that corresponds to 1550 nm, as mentioned previously.
Therefore, it is interesting to iﬁvestigate the possibility of using the electric-absorption
effect in Ge or GeSi alloy to modulate the light around-1550 nm. We will discuss in detail

the FK effect and the design of a waveguide integrated GeSi EA modulator in this thesis.

1.2 Outline of the Thesis
Chapter 2 discusses enhancing the absorption of Ge in the wavelength range of
1550-1620 nm (part of C band and the whole L band) by tensile strain. The effect of

tensile strain on the band gap of Ge is studied in detail for the first time, and the
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deformation potential constants of Ge are derived from the results with relatively high
accuracy. Methods to engineer the tensile strain in Ge are discussed. The strain in
selectively grown Ge mesas is also studied, providing one of the most fundamental
information to design waveguide-integrated GeSi photodetectors and EA modulators
based on the selective growth of Ge and GeSi.

Chapter 3 presents the fabrication and characterization of téhsile strained, free
space coupled Ge photodetectors on Si. We demonstrate that the band gap engineering by
tensile strain transfers to a significantly enhanced responsivity in the L band. The devices
show a broad detection spectrum of 650-1620 nm and the bandwidth is 8.5 GHz at 1V
reverse bias. The broad detection spectrum, high bandwidth and low driving voltage
make it suitable for both telecommunications and optical interconnect on chip. A signal-
to-noise ratio analysis shows that the detector can achieve a bit error rate of <10 with a
relatively low ihput optical power of 60 uW when working at 10 GHz clocking frequency.

Chapter 4 discusses the design of waveguide;integrated, high performance GeSi
EA modulators and photodetectors. We first report the enhanced Franz-Keldysh effect
observed in tensile strained Ge and compared it to the results from the theoretical
calculations. Then we focus on designing the composition of a GeSi material that has
optimized electro-absorption modulation performance at 1550 nm. The band gap shift
due to Si doping and strain in the selectively grown GeSi structure are both taken into
account. One step forward, we present two coupling schemes from the waveguide to the
GeSi EA modulator and calculated the optimized dimensions of the GeSi modulator to
achieve the best overall performance. We also show that the same kind of GeSi EA

modulator devices can be used as photodetéctors, so the modulator-waveguide-
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photodetector integration can be achieved relatively easily on a single Si chip. The
expected bandwidth of the modulator/photodetector devices is also estimated. Our result
shows that a waveguide integrafed EA modulator with >50 GHz bandwidth and ~10 dB
extinction ratio can be achieved with ~5 dB insertion loss. The waveguide integrated
photodetector can achieve a responsivity >1.0 A/W and a bandwidth >35 GHz. The
expected performance of these devices is fully suitable for application in Si EPIC chips.

Chapter 5 presents some preliminary results on our first attempt in fabricating
waveguide-integrated photodetectors and modulators. First we present the design of the
fabrication process which enables the butt-coupling between waveguides and
photodetectors/modulators. An important technique in the device fabrication, trench
filling selective growth of GeSi, is discussed in detail. We then present the electrode
design to achieve good electric performance without perturbing the optical mode in the
active region of the devices. The waveguide integrated photodetector/modulator devices
are characterized by optoelectronic measurements. The detectors show é responsivity of
1.0 A/W at 1518 nm, and a bandwidth >4.5 GHz. The electro-absorption modulator,
however, only achieved a modulation depth of about 7% due to the relatively low electric
field applied on the GeSi layer limited by the generation/recombination current in the
depletion region. Also, the dark current is high in both photodetectors and EA
modulators. We will discuss the source of these problems and possible ways to avoid
these issues in the future fabrication process.

Chapter 6 summarizes major results and achievements of this thesis, and presents

the directions of future work.
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Chapter 2: Tensile Strained Epitaxial Ge on Si

In recent years, there has been an extensive study concerning the effect of strain
on the band structure of semiconductors due to the applications in electronic and
optoelectronic devices. Strained III-V semiconductor quantum well structures have been
applied to low threshold laser diodes [23]. Strained Si on the SiGe alloy layer has been
developed for high 'frequency complimentary metal-oxide-semiconductor (CMOS)
devices [24,25,26]. Strain distorts the lattice of the semiconductor materials, thereby
changing their band structures. The most interesting energy band parameters of
semiconductors that can be engineered by strain are the band gap and the carrier mobility.
Baﬁd gap engineering modifies the absorption/emission properties so that photon
detection/emission of the material can be adjusted to our advantage. Carrier mobility can
usually be enhanced by strain, so that an electronic device with high speed and lower

driving voltage can be achieved.
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Fig. 2. 1 Energy band structure of bulk Ge
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Fig. 2.1 shows the energy band structure of bulk Ge material [27]. The lowest

band gap is an 'indirect gapof E, = E ; =0.664 eV at L valley (corresponding to 1867nm),
and the second lowest band gap is a direct gap of E; ' =0.800 eV at ' valley
(corresponding to 1550nm). Since we are not interested in the second direct gap Egr 2
=3.22 eV in this thesis, in the later text the terms “direct band gap” and * E; > will refer to

E! only. The indirect band gap absorption is inefficient due to the fact that an adequate

-3

phonon is required together with a photon to complete the excitation of an electron from
the valence band to the L valley. For wavelengths greater than 1550nm the absorption of
Ge is due to this indirect transition only, so the absorption coefficient is low. To increase
the'efﬁciency' of Ge photodetectors in the L-band (1561-1620nm) of telecommunication,
it would be desirable to decrease the direct band gap of Ge by some means so that the
absorption in this wavelength range would be much more efficient. In this chapter, we
will discuss the effect of tensile strain on the band structure of Ge, methods of
engineering tensile strain in Ge epitaxial layers, and the strain in selectively grown Ge

mesas.

2.1. Effect of Strain on the Band Structure of Blanket Ge film

Blanket epitaxial thin films grown on a substrate are usually under biaxial stress
state, since there i1s no constraint in the vertical direction (perpendicular to the film
surface) so that the stress in the vertical directibn should be zero. Perturbation approach
based on quantum mechanics (i.e. kep theory with strain energy Hamiltonian as a

perturbation term) has been employed to derive the effect of strain on the band structure
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of semicondictor materials in literature [28]. This theory is often referred to as
“deformation poténtial theory”. For diamond structure epitaxial films grown on (100)
substrates, the two main axes of stress are along (010) and (001) directions. In this case,
deformation potential theory shows that the effect of the strain on the fundamental band

gap (at k=0) of a semiconductor material is given by [29]:

El(lh,g)=E, (0)+a(e, +2&)+A,/2-1/43E,, ~1/2 \/AOZ + AOE, ) +9/4 (OE,, )
E. (hh,e)=E, (0)+a(e, +25)+1/26E,y, ,

2.1
where g, is the in-plane strain, £, is the strain in the direction perpendicular to the
surface of the epitaxial film; Egr (lh,g,) and E; (hh,g,) are the bandgaps from the
maxima of the light and heavy hole valence bands to the bottom of I" \)ailey (at k=0)
under an in-plane strain g, , respectively. Egr(O) is the direct bandgap of unstrained

material; a is the dilational deformation potential of the material, and b is the devitorial
deformation potential constants of biaxial stress along <100> direction;

OE,y, =2b(g, — ) ; and A, is the split-off energy. For Ge A,=0.29 €V, as shown in Fig.
2.1. Under biaxial stress state, it i's easy to derive from the Hooke’s law in teﬁns of tensor
that £, =(2C,,/C,;) &, due to the fact that the stress in the vertical direction is zero. In
Ge, the elastic constants are C,, =>128.53 GPa and C,,=48.26 GPa [27], so &, =-0.751 £

As we can see from Eq. 2.1, the dilational part of the strain tensor only shift the band
edges of light and heavy hole bands, while it is the devitorial part of the strain tensor that
makes the light and heavy hole bands non-degenerate. This is because the dilational part

of the strain tensile only changes the volume of the lattice and does not change its cubic
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shape. As the cubic symmetry is maintained, the light and heavy hole bands remain
degenerate. The devitorial part of the strain tensor, on the other hand, changes the lattice
from cubic to tetragonal. As the cubic symmetry is broken, the light hole and heavy holes
become non-degenerate at k=0. The deformation potentials a and b of Ge have been

measured experimentally over the years, as summarized in Table 2.1.

Table 2.1. Deformation potential values of Ge reported in literature

literatuT‘e Reference
-8.0 30
-9.0+0.4 31
-9.08+0.15 32
a(ev) -10.3+0.4 33
-10.44+0.8 34
-11.5+0.4 35
-1.840.3 36
-1.940.2 (Al doped Ge) 37
-2.240.2 (In doped Ge) 38
-2.21+0.13 38
b(eV) 244022 31
-2.6+0.2 32
2.7£0.3 39
‘ -2.86+0.15 35

Plugging any of these reported values into Eq. 2.1, one always finds biaxial tensile strain
should decrease the direct bandgap of Ge, as schematically shown in Fig. 2.2. Therefore,
tensile strain could improve the absorption of Ge in the L-band (wavelength >1550 nm)

and increase the quantum efficiency of Ge photodetectors. Also, the top of the valence
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band is determined by the light hole band under tensile strain (Fig. 2.2). Since the light
hole effective mass (0.043 mg) is much smaller than the heavy hole (0.33 myg) [27], the
hole mobility can also be significantly increased. It has been calculated that hole mobility
of Ge increases from 1900 to 10000 cm?/V sec with 1% in-plane strain [40]. Therefore,
tensile strain can improve the responsivity and the speed of Ge photodetectors at the same

time.
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Fig. 2. 2 Schematic diagram showing the effect of tensile strain on the band structure of Ge

However, due to the brittleness of Ge bulk material all the previous experimental
studies on the effect of stress/strain on the band structure of Ge have been based on
uniaxial or hydrostatic compression tests [30-39], and there have been no experimental
reports on the effect of biaxial tensile stress on the band structure of Ge films, i.e., the
effect of tensile strain on the direct band gap of Ge has not been experimentally verified.
Also, deformation potential values obtained in previous studies vary as much as 50%
from different literature, as shown in Table 2.1. This large dispersion may result from the

non-uniformity of the stress in the samples, especially in the uniaxial compression tests

29



where the samples tend to bend and devie;te from the ideal uniaxial compression. To
verify that tensile strain decreases the direct band gap of Ge and makes the light and
heavy hole bands degenerate, and obtain accurate deformation potential constants of Ge,
we study the effect of biaxial tensile stress on the direct bandgap of epitaxial Ge film on
Si and derive the dilational and shear deformation potential constants, a and &, for the
direct bandgap of Ge at room temperature [41,42]. These parameters are important for
predicting the effect of strain on the optoelectronic properties of Ge, especially the

biaxially stressed electronic and optoelectronic devices based on epitaxial Ge.

2.1.1 Mechanism of Tensile Strain Accumulation in Ge-on-Si

The lattice mismatch between Ge and Siis f = 9~ 96e —_4.0%. The misfit has
. a,

to be accommodated by elastic strain ¢ and plastic strain ¢ in the Ge film, i.e.
f=€+6 (2.2)
Very thin Ge film can grow pseudomorphically on Si with coherent interface. In
that case, the misfit is completely accommodated by elastic strain ¢ in the Ge film.
When the film grows above a certain thickness, pseudomorphic growth is no longer
energetically favored since the elastic energy is too large. The film would start to relax by
generating a misfit dislocation network at the interface. This way, the elastic energy
decreases at the cost of increase in plastic energy of dislocations. For a given thickness,
an equilibrium elastic strain £ is reached to minimize the total energy of the system.
Fitzgerald has reviewed the study on strain relaxation in epitaxial films [43] and we will
follow his review in the later text. The elastic energy per unit area of an epitaxial Ge film

with a thickness of 4 grown on Si (100) substrate is given by:
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E =&Y h. (2.3)

Y4, is the Young’s modulus of Ge under biaxial stress along [010] and [001] directions,
given Ey

Yo=C,+C, - 2;‘22 , 2.9

11

where elastic constants C,, =128.53GPa and C,, = 48.26GPa so that Y,,,=140.55 GPa

for Ge [27]. The dislocation energy is given by:

E,=D(f -&)(1-vgcos’a)(b/b,, )[mg- + 1] (2.5)

In the above equation, v, =0.27 is the Poisson ratio of Ge [27], b =—12-_<110> is the

Burger’s vector, b, is the effective Burger’s vector (i.e., the component of b on the
interface plane and perpendicular to the dislocation line), and « is the angle between the
Burger’s vector and the dislocation 1ine. In diamond cubic semiconductors there are two
kinds of misfit dislocations: & =90° anda =60°. When o =90°, i.e., Burger’s vector is

perpendicular to the dislocations line on the interface plane, we have (b/5,;)=1. When
a %60° , we have (b/b,)=2. Dis the average shear modulus of the Ge/Si interface

given by

— GSiGGeb
(G + Gg, )1 -v) ’

(2.6)

where G, =51 GPa "and G, =40 GPa are the shear modulus of Si and Ge on (100)
interface, respectively. R is the radius of the dislocation core. When the film thickness

h>S§/2 where S =b, /(f —¢) is the average spacing of two misfit dislocations, we
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have R=S/2=b,,/2(f ~¢). When the film thickness # <S§/2 we have R=h. The

total energy is a sum of elastic and plastic energy. We find that the total energy is
minimized at & =-0.0035% for o =90° and & =-0.0065% for o =60;’ , respectively,
with 1 um Ge oﬁ Si(100). Therefore, nearly fully relaxed Ge is energetically favored for
film thickness>1 um.

The Ge epitaxial films grown by ultra-high vacuum chemical vapor deposition
(UHVCVD) in this study are grown at >600°C. At such high temperature and with film
thickness >1 um, the Ge film is nearly completely relaxed at the growth temperature.
Upon cooling to room temperature, tensile strain can be accumulated in the Ge films due
to the larger thermal expansion coefficient of the Ge film compared with the Si substrate.
In UHV—CVb deposition Ge films are naturally deposited on both sides of the double
side polished Si (100) wafers so no curvature is intréduced to the Si wafer despite of the

stress in Ge films. Therefore, the thermal strain is simply given by:
g = J:o'(ace(T) —ag(T)dT, @.7)

where Ty and T, are room temperature and growth temperature, «, (T) and a(T) are

the thermal expansion coefficients of Ge and Si at temperature T (°C), respectively, and
are given by [44,45]:

., (T) =6.050x107° +3.60x10°T - 0.35x 107212 (°C™) (2.8)
a5 (T) = {3.725x[1- exp(-5.88x 107(T +149.15))] + 5.548 x 10T} x10° (°C™")  (2.9)

The theoretical strain calculated by Eq. 2.7 is plotted as a function of growth temperature
in Fig. 2.3. It shows that tensile strain between 0.20-0.32% can be obtained in the growth

temperature range of 600-900 °C assuming the film is fully relaxed at the growth
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temperature and there is no strain relaxation during the cooling process. In reality, strain
relaxation would happen at high temperature. There could also be a small amount of
residual compressive strain at the growth temperature due to kinetic reasons. Therefore,
the real tensile strain accumulated in the Ge film is expected to be smaller than the

theoretical value.
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Fig. 2. 3 Comparison of theoretical and experimental thermal strain in Ge films grown or annealed at
different temperatures

2.1.2 Measurement of Tensile Strain in Ge Epitaxial films on Si [40, 41, 46]

Epitaxial Ge films were deposited by a two-step UHVCVD on double side
polished, 4-inch B doped p* Si(100) substrates with a resistivity of 0.001~0.002 Q cm .
Low temperature buffer layers of ~50 nm were deposited at 335°C to achieve ‘planar
growth, followqd by high temperature depositions at 600, 650, 700 and 800°C,

fespectively, to obtain different tensile strain in the Ge epitaxial films. Details of this

growth method were reported by Luan et al [10]. The film thickness ranges from 1.3 pm
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to 1.7 um, as determined by Rutherford backscattering (RBS). The surfaces of the Ge
epitaxial films are. smooth, with ~Inm root mean square roughness as revealed by atomic
force microscopy (AFM). The threading dislocation density of the as-grown films i$
~8x10%/cm?, as determined by transmission electron microscopy (TEM). The Ge films
are nominally undoped, and the secondary-ion mass spectrometry (SIMS) shows a
residual B concentration of ~10'%/cm’, most likely due to the B diffusion from the p* Si
substrate during the growth. To further iﬁcrease the strain in the front side Ge film, the
backside Ge was etched off by H,0, followed by the deposition of Ti films ‘of 1.2-1.5pm
on the backside of the w‘afer and rapid thermal annealing (RTA) to form 3.0-3.8um of
C54-TiSi;. The large tensile stress (~2GPa) in the C54-TiSi, film induces a slight
bending of the wafer toward the backside and further enhances the strain in the front-side
Ge film by ~0.05%. Details of this backside silicidation process will be discussed in
Section 2.1.4.

X-ray diffraction (XRD) was employed to measure the strain in the Ge epitaxial
films experimentally. Samples ~Ixlcm’ in sizes were cut ﬁom the wafer for XRD
analysis. The XRD was carried out on a Rigaku 250mm high resolution Bragg Brettano
diffractometer with Cu K|, irradiation. The strain in the epitaxial Ge films was measured
by comparing the Ge(400) and (422) peak positions in @ — 260 XRD step scans of the Ge
thin films with a lightly doped n-type 2-inch Ge(100) single crystal wafer. The XRD step
scan was carried out at 0.002° per step with a data collection time of 2 sec/step. Before
each scan of Ge/Si( 100) samples, the diffractom_eter‘ was calibrated in such a way that the

K, diffraction peak of Si(400) from the substrate was maximized and at its theoretical

position (£=34.566").
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Fig. 2. 4 Ge (400) (black lines) and (422) (gray lines) X-ray diffraction peaks of : (a) bulk Ge(100)
wafer, (b) Ge on Si grown at 700°C, and (c) Ge/Si/3.0 pm C54-TiSi;. The intensity of the Ge(422)
peaks is magnified by a factor of 7. The shift of the peaks to higher 26 angles in (b) and (c) compared
with (a) indicates the existence of tensile stress in the Ge epitaxial films on Si. The inset of the figure
schematically shows the backside silicidation process.

The strain in the Ge epitaxial films on Si was calculated from the XRD data. As
representative examples, Fig. 2.4 shows the Ge(400) and (422) diffraction peaks of the
bulk Ge(100) sample, the Ge/Si sample grown at 700°C and the Ge/Si/3.0um C54-TiSi,
sample. The (400) peaks of Ge epitaxial films shift significantly to higher 26 angles with
respect to the bulk Ge sample, indicating the existence of tensile stress in the Ge films.

The K, peak positions were determined by the parabolic top method and used to



Table 2.2. Summary of strain and direct band gap data obtained in XRD and PR studies.

—
—

Backside r - r
Ge growth C54-TiSi, £, ¢ £ £ & Eg (Ih) Eg (hh)
temperature thickness 000 ;22 o, ! g/l &
(nc) (pnl) (/o) ( 0) (A)) ( °) L (CV) (CV)

-0.0977 -0.0213  0.131 -0.0977 -134 07815  0.7903

600 NA“ 100013 00010 £0.004 =0.0013 +0.06 +0.0005 +0.0006
650 NA 01298 -00298 0170 -0.1298 -131 07758  0.7873
- £0.0015 +0.0010 0.004 00015 0.05 +0.0006 +0.0006
00 NA 01390 -0.0318 0183  -0139 -132 07743  0.7863
£0.0015 +0.0011 £0.004 20.0015 +0.04 +0.0005 +0.0005

%00 VA 01452 -00314 0196 -0.1452 -135 07727  0.7852
£0.0014 +0.0012 +0.005 +0.0014 +0.05 +0.0004 +0.0005

500 10 01805 -0.0403 0240 -0.1805 -133 07656  0.7815
: £0.0015 +0.0010 +0.004 400015 +0.03 +0.0007 +0.0005

500 ig 0.1846  -0.0394 0251 -0.1846 -136 0.7640  0.7805

+0.0015  +0.0012  +0.005  +0.0015 +0.03 +0.0007 +0.0005

calculate the lattice spacing of Ge (400) and (422) planes. The lattice parameter
determined for bulk Ge is 0.56580nm, highly consistent with the value reported in
literature [47] and indicating the accuracy of our XRD measurements. For the Ge

epitaxial films on Si(100), the in-plane strain &, and the 'strain perpendicular to the film

¢, can be determined from the XRD data by: -

&L = Eq0> (2.10)
£ =364 ~ 284, .

Here ¢,,, and ¢,,, are the strain in the [400] and [422] directions of the Ge film,

respectively. We also carried out (422) scans of the Ge epitaxial film in two orthogonal

directions, i.e. [011] and [011], to check any strain relaxation anisotropy. Within the
range of experimental error, no anisotropy in the strain relaxation was observed.

Therefore, g, 1s isotropic in the plane of the Ge film. Table 2.2 summarizes g and &, of
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each sample. In theory, we have g/, = -C11/(2Ci2)=-1.33 under biaxial stress, using

C11=128.5GPa and C,,=48.3GPa for bulk Ge [27]. In our measurements we found

g,/ €, =-1.33+0.05% for our Ge epitaxial films grown on Si, which is identical to the bulk

Ge value within the experimental error. This result again reflects the accuracy of the
strain measurements.

The experimentally measured strain in the Ge ﬁlms is compared to theoretical
values in Fig. 2.3. The tensile strain in the Ge layer increases with the growth temperature
in the range below ~750°C, similar to the theoretical prediction due to the thermal
expansion mismatch. However, the obsérved strain saturated at ~0.2% above ~750°C.
Furthermore, all the observed strains are smaller than the theoretical values. There are
two possible mechanisms to cause the smaller tensile strain compared with the theory; (1)
the presence of residual compressive strain before the cooling due to the lattice mismatch,
even though the film thickness was much more than the critical thickness and (2) the
relaxation of tepsile strain during the cooling process.

In region I of Fig. 2.3, the observed tensile strain seems to be simply shifted by -
0.04 — -0.06% from the theoretical one, as shown by the dashed line. This suggests that
the smaller tensile strain in region I is primarily explained by the former mechanism, i.e.,
a small compressive strain remains at the growth temperature due to the lattice mismatch
before the cooling. The residual compressive strain level is about an order of magnitude
higher than that predicted from thermodynamic considerations discussed at the beginning
of this section (-0.0035 — -0.0065%), indicating there must be some kinetic reasons

| leading to this residual compressive strain. Although the reason why ~0.04-0.06%

compressive strain remains is not completely clear, initial stage of the Ge growth may
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play an important role for such a residual compressive strain, since formation of the
misfit dislocations at the Ge/Si interface is responsible for the relaxation of lattice
mismatch. In the present study, a low temperature buffer layer was used to prevent three-
dimensional nucleation of Ge due to the Stranski-Krastanov mode growth [10]. It is
possible that this buffer layer could not relax the lattice mismatch entirely due to kinetic
barriers, leading to the small compressive strain in the overlying Ge layer. Change in
growth condition of the buffer layer (e.g., growth temperature) might change the strain in
the Ge layer. However, higher growth temperature for the buffer layer is not preferred
since it may induce islanding of the Ge film.

On the other hand, the residual compressive strain cannot explain the saturation of
strain in region II (> ~750°C) of Fig. 2.3. This saturation behavior is probably ascribed to
the latter mechanism, i.€., relaxation of the tensile strain due to the thermal expansion
mismatch during the cooling process. If this relaxation always occurs above ~750°C,
accumulation of the tensile strain due to the thermal expansion mismatch is limited below
~750°C. This leads to a constant strain in region II, which is equal to the strain for 7=
~750°C, i.e., 0.20% tensile étrain in the Ge film. This relaxation model implies that
rearrangement of the dislocations in the Ge layer (plastic deformation) occurs mostly
above ~750°C. In fact, there is a one-to-one correspondence with the motion of threading
dislocations. It has been »shown in Ref. [10] that the density of threading dislocations is
reduced from 10° cm™ to 10’ cm™ by the cyclic post-growth annealing between >a high
temperature of 900°C and a low temperature of either 780°C or 100°C due to the
coalescence of threading dislocations. In this annealing, the difference of the low

temperature (780°C or 100°C) did not show significant difference of the threading
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dislocation density. This indicates that the motion of threading dislocations mostly occurs
above ~780°C, which is almost equal to the temperature of ~750°C for the onset of strain
saturation. Therefore, such a temperature-dependent rearrangement of dislocations should

be responsible for the strain saturation above ~750°C.

2.1.3 Measurement of the Direct Band gap of Ge by Photoreflectance [40,41,48]

| Photoreflectance (PR) measurement was employed to determine the direct band
gap of the Ge films. The same samples used in XRD were subjected to PR measurement
to establish a one to. one correspondence between the direct band gap of Ge and the in-
plane strain g. Fig. 2.5 shows the set up for PR measurement. A 488nm Ar laser with a
power of 10 mW was used as the pump source and was modulated at a frequency of
201Hz lby a chopper to achieve electric field modulation on the sample surface by
injecting carriers into the Ge film. A halogen lamp with scanning monochrometer was
used as the light source for reflectance measurements. The monochrometer scanned at 0.5
nm/step and the data collection time was 60 sec/step. Due to the modulation of pump
laser, the reflectance of the Ge film at wavelengths near its direct band edge can be
modulated. A photodetector collected the reflectance signal and fed an eiectrical signal

into a multimeter and an lock-in amplifier. The multimeter measured the DC part of the
reflectance R = %(Ron +R,;), ie., the average reflectance between pump on and pump

off, while the lock-in amplifier was synchronized with the chopper and measured the

absolute change in reflectance (AC part) AR=R, —R ;. Since usually AR <<R,;, we

have R~R, ~R, . By plotting the relative change in reflectance AR/R vs.
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wavelength near the direct band edge of Ge, we can obtain the information on the direct

band gap of Ge.
Halogen lamp
Scanning P
Monochro-
meter
88nm
Chopper pump
Lens ‘ Laser
Detector
Sample
)
Multimeter

] .
| ]
Computer
Lock-in Amplifier

Fig. 2. 5 Schematic diagram of the experimental set-up for photoreflectance measurement.

Fig. 2.6 explains the basic physics of photoreflectance measurement. When
intrinsic Ge film is grown on p" Si substrate, a built-in electric field is induced in the Ge
layer due to the requirement of equalizing Fermi levels in Ge and Si. For simplicity
without losing the basic physical principles, we just consider a uniform electric field in
Ge layer. The absorption of Ge can be modified by the electric field. For example,

without electric field a photon with an energy (2@ ) smaller than the direct band gap
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Fig. 2. 6 Physical principle of photoreflectance measurement

(E I ) cannot excite an electron from the valence band to the conduction band. However,

with an electric field this transition could happen at certain probability since an electron
can absorb this photon energy and then tunnel through a triangular potential barrier to

reach the bottom of the conduction band (Fig. 2.6). Therefore, the ébs‘orption is enhanced
for photon. energies smaller than the direct band gap. When Zw << Eg , however, even
with the electric field the potential barrier is still too high to overcome so that the
absorption enhancement is negligible. When Aw >> E ; , the photon can always achieve
the transition whether there is an electric field or not. Therefore, the effect of electric
field is especially pronounced for photon energy around the direct band gap (Zw ~ E; )

For photon energy slightly smaller than the direct band gap we can observe a pronounced
enhancement in absorption. By considering the classical quantum mechanical problem of

an electron passing through a potential barrier, we can also qualitatively understand that
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for photon energy slightly larger than the bandgap the transition probability oscillates
with photon energy due to its interference with the potential barrier. This osciliation is
called | Franz-Keldysh oscillation. Due to Kramer-Kronig relation, any change in
absorption also induces a change in the real part of refractive index, so does the
reflectance of the material. Thereforé, a modification of the built-in electric field in the
Ge layer also changes its reflectance. When a 488 nm pump laser is shone on the surface
of the sample, electrons and holes are generated by photons, and they drift under the
built-in electric field in such a way as to weaken the build-in field. Therefore, the
absorption coefficient, refractive index and reflectance can be modulated by the 488 nm
pump laser. The incident light intensity from the monochrometer for reflectance
measurement, on the other hand, is about three orders of magnitude weaker than the 488
nm laser. Therefore, it plays a negligible role in modifying the electric field. This is why

the lock-in amplifier-is only synchronized to the pump laser to monitor the change in

reflectance. By monitoring the relative change in reflectance (AR / R ) vs. wavelength and
analyzing the data with adequate physical models, we can obtain the direct band gap of

Ge.
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Fig. 2. 7 Photoreflectance spectra of Ge/Si samples grown at different temperatures and fitting with
generalized Franz-Keldysh theory. ’

The PR data of bulk Ge and epitaxial Ge films are shown in Fig. 2.7. The PR data
of the bulk Ge shows a peak at 0.8 eV, corresponding to the direct gap of Ge. Some
Franz-Keldysh oscillations following the peak can also be observed. The spectrum is fit
with the conventional third derivative spectroscopy model since the surface electric field
in bulk Ge is usually low [49]. The fitting gives Egr =(0.8005+0.0007 eV for the unstressed
bulk Ge, in good agreement with the literature and attesting to the accuracy of our PR
measurement system [27]. On the other hand, the PR spectra of tensile strained epitaxial

Ge on Si show two peaks since the light and heavy hole bands become non-degenerate

under tensile strain. The relatively small peak at lower energy corresponds to Egr (h),
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while the one adjacent to it at higher energy and higher intensity corresponds to E; (hh) .

The difference in peak intensity is due to the less joint density of states of light hole
transition compared to that of heavy hole. One can see some Franz-Keldysh oscillations
after the heavy hole transition peak, while those of the light hole transition are overlapped
with the spectra of the heavy hole and cannot be easily seen directly. We can still catch a
glimpse of the Franz-Keldysh oscillations after the light hole transition peak in the
sample grown at 700°C, though. For bthe Ge epitaxial films on p" Si, there is a significant
built-in electric field and the third derivative model (low field approximation) cannot fit
the data so well anymore. Therefore, the PR data from Ge epitaxial films on Si were
analyzed by the generalized Franz-Keldysh theory developed by Shen et al [50,51]. For
the fundamental band gap transitions (wave vector k=0),

AR/ R « Re(d¢), (2.11)
where Jde¢ is the change in the dielectric constant given by
oe(hw,F, F, )=¢ha,F,)-¢ho,F, - F,)=As(ho,F,)-As(ho,F, - F,). (2.12)

In Eq. 2.12, Aw 1s the incident photon energy, F,. is the built-in electric field in the
intrinsic Ge epitaxial film grown on p* Si(100) without illumination, and F,. is the
electric field induced by the ac modulation of the chopped pump laser. Here

e(hw,F, )denotes the dielectric constant of the Ge material when the pump laser is off.

As mentioned earlier, the electric field in the Ge layer is decreased when the pump laser

is shone on the surface of the material due to the screening of photon-generated carriers.

Therefore, the electric field is decreased to F . —F,. when the pump laser is shone on the
Ge surface and ¢(hw,F, —F,. ) denotes the dielectric function of the material when the

pump laser is on. In Eq. 2.12,
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Ag(ho,F)=¢(hw,F)-¢(hw,0). (2.13)
In our case, as the light and heavy hole valence bands of Ge become non-

degenerate under biaxial stress, the spectrum is the sum of contributions from light and
heavy hole band transitions, characterized by band gaps E; (k) and E, (hh), respectively.
Therefore, we have
Ae(hw,F) = (1/(hw)*){B,,(h6,)""*[G(n,) +iF (1,)1+ By, (86,,) *[G (1) +iF (1,,)]} »
(2.14)

where By, and By, are constants for light and heavy hole transitions, respectively. These

parameters are related to the transition matrix element of the direct gap of Ge; G(7) aﬁd
F(n) are electro-optic functions given by
G(n) = [ 4i (1)Bi () — nAi(n)Bi(m)]+ 7' *H(n),
F (1) = 7l Ai”*(17) = nAi* ()] = (=)' H (~17) (2.152)
where
My =[E, (Ih) —~ha —iy,]/ k6, ,
M =E; (hh) —ho —iy,, 1/ 16, , (2.15b)
H(n) ié the unit step function (1. e. H(n)=1 if n 20 and H(n)=0 if 7 <0), and
Ai(n), Bi(n), 4i (), Bi (n) are the Airy functions and their derivatives. In Eq. 2.15b, 7, |
and y,, are the temperature broadening féctors of light and heavy hole band transitions,
respectively; 76, and 76, are the electro-optical energies of light and heavy hole band

transitions, respectively, given by

no, =(’W’F*/2m,, )",
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G, = (R’ F*/2m, )", (2.16)
where e is the electron charge, and m, , and m, ,, are the reduced effective mass of

electron-hole pairs of light and heavy holes, respectively. Note that

r r .
—et_m . =——"" where m]=0.038 my is the electron effective mass in

m, = >
m, +m, m,+m,,

the I valley instead of L valley [27]. The effective masses of holes are m,, = 0.33m,, and

m,, =0.043m, [27]. Roughly speaking, #6, and %6, are related to the energy
bequeathed to the electron-hole pairs by the electrié field. The higher the electric field,
the higher the electro-optical energy and the easier the tunneling process happens. As we
can see from Eqgs. 2.15 and 2.16, the numerators in 77, and 7,, are related to the height
of the triangular potential barrier, while the denominators are related to the width of the
potential barrier. The smaller the numerators, the lower the potential barrier; the larger
the denominator, the narrower the potential barrier. Therefore, the parameters 7, and
1, completely describes the characteristics of the potential barrier in the band to band

transition in the presence of an electric field. This is why they are the major variables in
determining the change in dielectric function under an electric field. The electro-optical
functions G(77) and F(n7) are related to Airy functions and their derivatives. Airy
functions appear in the solution of a tunneling problem, and G(7) and F(n) are just
mathematical formula that describe this tunneling process given the information of the

potential barrier described by 7. With Eqgs. 2.11—2.16, we are able to fit the PR spectra

of epitaxial Ge films on Si (see Fig. 2.7). This model fits the experimental data quite well,

with correlation coefficients greater than 0.98. It should be noted that the electric field
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and broadening factors obtained from the fitting may not be unique, since these two
_ parameters can compensate the effect of each other to some extent. However, since the
PR spectra have sharp peaks and valley that are characteristic of the positions of band

edges, the band gaps obtained from the fitting are unique and the error is in the order of

~0.0005 eV. The derived bandgaps E, (/h) and E, (hh) are presented in Table 2.2.

2.1.4 Deformation Potential Constants of Tensile Strained Ge on Si

With tensile strain data from XRD and direct band gap data from PR, it seems we
can plot the direct baod. gap of Ge vs. tensile strain, and derive the deformation potential
constants from this relation. However, one has to be careful when relating the direct
bandgap values at the I" point measured by PR to the strain measured by XRD. X-ray is
able to penetrate the whole Ge film and the strain measured by XRD is an average over
the depth of the film. In PR measurements, however, the probed depth is determined by
the carrier diffusion length [52], which can be smaller than the depth of the films. From
the p-i-n diode performance of our epitaxial Ge/Si photodetectors, we derived that the
carrier mobility and life time were 3500cm*/V sec and 0.8ns, respecti.vely, for cyclic
anhealed Ge films with a threading dislocation density of ~2x10"/cm?® [53]. Since the
minority carrier lifetime is known to be inversely proportional to the dislocation density
in .Ge [54], we estimate the minority carrier life time of the Ge epitaxial films used in this
study (with a threading dislocation density of ~8x10%/cm?) is ~0.02ns. It i‘s also known
that the carrier mobility and diffusivity in Ge at room temperature are relatively
insensitive to the dislocation scattering up to a dislocation density in the order of 10%/cm®

[55]. Actually, the carrier diffusivity parallel to the dislocations, D||=400i1000m2/sec, is
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greater than that in dislocation-free Ge (100cm?/sec), while the diffusivity perpendicular
to the dislocations, D l=80:l:300m2/sec, 1s slightly smaller than that in dislocation-free Ge.

Even with the lower limit of D, (50 cm*/sec), we still get a carrier diffusion length of

L =~/Dr ~300nm. Note that in our samples the carrier diffusion length should be greater
than this value, because in PR measurements the carriers diffuse in the direction
perpendicular to the film, which is mostly parallel to the threading dislocations. This
means the real diffusivity should be closer to Dy and greater than D,. Therefore, we can
conclude that the probing depth of PR, determined by the carrier diffusion length, is at
least 300nm. If there were significant surface stress relaxation in the Ge films typically
characterized by the formation of a wavy surface or islanding, then the strain in the top
300nm Ge surface layer would be smaller than that measured by XRD and we would not
be able to relate the bandgaps measured by PR to the strain measured by XRD. In our
case, AFM has confirmed that the surfaces of the Ge epitaxial films used in this study are
very smooth, with a root mean square roughness of ~Inm, i.e. there is no sign of surface
stress relaxation or islanding in the epitaxial Ge films and the roughness is much smaller
than the detection depth (>300nm) of PR. Therefore, it is safe to state that the strain in the
top 300nm of the Ge film should not be affected by the tfivial surface roughness, and that
it is valid to establish a one to one correspondence between the direct bandgap of Ge and

the in-plane strain g from our experimental results.
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Fig. 2. 8 Direct band gap vs. tensile strain obtained by XRD and PR measurements

The relationship between the direct bandgaps, E; (’h) and Egr (hh), and the in-
plane strain g, is plotted in Fig. 2.8. With 0.25% tensile strain the direct band gap is

decreased to 0.764 eV, corresponding to 1625 nm. Therefore, the absorption of Ge in the
L band is greatly enhanced. By fitting the experimental data in Fig. 2.8 with Eq. 2.1 (note

in Eq. 2.1, £, can be substituted by &, =-¢,/1.33 as shown in Table 2.2), we obtain a=-

8.97+0.16eV and b =-1.88+0.12¢V. The error bars of @ and b are determined in the
following way: to reflect the effect of the error bars of each data point in Fig. 2.8 on the

uncertainties of @ and b, we have written a computer code to generate randomly 10000

sets of E} (lh) and E; (hh) vs. & data within their error bars listed in Table 2.2, do a
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curve fit for each set of data to get a and b, and finally do a statistics on the distribution
of a and b due to the variation of the expeﬁmental data points within their error bars. The
average values of @ and b are -8.97 and -1.88eV, respectively. Ninety per cent of the data
fall into the range of a=-8.97+0.16eV and b =-1.88+0.12¢V. Therefore, the deformation
potential constant data obtained above guarantee 90% confidence. These values are
compared with earlier experimental data from literature in Table 2.1. All the literature
values were measured from either hydrostatic or uniaxial compression tests of single
crystal Ge samples. Looking through Table 2.1, the a value obtained in this work is more
consistent with Ref, [31] (uniaxial compression test, room temperature) and Ref [32]
(hydrostatic compression test, room temperature). The value of |5 | obtained in this work
is consistent with the lower values reported in literature, i.e. Refs [36] and [37]. As can be
seen from Table 2.1, the deformation potential constants reported in literature varied
significantly, with the highesf r.eported values greater than the lowest ones by as much as
~50%. This large dispersion may result from the non-uniformity of the stress in the
samples, especially in the uniaxial compression tests where the samples tend to bend and
deviate from the ideal uniaxial compression. In. oﬁr samples, the biaxial tensile stress in
the Ge epitaxial films was induced by the thermal mismatch between Ge and Si, which
gives more uniform stress in the Ge material. While previous measurements sampled a
large range of strain up to several percent, the current work has more data points in the
~small strain regime (<0.25%), which is more consistent with the basic assumptions of
deformation potential theory, i.e., the strain Hamiltonian is much less than the spin-orbit
Hamiltonian. The XRD method used in the present study also gives a father accurate

measurement of small strains. Thus, the error bars of the deformation potential constants
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in this work are smaller than most previous experimental reports. To the best of our
knowledge, the deformation potential values @ and b are obtained for the biaxially
tensile stressed Ge for the first time. The deformation potential constants obtained in this
study are especially suitable for the design of electronic and optoelectronic devices based

on epitaxial Ge and SiGe, for these planar devices are exactly in the biaxial stress state.

2.1.5 Engineering Tensile Strain in Ge films [56]

As mentioned above, due to strain relaxation the tensile strain in as-grown Ge
films is limited to 0.20% for growth temperatures >750°C. It would be desirable to
increase the tensile strain in the Ge films by some means. In this section we describe two
different methods of increasing the tensile strain in Ge films: (1)"backside silicidation,
and (2) post growth annealing.

Silicidation has been widely used in CMOS techno.logy to decrease the contact
resistance of source, drain, and gate regions [57]. Metal silicides are typically formed by
depositing metal (Ti, Co, Ni, etc) on Si followed by silicidation annealing ranging from
600 to 900°C. C54-TiSi, has been the most commonly used silicide in ultra-large scale
integrated circuits (ULSI) due to its low resistivity (14uQecm). It has also been found that
the C54-TiSiz grown on Si shows a large tensile stress, typically ~2GPa [58,59], mainly
due to the thermal mismatch between silicide film and Si substrate. Substrate being the
same, the curvature induced by the stress of the film is proportional to the magnitude of

the stress o, and the thickness 7, of the film [60]. The process of backside

silicidation is schematically shown in the inset of Fig. 2.9. Ge films with a thickness of

51



300.0k ——r——aF—a"-—-v~—"—T—v—r—

L Etch off
3 backside Ge '
g and grow
@)
Q
0 0 E 2 R (o 2 &

659 660 66.1 662 663 664 66.5

26(deg.)

Fig. 2. 9 X-ray diffraction patterns of Ge(400) peaks of Ge/Si(100)/Ge sample and Ge/Si(100)/C54-
TiSi; sample, showing 0.036%=0.006% increase in strain after backside silicidation. The inset shows
the process of backside silicidation schematically.

1.3 um were epitaxially grown on p* Si(100) wafers by UHVCVD via a two step growth,
as mentioned earlier. In UHVCVD process, Ge films are equally deposited on both sides
of the Si wafer so that the wafer is nominally flat. We refer to these samples as Ge/Si/Ge.
The Ge film on the backside was then removed by H;O,. During this etching process, the
front side Ge film was protected by photoresist. After etching, the sample was heated on
a hot plate to melt the wax, followed by ultrasonic cleaning in acetone to remove the
photoresist. XRD confirms that the backside Ge was completely removed while the front
side Ge was intact after the etching. A 1.2 pm Ti layer was then deposited on the
backside of the wafer by evaporation and the sample was annealed by rapid thermal
annealing (RTA) at 800°C for Smin in N for silicidation. XRD shows that the resulting

C54-TiSi, was polycrystalline without obvious texture. We refer to these samples as
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Ge/Si/C54-TiSi; in the later text. The thickness of the resulting C54-TiSi; was ~3 pm,
which was greater than that of the front side Ge film. Since the stress in the silicide layer
‘(~2 GPa) was also much larger than that in front side Ge (~0.28GPa corresponding to

0.2% in-plane strain), we have o t >> 0,1, . Therefore the wafer bends toward the

backside and changes into a convex shape. Compared with the case of Ge/Si/Ge sample,
the tensile strain in the front side Ge layer would be increased. Since the stress in Ge and
C54-TiSi; films [61] are both thermal stress in nature,. assuming both the Ge and the C54-

TiSi, are relaxed duﬁng the silicidation process at 850°C and using fg , I <<
t.,, (thickness of Si substrate, ~500 pm), the in-plane strain increase in the Ge layer at

room temperature induced by the backside silicidation can be derived as:

Ag (Ge) = 3AT

(Aatpg Mg —Aayte M, ), (2.17)

sub Si

where AT is the difference between the silicidation temperature and room temperature,

M =180GPa, M;,=140GPa [62], and M, =342GPa [63] are the biaxial modulus of

Si(100), Ge(100) and polycrystalline TiSi,, respectively; « is the thermal expansion
coefficient and Aq, =0 — oy, =10°/K, [64] Aq,=ay —ag, =-2.5%10°°/K [65]. The
calculation with Eq. 2.17 shows that such a backside silicidation would increase the strain
in the front side Ge film by ~0.03%.

Fig. 2.9 shows the XRD spectra of front side Ge (400) peaks of Ge/S1/Ge and
Ge/Si/C54-TiSi; samples. For the as grown sample, the strain was 0.204+0.004%. After
the formation of backside C54-TiSi; layer, the strain in the front side Ge layer increases
by 0.036£0.006% to 0.240+0.004% compared with the as-grown sample. This.

experimental result agrees with our calculations based on Eq. 2.17, and demonstrates the
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strain increase in the front side Ge film induced by backside siliqidation. With a thicker
C54-TiSi1; film on the backside, the tensile strain in the Ge film can be increased from
0.20 to 0.25% and the direct band gap can be further decreased to 0.764 eV
(corresponding to 1625nm), as shown in Fig. 2.8. Therefore, with enhanced tensile strain
by backside silicidation, the epitaxial Ge material is applicable to cover the whole L-band
in telecommunications. Another advantage is that C54-TiSi; itself can be used as a back
electrode, so it can be integrated into the diode device for lower contact resistance.

An effective way to further enhance the tensile strain in Ge is to locally reduce the
thickness of the Si wafer where Ge devices are formed. This way the active rﬁaterial of
Ge in the devices can be further tensile-strained while the mechanical support of the Si
wafer is not affected since it is only thinned down in local areas of 10-1000 pm?. If we
reduce the thickness of the Si wafer locally from 500 pum to 20 um, Eq. 2.17 gives a
strain enhancement of about 0.75% and the total tensile strain in the Ge layer is increased
to ~1.0 %. This can be achieved by etching the Si wafer from the backside with mask
alignment to the front side Ge devices. However, this is an upper limit to this method
since the strain would eventually lead to the fracture of the Si material. The fracture strain
of Si is ~1.5 % in [100] direction [66]. Therefore, the upper limit of strain enhancement
by backside silicidation is also ~1.5 % and.the upper limit of tensile strain in the Ge layer
is ~1.7 %. Correspondingly, the direct gap of Ge can be decreased to 0.66 eV, and the
efficient detection range of epitaxial Ge photodetectors on Si can be further expanded up
to 1880 nm. It is intereéting to note that the calcﬁlation from deformation potential theéry
shows that the indirect gap of Ge at L valley is 0.64 eV at 1.7% tensile strain, only 20

meV smaller than the direct gap. Considering the thermal energy at room temperature is
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26 meV, there is practically no difference between the direcf and indirect gaps. In this
case, the light emitting properties of the Ge material may also be greatly improved. The
stressor iayer is not limited to C54-TiSi; in principle. Any material that has a large
thermal expansion mismatch to Ge can be used to stress the Ge films.

The tensile strain can also be engineered by post-growth annealing. Fig. 2.10
shows the tensile strain of a sample grown at 600 °C after annealing at 900 °C for
different amount of time. The strain initially increases with annealing time, and then
saturates at 0.205% for annealing time longer than 40 min. This is because the film
gradually relaxes at 900 °C during the annealing. After about 40 min annealing, the film
fully relaxes ét 900 °C. Upon cooling, it starts to accumulate thermal strain when the:
temperature decreases below ~750 °C, as mentioned in section 2.1.2. Therefore, about
0.20% tensile strain is accumulated after annealing at 900 °C for >40min. Etching pit
density (EPD) shows that the threading dislocation density decreases accordingl)./, just as
the case of cyclic annealing. Therefore, post-growth annealing can increase the tensile
strain and decrease the defect density in the Ge film at the same time. If the Ge film is
relaxed at >750°C on a substrate with lower thermal expansion coefficient than Si, the
strain in th¢ Ge film can be further increased. For example, the thermal expansion
coefficient of SiO, is only 5x 107 /K. Therefore, for Ge on insulator (SiOy) or‘Ge on
quartz the thermally induced tensile strain in‘ the Ge layer can be increased to 0.4%,
assuming Ge also starts to accumulate strain when the temperature decreases below

750°C. Correspondingly, the effective detection wavelength can be increased to 1675 nm.
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Fig. 2. 10 Tensile strain and threading dislocation density of a Ge/Si sample grown at 600°C as a
function of annealing time at 900 °C. The dislocation density was determined by etching pit method.

2.2. Strain in Selectively Grown Ge Structures

Selective growth of Ge on Si is an important technique to offer flexibility and
compatibility to integrate Ge optoelectronic devices with Si CMOS devices. It is
interesting to understand how the shapes and sizes of the selectively grown Ge mesas
affect the level of strain. In this section, an initial study on the strain in selectively grown

Ge mesa structures is presented and its effect on the band structure of Ge is discussed.

2.2.1 Selective growth of Ge on Si

An oxide mask is usually employed for selective growth of Ge on Si. An oxide
layer is deposited on top of Si wafer, and windows are opened through the SiO, by

lithography and etching. When Ge is deposited at a slow enough growth rate, Ge mesas
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only grow within the windows where the Si substrate is exposed. It has been proposed
that this is due to the reaction between GeH, and SiO; that forms volatile GeO and retards
the nucleation of poly Ge on SiO,. Indeed, it has been observed in literature that GeH,
etches SiO; [67]. In our study, we have also obéerved that if a native oxide is left on the
surface of the Si wafer during the Ge low temperature buffer layer growth, Ge will not
grow on the wafer until the native oxide is etched away by GeH,. However, this model
cioes not explain why Si3N; can also be used as a mask for Ge selective growth.
Therefore, there might be other mechanisms for the selective grow of Ge in the presence
of a dielectric mask.

Si0; mask is hydrophilic and it catches water drops after dilute HF dip before the
growth. The residual water drops on the wafer can cause serious problems and greatly
reduc-e the yield of seiective growth. Any tiny water drop would induce a blurry, rough
region around it after the growth, since a non-uniform nativé oxide is often present under
the droplet and the Ge growth on it becomes non-uniform. To overcome this problem, a
different procedure of pre-growth cleaning is adopted. After HF dip, the wafers are rinsed
in DI water and then spun dry without additional rinsing. Then the wafers are introduced
into the UHVCVD furnace and baked in H; at 850 °C for 10min to remove any residual
native oxide on Si. The H; pressure during the baking is ~1.0 mTorr. The chamber was
then cooled down to 335°C for the low temperature buffer layer growth. The same H;
flow was maintained during the whole cooling process. After these steps, the rest of the
growth parameters and procedures are the same as the regular growth of blanket Ge

wafers.
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XRD study on the strain of an individual Ge mesa would be very difficult since
the size is in the order of 10 um and the diffraction intensity is too low to surpass the

noise level unless a synchrotron X-ray source is focused on the mesa. To make the strain

Fig. 2. 11 Optical micrograph of 5x Spym Ge mesas

study on these small Ge mesas easier, we chose to define an array of mesas in a
2.05x 2.05 cm’ region and performed regular XRD on this whole piece of sample.
Although the size of each mesa is small, their integral diffraction intensity could be
strong enough to produce high quality XRD data. The strain derived from the XRD data
is an average of all the mesas. Due to the relatively high accuracy of lithography, we can
regard all mesas as exactly the same and this average value should also be very close to
the strain in an individual mesa. As an example, Fig. 2.11 shows a micrograph of an array

of 5x5um Ge mesas used in this study. These mesas are separated by a spacing of Spm
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in both x and y directions. Therefore, a large array of 2048 x 2048 mesas is defined in the
2.05x2.05 cm” region. The net area covered by Ge is Y of the total area, which is about 1
cm’. Such a large area is already good enough to produce strong XRD signals. Since the
flat of Si wafers are along <110> directions, the edges of the mesas are also along <110>
directions due to the alignment of the flat during photolithography. Faceting atvthe edges
of the mesas can be clearly seen, which will be discussed later. With spin drying and H,
baking before the growth, no water drobs were caught on the wafer and the native oxide
was completely removed. Therefore, we obtain nearly 100% yield in the selective growth.
Fig. 2.12 shows the cross-sectional TEM image at the edge of a 10x 10 pm? Ge mesa.
Three kinds of facets can be clearly identified: (311), (111) and (113). These facets play
important roles in the strain relaxation of the selectively grown Ge mesas, as will be
discussed in detail later.‘Fig. 2.13 shows the AFM images of a 5x5 pm® and a 10x 10
um? Ge mesa. Through the three-dimensional scan of the AFM analysis, we can also
identify (311) and (11 1.) faceis at the edges of the mesas. Note that the facets take up a
much larger proportion of the surface area in the 5x5 pm® mesa than in the 10x 10 pm’
one. Therefore, the smaller the mesas, the more the strain relaxation induced faceting. A

detailed quantitative analysis will be given in the following section.

59



Fig. 2. 12 Cross-sectional TEM at the edge of a 10X 10pm Ge mesa. (TEM courtesy of Dr. Jinggang
Lu, North Carolina State University)

[011

(113) facet,

Fig. 2. 13 AFM images of a 5x 5 pm’ (left) and a 10x 10 pm* Ge mesa (right). The 5X Spm’ mesa is
magnified by twice in the figure for better comparison of its shape to that of the 10X 10 pm* mesa.
The edges of the mesas are along <110> directions. AFM analysis courtesy of Ms. Samerkhae

Jongthammanurak
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2.2.2 Strain in Selectively Grown Ge Mesas
Fig. 2.14 shows the XRD data of the 5x5pm Ge mesa sample compared to a

blanket Ge film sample grown in the same run at 700°C. From the XRD data, we derive a

tensile strain of & =0.081% for the 5x 5pm Ge mesa sample, which is much smaller than

the tensile strain in the blanket film grown at the same temperature (0.176%). We also

carried out (422) scans of the sample in two orthogonal directions, i.e. [011] and [01 i],
to check any strain relaxation anisotropy in the 5x 5um square mesa. Within the range of
experimental error, no anisotropy in the strain relaxation was observed. Therefore, this
square mesa is also subjected to a uniform in-plane tensile strain, but the level of tensile

strain is significantly lower than the blanket film case.

5x5um’ Ge mesa
blanket Ge

Si(400)

L0 Ge(400) n

10k

Intensity
=

100

/l Pk

166.0 66.2 69.0 69.2
20 (deg.)

Fig. 2. 14 XRD data of the 5x Spum Ge mesa sample compared to a blanket Ge sample grown in the
same run at 700°C.
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Fig. 2.15 shows the in-plane tensile strain &, as a function of square mesa size for

as-grown samples and samples annealed at 900°C for an hour. Interestingly, the strain in
the mesas decreases dramatically when the mesa size shrinks below 20pm. There are two
possible reasons for strain relaxation: (1) plastic relaxation by generation/extension of
misfit dislocations at the Ge/Si interface, and (2) elastic relaxation induced by faceting at
the edges of the mesas or undulation of the surface. In the first case, usually .the misfit
dislocation forms a half loop with two segments of threading dislocations, as

schematically shown in Fig. 2.16.
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Fig. 2. 15 In-plane tensile strain & asa function of square mesa size for as-grown and post-annealed

samples. The samples were grown at 700 °C and post-annealed at 900 °C for 1h. The points in the
figure are experimental data, while the lines are fitting curves to the theoretical model by Tersoff et

al [70,71].
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'Fig. 2.16 Schematic drawing showing the generation/extension of a misfit dislocation that
accompanies the gliding of two segments of threading dislocations.

The generation/extension of misfit dislocations accompanies the gliding of the two
segments of threading dislocations toward the edges of the mesa. So some threading
dislocations would glide to the edge and disappear, resulting in less threading dislocation
density. However, etching pit study shows that the average threading dislocation density
of the Ge mesa remains almost unchanged when the mesa size decreases from 100 pm to
10 um, while significant strain relaxation already occurs. Furthermore, we saw a similar
relaxation behavior as the mesa size shrinks in the as-grown samples at 600° C, while the
threading dislocation motion is almost frozen at this temperature for Ge [68]. An even
more tell-tale evidence was found when we study the in-plane strain anisotropy in an
elongated rectangular Ge stripes. We know that the misfit dislocations along the x
direction actually relax the strain in the y direction, and vise versa (see Fig. 2.16).
Therefore, in an elongated rectangular Ge stripe the strain in the longitudinal direction
should be easier to relax than the transverse direction, since the misfit dislocations can
extend throughout the transverse direction much more easily than longitudinal direction.
Yet the reality is the opposite from our experimental results. From a 2.5x 100 pm Ge
stripe we measured a tensile strain of 0.175% in the longitudinal direction while in the

transverse direction it is only 0.024%. The result is exactly contrary to what we expect if
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misfit dislocation generation/extension is the main reason for strain relaxation. Therefore,
the strain relaxation in our case is unlikely to be related to misfit dislocation

generation/extension at the Ge/Si interface.

o TS
sicGe  HIIF ' 3
Si
¥
(a)

(c)

Fig. 2.17 Schematic drawing showing the elastic relaxation of SiGe induced by faceting or undulated
surfaces. (a) forming undulation on the surface is equivalent to moving atoms away from the
interface. (b) forming a facet is also equivalent to moving atoms away from the interface. (c) at the
same width and height, reducing the facet angle is equivalent to moving atoms to the interface (from

the white to the green triangle)

Faceting at the edges of the mesas or surface undulation can also induce elastic
relaxation of the strain, as shown schematically in Fig. 2.17 [69]. The stress in a thin film

is due to the lattice or thermal mismatch between the film and the substrate, so the stress
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is maximized at the interface. Forming undulated surfaces is equivalent to moving atoms
away from the interface (Fig. 2.17 (a)),-thereby partially releasing the constraint of the
interface and relaxing the strain. Fig. 2.17 (b) compares the case of a piece of blanket film
with a faceted island of the same volume. It is equivalent to moving the atoms from
regions A and B to region D. Since region D is further from the interface than regions A
and B, the total strain energy is decreased due to faceting. The strain energy decrease due
to elastic relaxation by faceting has been studied theoretically in literature to underétand
the formation of Ge islands on Si [70,71]. For a piece of mesa with a length of ¢, an
average width of s (average over the top and bottom width), a thickness of #, and a facet
that makes an angle of @ with the surface of the substrate (Fig. 2. 17(b)) , the amount of

decrease in strain energy per unit volume in the case of A h/tanf << s , t is

approximated by

E = ZCK—@J ln[i e’ tan 0) + (ﬁ) ln(-t—e”2 tan HH : (2.18)
s h t h

Here ¢ =0} (1~vg)/ 272G, where o, is the biaxial stress of the uniform blanket Ge film
(i.e., without any faceting), while vy, =0.278 and Gy =51GPa are the passion ratio and

shear modulus of Si (100) substrate [27]. The term c is proportional to the strain energy
without faceting. Eq. 2.18 shows that the larger the strain_energy without faceting, the
more the energy decrease after the strain is relaxed via faceting, which is_‘reasonéble
intuitively. The in-plain tensile strain g, in the .b'lanket film deposited on the backside of
the same wafers was determined to be 0.176+0.005% for unannealed samples and

0.192+0.004%. Therefore, o, = Y,,,&,=0.247 GPa for unannealed samples and 0.270 GPa

for annealed samples. The terms in the square brackets of Eq. 2.18 gives the geometrical
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factor of strain energy reduction when a faceted structure is formed. The first term gives
the strain relaxation in the transverse (width) direction, while the second one gives the
strain relaxation in the longitudinal (length) direction. When s=t (square mesas), the
strain relaxation in the longitudinal and transverse directions are the same. When s<<t
(elongated rectangular mesa) the relaxation mainly happen in the transverse direction
instead of the longitudinal direction.

One can-imagine intuitively that the best way to relax the strain for a given
volume of atoms is to put the atoms right on top of each other and form an “atomic wire”
perpendicular to the substrate, since the contact area to the substrate is minimized in this
case. This corresponds to A/s —>o«, h/t -« and a facet angle of d =90". As h/s or h/t
decreases, the amount of strain relaxation decreases because a less proportion of the
atoms are positioned away from the interface. This fact is mathematically embodied in Eq.
2.18 under the assumption of 4,h/tanf <<s, t. The equation also indicates when #, s,
and ¢ are fixed, decreasing € would result in less strain relaxation. This is because more
atoms are positioned near the interface as 6 decreaees, as shown in Fig. 2.17 (c). In this
figure, decreasing the facet angle from 6, ’to 0, is equivalent to moving the atoms in the
white triangles to the green triangles. Since these atoms are closer to the interface, the
strain relaxation is decreased. Therefore, it seems that a facet with larger @ would relax
more strain energy and is more preferred. However, usually a large angle facet also
increases the surface energy of the structure. Therefore, due to the balance of surface
energy and strain energy we almost never see a facet with § =90°".

If the elastic energy of the system without faceting is E,, then the total strain

energy decreases to £ - E, with the aid of faceting, as we defined earlier. It should also
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be noted that when E, - E. <0 Eq. 2.18 loses its physical meaning because strain energy

can never be less than 0. In that case, we can just say the system should be fully relaxed
due to faceting and the total strain energy is 0, instead of saying that the strain energy
becomes negative. This is a limitation of Eq. 2.18 due to its approximation in the
derivation of strain energy decrease related to faceting. It could become pronounced
when the assumption #,h/tan@<<s, ¢ is not satisfied.

In our case, the cross-sectional TEM picture in Fig. 2.12 shows that the edge of
the mesa is consisted of (311), (111) and (113) facets. As a first order approximation, we
can divide the mesa into three parts: one with (311) facet, one \-?Vith (111) facet, and one
with (113) facet, as shown in Fig. 2.12. The total strain energy reduction of the mesa
structure due to faceting can be regarded as the sum of strain energy reduction of these

three parts. Therefore, in this case

3/2 3/2
E =2c3h|s | 2 |+ 21| 2.19)
il h; cot 6, h;cotd,

From Fig. 2.12, we get h =659 nm, h, =199 nm, 4, =205 nm, 6 =252 °,

6, =54.7° and 6, = 72.5°. The maximum step height is 659nm for the (311) facet in Fig.
2.12, which is still much smaller than the lateral dimensions (s=¢>2.5 pm in our
samples). Therefore, the approximation in Eq. 2.18 is applicable. The round corners at

the joints of facets are neglected in this model.

Let &, and ¢, be the in-plane strain in the blanket Ge film and faceted Ge mesa,

respectively. Then the amount of decrease in elastic energy per unit volume induced by

faceting should be:
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E, = Yo (el - €2). 4 (2.20)

Comparing Eq. 2.19 with Eq. 2.20, we obtain

3 3/2 3/2 )
£ = sj—E-Zh,. sn| 2|4 € 2.21)
Foo i h; cot 6, h; cot 6,

For square mesas s=t, and the calculated strain vs. mesa size is shown by the lines

in Fig. 2.15. The result agrees reasonable well with the experimental results both for
unannealed and annealed samples. Therefore, it is concluded that the strain relaxation of
the selectively grown Ge mesas is mainly due to the faceting instead of misfit dislocation
generation at the interface.

An interesting case is that when the mesa is an elongated rectangle stripe, i.e.,
t>>s, the model predicts that the strain relaxation in the longitudinal direction would be
much less than that in the transverse direction. We have verified this prediction

experimentally by measuring the strain in 100x2.5 pm Ge mesas. The longitudinal

direction of the trench is along [011] direction, while the transverse direction is [Oli].

Therefore, by analyzing the (422) scans of the sample in two orthogonal directions, i.e.

[011] and [011], we are able to determine the strain relaxation anisotropy in the
elongated rectangular mesa. The results show that the strain in the longitudinal direction
(100 pm long) is 0.175%, similar to the strain in 100x 100 pm mesas; while the strain in
the transverse direction is only 0.024% (almost relaxed). These results not only verify the
validity of the theoretical model of the facet-induced strain relaxation, bﬁt are also
instructive for the design of waveguide-coupled GeSi modulator or detector devices.

These devices usually have a small cross-section (<1 x 1 um?) to keep single optical mode,
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while the length is much larger than the cross-sectional dimensions (~ tens of pm) to
achieve high enough absorption or modulation depth. The strain in these structures is
mainly along the longitudinal direction if facets are formed during the Ge growth. One
has to take this factor into account when engineering the band gap of GeSi material, since
its effect on the band gap is different from biaxial stress case in blanket films. We will
come back to this issue in Chapter 4 when we discuss the GeSi electro-absorption

modulator design.

69



Chapter 3. Tensile Strained Ge Photodetectors on Si

In this chapter, we present the fabrication and performance of tensile strained Ge
photodetectors on Si. We first demonstrate the enhancement of the responsivity of Ge
photodetectors in the C (1528-1560 nm) and L (1561-1620 nm) bands with 0.25% tensile
strain introduced by backside silicidation. We then present a selectively grown Ge
photodetector on Si with a bvandwidth of 8.5 GHz and a broad detection spectrum from
650 to 1605nm. These high performance devices are fabricated with technologies that can
be integrated into a standard Si CMOS process, and are applicable to Si-based electronic-

photonic integrated circuits.

3.1 Strain-engineered Ge/Si Photodetectors with Enhanced Responsivity [72]

As we mentioned in Chapter 1, the wavelength range used in the dense
wavelength division multiplexing (DWDM) technology is expanding from C band (1528-
1560 nm) to also include L-band (1561-1620 nm), requiring photodetectors that can
cover both C and L bands. Tensile strained Ge epitaxial films on Si presented in Chapter
2 are promising candidates for achieving this goal with Si-compatible technology. By
introducing 0.25 % tensile strain in epitaxial Ge films on Si with a backside silicidation
process, the direct band gap of Ge can be decreased from 0.801 eV (corresponding to
1550 nm) to 0.764 eV (corresponding to 1623 nm), which is promising for applications in
C+L band telecommunications. Therefore, tensile strained Ge/Si p-i-n photodetectors are
fabricated to verify the enhancement of responéivity in L-band due to the direct band gap |

shrinkage.
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3.1.1 Device Fabrication Process

P* Si

LTO

P* Si

N* Poly Si

oL 5
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Fig. 3. 1 Process flow of fabricating tensile strained Ge p-i-n diodes on Si with blanket Ge films. The
thickness of the films and substrates are not drawn to scale for clarity of labeling.

Fig. 3.1 shows the process flow of the device. Ge epitaxial films were deposited
on 4-inch p" Si(100) substrates with a resistivity of <0.002 ﬂ-cm ‘(boron doping
~10"/cm?) by UHVCVD. The thickness of the film was determined to be 2.35 pm by Ge
element depth profile analysis of secondary ion mass spectrometry (SIMS). The root
mean square roughness of the film was determined to be ~0.7 nm by atomic force
microscopy (AFM). A one-hour annealing at 900 °C was performed to reduce the
threading dislocation density from 8x10° /cm® to 1.7x107 /cm®. Then a low temperature
oxide (LTO) layer of 300 nm was deposited on top of the Ge film, and diode areas were
defined by etching windows ranging from 10um to lcm in diameter through the LTO
layer. A 200 nm poly Si layer was then deposited and implanted with phosphorous,
followed by an activation annealing at 650 °C for 30 min. The peak concentration of

3

phosphorous in the poly Si layer was in the order of 10%° /cm’. The poly-Si layer was
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then patterned to define the # side of the p-i-n diode, and the p™ Si substrate was used as
the p side. The poly Si and Gé layerg on the backside were removed by reactive ion
etching (RIE). Finally, a 1.5 pum Ti layer was deposited on the backside of the wafer,
followed by a rapid thermal annealing (RTA) at 800 °C for 5 min to form C54-TiSi,. This
(C54-TiS1; layer on the backside enhances the tensile strain in the front side Ge film, and
also serves as a backside electrical contact. All the materials and processing techniques
used in this device are CMOS-compatible. The tensile strain in the front side Ge layer
was determined to be 0.25 % by XRD. In the later text, these devices will also be referred
to as 0.25 % tensile strained samples. A set of samples without backside silicidation were
also fabricated as a refereﬁce, in which the tensile strain in the Ge films was 0.20 %.

They will also be referred to as the 0.20 % tensile strained samples in the later text.

3.1.2. I-V Characteristics

The I~V characteristics of the device were measured with a HP4145A
semiconductor parameter analyzer. The current was divided by the device area to obtaﬁn
J-V curves, where J stands for the current density. Fig. 3.2 shows the J-V characteristics
of Ge p-i-n photodiodes on - Si with and without backside silicidation. The J-V
characteristic of a diode is given by

J =J,(exp(qV I pkT)-1), 3. 1)

where J, is the dark current density while 77 is the non-ideality factor. 7=1 indicates

ideal diode behavior. Generation/recombination in the depletion region leads to r7=2. In
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Fig. 3. 2 J-V characteristics of Ge p-i-n diodes with and without backside silicidation
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reality, the non-ideality factor of a diode is usually between 1 and 2 at low forward bias.
At high forward bias, the series resistance effect has to be taken into account, so the J-V
curve starts to deviate from the ideal exponential growth. Taking into account the series
resistance, the J-V relation should be given by

B} g/ —JAR)) _
J= Jo{exp( T ] 1}, 3.2)

where A is the junction area and R is the series resistance. Eq. (3. 2) is an implicit
equation of J. By fitting the experimental J-V curves with Eq. (3. 2), we can derive the

saturation dark current J,, the non-ideality factor 77 and the series resistance R . The

derived values are shown in the inset of Fig. 3.2. The backside silicidation has little effect

on J,, n and the dark current at reverse bias, but decreases the series resistance

significantly from 129 Qto 49 Q). Therefore, the backside silicidation increases the tensile
strain and improves the contact resistance without deteriorating the device performance
in terms of dark current and ideality factor.

An interesting phenomenon in Fig. 3.2 is that although we can fit the forward bias
part of the experimental J-V curves very well with equation (3.2), (correlation
factor>0.999), the dark current at reverse bias measured experimentally is much larger
than J,. The saturation dark current density derived from the fitting is ~2 x 107 A4/ cm?,
yet the experimentally measured values at 2 V reverse bias is an order of magnitude
higher. Also, the dark current incrgases with the reverse bias in the -experimental data, in
contrast to the saturation behavior of dark current given in Eq. (3.2). The non-ideality
factor of the diodes is around 1.2, indicating that although there is some

generation/recombination in the depletion region, yet it is not dominant. Moreover, even
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the generation/recombination current should saturate as the carriers reach saturation
velocity at reverse bias. Yet we did not observe any saturation in dark current up to 5 V
reverse bias, corresponding to >30 kV/cm electric field and well enough to accelerate the
carriers to saturation velocity. Therefore, such a high, voltage-dependent dark current
cannot be explained by generation-recombination current in the depletion region alone.

It has been known that threading dislocations act as conducting paths in addition
to lifetime killers in semiconductor materials [73,74,75,76]. The dangling bonds along
the dislocations overlap with each other, thus forming a conduction path for the carriers
trapped by the dislocations. DC -V measurements along the dislocations in Ge thin
plates and electron beam induced current (EBIC) measurements have been used to study
the conductivity of dislocations in Ge, and a one-dimensional, quasi-metallic conduction
along 60° dislocations in Ge was well established [73,77]. Therefore, the dislocation
conductivity could contribute significantly to the dark current. To explain the discrepancy
in the J-V data fitting between the forward and reverse bias, here an equivalent circuit
model is presented in Fig. 3.3 based on the assumption that the conductivity of the
dislocations also plays a key role in the J-V curves. The threading dislocations can be
modeled as a resistor in parallel to thé diode. At forward bias the resisténce of the

dislocations R, is much higher than the diode itself, so the current mainly flows through

the diode, as indicated by the red arrows on the left half of Fig. 3.3. As a result, we can
hardly see any effect related to the conductivity of dislocations at forward bias. At

reverse bias, however, the dislocation resistance R, is much smaller than the junction

resistance of the diode, so the reverse current mainly flows through the threading

dislocations, as indicated by the red arrows on the right half of Fig. 3.3. Therefore, we
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observe a normal diode behavior at forward bias as if almost no dislocations exist, while
at reverse bias we observe much higher dark current than expected due to the conduction

paih through the threading dislocations.

Forward Bias Reverse Bias

Fig. 3. 3. Equivalent circuits of Ge p-i-n diodes on Si with threading dislocations in the Ge material.
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Fig. 3. 4 (a) J-V characteristics of the threading dislocations derived from the J-V data of Ge/Si p-i-n
diodes, and (b) effective conductivity of reverse biased Ge diode as a function of dislocation density.

Subtracting the fitted [-V data from the experimental data at reverse bias, one

obtains the 1-V curve of the dislocations, as shown in Fig. 3.4 (a). Indeed, the resistance
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of the dislocation is much larger than that of the diode at forward bias. For example, at
0.2V biés the current density flowing through the dislocations is only ~10°A/cm?, while
through the forward biased junction the current density reaches ~lA/cm’. This is
consistent with our model that the dislocation resistance is much higher than the forward

biased junction. However, at reverse bias R, is much lower than the junction resistance,

so the dark current we see is mainly due to the conductiye paths along these threading
dislocations. The effective conductivity of the reverse biased Ge diode is plotted as a
function of threading dislocation density in Fig. 3.4 (b), combining the data of this work
with references [9] and [68]. The effective conductivity increases linearly with the
threading dislocation density, providing a strong evidence that the conductivity is related
to dislocations.

To sum up, our model on the J-V characteristics of epitaxial Ge/Si diodes not only
considers the generation/recombination of threading dislocations, but also the intrinsic
conductivity of threading dislocation. The model can effectively explain the experimental
result. However, more elaborate study is needed to understanci the mechanism of the

conductivity of threading dislocations in epitaxial Ge films on Si.

- 3.1.3. Responsivity Measurement

The responsivity was measured with a monochromatic light source in the
wavelength range of 1300-1650 nm on Ge photodiodes of 300 pm in diameter. The light
was directed at a normal incidence from the top of the device. No antireflection coating
was deposited on the top surfaces of the devices. The incident light intensity was

calibrated with a commercial Ge photodetector and an InGaAs photodetector. In this
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wavelength range the difference between the two calibration detectors is within 7%. An

average intensity of the two detectors was used as the incident intensity.
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Fig. 3.5 Schematic diagram of responsivity measurement set up

As the incident light intensity from the monochrometer shone on the diode is low
(~10 nW on 300 pm diameter diode), the photocurrent is small compared to the dark
current except for the 0V bias case. To measure the photocurrent accurately, a lock-in
method is applied. The basic setup is shown in Fig. 3.5. The incident light from the
monochrometer is chopped at a frequency of 401Hz. This chopping frequency is used as
a reference input to a lock-in amplifier. A preamplifier supplies a DC voltage to the diode
while reads out the current that passes through the diode at the same time. It sends the
current signal to a multimeter and the lock-in amplifier. The multimeter reads the DC part

of the current, i.e., the dark current of the diode. The lock-in amplifier is synchronized to
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the chopper and reads the AC part of the current, i.e., the photocurrent. This way the

photocurrent can be measured with high signal to noise ratio.
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Fig. 3. 6 Responsivity of Ge/Si p-i-n diodes measured at different bias.

The responsivity spectra of the Ge photodetectors on Si with and without backside
silicidation under different reverse bias are shown in Fig. 3.6. The backside silicidation
increases the tensile strain in the Ge layer from 0.20 to 0.25 %, and further reduces the
direct band gap from 0.773 eV (1605 nm) to 0.7640 eV (1623 nm). As a result, the
responsivity at 1620 nm under 0 V bias increases dramatically from 48 mA/W to
100mA/W after backside silicidation. The responsivity at 1550 nm also increases from
422 mA/W to 520 mA/W. Thus, the strain enhancement induced by backside silicidation
increases the responsivity in the C band and extends the detection range of Ge/Si
photodetectors to cover the whole L band. The responsivity at 1310 nm (another

telecommunication wavelength) is 600 mA/W. The reflectivity spectrum at the surface of
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the devices is shown in the inset of Fig. 3.6, as measured from a 1 cm diameter
photodiode on the same wafer. From these réﬂectivity data, we calculated that with
antireflection coating the responsivity of the 0.25 % tensile strained device can be further
improved to 150, 810, and 980 mA/W at 1620, 1550, and 1310 nm, respectively,
effectively covering the whole wavelength range used in optical communications. The
responsivity of the device at 1550 and 1310 nm is comparable to commercially available
InGaAs photodetectors [78]. Another interesting feature shown in Fig. 3.6 is that nearly
full responsivity was already achieved at 0 V bias in the whole spectrum range of 1300-
1650 nm. The doping profile of the device measured by SIMS is shown in Fig. 3.7. The
background doping level in the intrinsic Ge layer is near the detection limit of SIMS, i.e.,
2x10"%cm® for phosphorous and 3x10'*/cm® for boron. Due to the low doping
background, the electric field in the intrinsic Ge layer is calculated to be ~2 kV/cm at 0V,
as shown in Fig. 3.8. The drift velocity of electrons and holes in Ge at 2 kV/cm are
5.1x10° cm/sec [79] and 3.0x10° cm/sec [80], respectively. Therefore, the transit time of
electrons and holes in the intrinsic Ge layer is as short as 45 and 77 ps, respectively. The

carrier life time in the Ge material with 1.7x10" /cm?

threading dislocation was
determined to be ~1 ns [53], more than an order of magnitude longer than the transit time.
So all the carriers generated by photons ére collected before they recombine even at 0 V
bias. The high collection efficiency explains why maximum responsivity can already be

achieved at 0 V bias. This feature is very desirable to meet the requirement of a low

driving voltage of <1.5 V in Si ultra large scale integrated circuits (ULSI) [1].
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Fig. 3. 7 Secondary lon Mass Spectroscopy (SIMS) depth profile of a 300pm diameter, 0.25% tensile
strained Ge photodiode.
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Fig. 3. 8 Electric field at 0V bias in Ge/Si p-i-n diodes calculated from the doping profile.
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Fig. 3. 9 Absorption spectra of bulk Ge , 0.20% and 0.25% tensile strained Ge. The absorption
coefficients in the L band have been enhanced by nearly an order of magnitude in 0.25% tensile
strained Ge compared with bulk Ge. The direct transition energies from the top of the light and
heavy hole bands to the bottom of conduction bands, calculated with the deformation potential
values reported in Ref. 5, are indicated by “Ih” and “hh” in the figure.

From the responsivity and reflectivity spectra in Fig. 3.6, the absorption spectra of
the 0.20% and 0.25% tensile strained Ge can be derived. The absorption coefficient (a) at

a certain wavelength is related to responsivity (R) and reflectivity (r) of the device by

__ 1 [ 1240 R(4/W)
a=- ln[l T O ] (33)

where 16,=2.35um is the thickness of the Ge film, A is the wavelength in terms of nm,
and the reflectivity is shown in the inset of Fig. 3.6. The result is shown in Fig. 3.9 and
compared with the absorption spectrum of bulk Ge reported in Ref. [81]. The direct

transition energies from the top of the light and heavy hole bands to the bottom of
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- conduction bands were calculated with the deformation potential values reported in
Chapter 2, indicated by “Ih” and “hh” in the figure for the 0.20 and 0.25 % tensile
strained samples. These calculated values correspond fairly well to the absorption edges
of the experimental data. The absorption coefficient at 1620nm has been increased from
70/cm of bulk Ge to 265/cm for 0.20% tensile strained Ge and to 506/cm for 0.25 %
tensile strain Ge, a significant improvement by nearly an order of magnitude. The
absorption coefficient at 1550 nm has also been greatly enhanced from 840/cm of bulk
Ge to 3300/cm for 0.20 % tensile strained Ge and to 4570/cm for 0.25 % tensile strained
Ge. Such remarkable increase in absorption coefficients greatly improves the
responsivity of the Ge photodiodes. Therefore, tensile stréin has been demonstrated to

significantly improve the absorption and responsivity of Ge photodiodes on Si.

3.2. Selectively Grown Ge/Si p-i-n photodiodes [82] |

Selectively grown Ge photodiodes on Si are highly desirable for convenient
integration with Si CMOS devices. In this section, we present the fabrication process, J-V
characteristics, responsi(zity measurement and bandwidth measurement of a selectively

grown Ge photodetector on Si.
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3.2.1. Process Flow
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Fig. 3. 10 Process flow of selectively grown Ge/Si p-i-n photodiodes

Fig. 3.10 shows the process flow of fabricating selectively grown Ge/Si p-i-n
photodiodes. A 200 nm thermal oxide was grown on top of the Si wafer, and windows are
opened through the Si0; layer till the Si substrate is exposed (step 1). Smooth Ge
epitaxial layers with a root mean square roughness of ~0.7 nm (determined by atomic
force microscopy in a 10x10 um? area) were selectively grown directly in these windows
(step 2). A ~60 nm Ge buffer layer was grown at 335 °C followed by a high temperature
growth at 700 °C to deposit 2.35 um of Ge. The Ge layers were grown on boron doped p*
Si wafers with a resistivity of 0.001-0.005 € cm. The Ge epitaxial film was then
subjected tor a 900 °C anneal to reduce the threading dislocation density from 8.0x10%/cm?
to 1.7x10"/cm’. Due to the thermal expansion mismatch between the Ge epitaxial layer
and the Si substrate, 0.20% in-plane tensile strain was introduced into the Gé layer,
reducing the direct bandgap of Ge from 0.801 to 0.773 eV and extending the effective

photodetection range to 1605 nm. A low temperature oxide (LTO) is deposited on the
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whole wafer (step 3), followed by lithography and etching to open a window .on top of
the Ge mesa (step 4). A poly Si film is deposited on top of the wafer, implanted with
5x 10" /cm® phosphorus at 100keV with 7 degrees’ tilt, annealed at 650°C for 30 min to
activate the dopant, and then subjected to lithography and etching such that an #* poly Si
contact pad is defined on top of the intrinsic Ge layer (step 5). An 800 nm oxide layer
was deposited by plasma enhanced chemical vapor deposition (PECVD) on top of the
substrate (step 6), and contact holes are etched through the PECVD oxide to reach the n*
poly Si and the p* substrate (step 7). Then an Al layer is deposited and etched to make
metal pads that contact the n* poly Si and the p* Si substrate. The Al was sintered at
400°C in forming gas (N2/H,) for 20min to obtain ohmic contact with n” and p* Si. The
n" poly Si layer forms the n-type side of the p-i-n diode, while the p* Si substrate
naturally forms the p-type side of the device. No antireflection coating was deposited on
the devices. The entire device was fabricated using materials and processing that can be
implemented in a standard CMOS process flow.

A top-view micrograph of the device is shown in Fig. 3. 11. The electrode forms a
ground-signal-ground (GSG) configuration to accommodate the requirement of high
speed measurements. The center to center distance between Al pads is 100 pm. The two

ground pads are connected together to make sure they have equal potential.
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Fig. 3. 11 Top view of a selectively grown Ge p-i-n diode on Si

3.2.2 I-V characteristics

Fig. 3.12 shows the J-V characteristics of a 100pm-diameter diode before and
after metallization. The one before metallization was processed up to step 5 in Fig. 3. 10,
i.e.,, no PECVD oxide was deposited on top of the diode and no Al contact was used. The
device was measured directly by top and bottom contacts of probes to n* poly Si and p*
substrate, respectively. The result is shown in Fig. 3.12 (a). Compared to the blanket Ge
diodes mentioned in Section 3.1, the dark current is an order of magnitude higher. The
non-ideality factor increases from 1.2 to 1.8, indicating significant increase in
generation/recombination current. As the dislocation density is similar to the blanket
diode case, it is unlikely that such deterioration in diode performance is related to

threading dislocations.
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Fig. 3. 12 J-V characteristics of 100pm diameter selectively grown diodes before and after
metallization.
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Since the only major difference between the blénket and the selectively grown Ge
is that the latter has a side wall at the edge of the mesa, it is very likely that the iﬁcrease
in dark current is due to the surface recombination at the sidewall of the Ge mesas. This
notion is further supported by the J-V data after metallization, as shown in Fig. 3.12 (b).
After steps 6-8 shown in Fig. 3.10, the dark current of the selectiyely grown diodes
decreases dramatically by about an order of magnitude to the same level df blanket
diodes. In fact, after metallization steps the dark current density is about 30% smaller
than the blanket diodes. The non-ideality factor also decreases from 1.8 to 1.1, also a
dramatic improvement compared to non-metallized diodes and even a little better than
blanket diode cases (nl=l .2). During these metallization steps the processing temperature
was well below 500°C, while dislocation motion in Ge requires a temperature of >700°C.
.Therefore_, it 1s impossible that the threading dislocation density be decreased in these
processing steps. The Al deposition and sintering are also very unlikely to improve the
Ge quality by any means. HoWevef, in the PECVD oxide depo~sition (step 6) atomic H is
introduced due to the precursor gases used in the deposition. Since the deposition
temperature is low (~150°C), the H atoms could be trapped into the device structure and
help passivate the defects at the sidewall of the Ge mesas and threading dislocations.
Therefore, a dramatic decrease in the dark current and improvement in the non-ideality
factor is observed. As the J-V performance of metallized diodes is significantly better
than the non-metallized ones while only slightly better than the blanket diodes, it seems
the atomic H mainly helps to passivate the Ge mesa sidewall. This phenomenon suggests

that adequate H passivation can be used to decrease the dark current in Ge diodes on Si.
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3.2.3 Responsivity and Bandwidth Performance

The DC responsivity was measured with a monochromatic light source in the
wavelength range of 650-1650 nm on Ge photodiodes 100 pm in diameter. The light was
directed at normal incidence on the top surface of the device. The details of the

responsivity measurement set up were already described in Section 3.1.
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Fig. 3. 13 DC responsivity at 0 V and 2 V reverse bias in the wavelength range of 650-1650 nm
without antireflection coating. With 0.20% tensile strain in the Ge layer, the effective detection limit
of the device has been extended from 1550 to 1605 nm, covering the whole C band and a large part of
the L band. The DC responsivity already saturates at 0 V bias, a very desirable feature for low

voltage operation.

Fig. 3.13 shows the DC responsivity spectrum of the device at 0 V and 2 V
reverse bias. Note that the effective detection range is extended ﬁ-om 1550 nm to 1605

nm compared with bulk Ge. This is due to the direct bandgap shrinkage from 0.801 to
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0.773 eV induced by 0.20% tensile strain. Therefore, the device is able to effectively
cover the entire C band and a large part of the L band in telecommunications. The
responsivity of the device at 850, 980, 1310, 1550 and 1605 nm is 0.55, 0.68, 0.87, 0.56
and 0.11 A/W, respectively, without antireflection coating on the surface. The
responsivity could be further improved with strain enhancement by backside silicidation
and/or antireflection coating. The internal quantum efficiency in the wavelength range of
650-1340 nm was determined to be over 90%. The high responsivity over a broad
detection spectrum makes it not only applicable for telecommunication waveiengths
(1310, 1528-1605 nm), but for integrated optical interconnect wavelength (<1000 nm) as
well. The responsivity at 0 V bias is more than 98% of that at 2 V reverse bias over the
whole spectrum, indicating excellent carrier collection. As discussed in Section 3.1, this
is due to the existence of ~2kV/cm electric field in the intrinsic Ge layer even at 0 V bias,
so that the carriers can be collected well before they recombine at any defect center. The
ability of the device to operate at such low reverse bias is compatible with the
requirement of a low driving voltage of <1.5 V in Si ultra-large scale integrated circuits
(ULSI) [1].

The temporal response set up is shown in Fig. 3.14. For high-speed
characterization, a Tektronix 11801C digital oscilloscope with a SD-32 50 GHz sampling
head was used to measure the temporal response of the photodetectors to a mode-locked
Yb-fiber laser at 1040 nm [83]. The laser produces chirped pulses, which are
compressible to 70 fs. For these measurements, the uncompressed pulses of ~1 ps
duration were utilized. A 50 GHz ground-signal-ground (GSG) probe, a 50 GHz bias-T

and 3.5 mm microwave cables were used in the measurement circuit. If the detector could
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respond in no time and there is no RC delay in the circuitry, then we would see an
electrical pulse that is exactly the same as the optical laser pulse. Howevqr, due to the
response time of the detector and RC delay of the circuit, the pulse we measure on the
oscilloscope will be broader than the input optical pulse. But analyzing the response pulse

data, we can derive the response time and bandwidth of the photodetector.

26GHz Digital
Oscilloscope

Fig. 3. 14 Schematic diagram of the temporal response setup for photodetector bandwidth
measurement.

Fig. 3.15 (a) shows the temporal response of a 10x70 um photodiode at a reverse
bias of 1 V to the 1 ps-long pulses generated by the 1040 nm mode-locked fiber laser.
Because the laser pulses are much shorter than the response time of the photodetector, the
effect of laser pulse width on the measurement result is negligible. The resolution of the
measurement is 0.2 ps. The shape of the temporal response of the photodetector is mostly
Gaussian, with a small tail due to the carrier diffusion process. The full width at half

maximum (FWHM) of the response pulse is 46 ps. To obtain the frequency response, a
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Fourier transform of the pulse was performed without de-convolving the RC delay of the

measurement circuit, and the result is shown in the inset of Fig. 3.15 (a).
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Fig. 3.15 (a) Temporal response of a 10x70 um’ Ge/Si photodetector at a reverse bias of 1 V to ~1 ps-
long pulses generated by a mode-locked Yb-fiber laser at 1040 nm (black line). The gray line shows
the Gaussian fit to the pulse. The full width at half maximum (FWHM) is 46 ps. The inset of the
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figure shows the Fourier transform of the pulse, which gives a 3 dB bandwidth of 8.5 GHz. (b) The 3
dB bandwidth of the device as a function of reverse bias. The full bandwidth is achieved at a low
reverse bias of 1 V, which is very compatible with the low driving voltage requirements (<1.5V) of Si
ULSI.

We obtained a 3 dB bandwidth of 8.5 GHZ, indicating that the device is suitable for a bit
rate of 12 Gb/s [84].—‘ Note that this is a relatively conservative estimate, since a small
portion of the pulse broadening is actually contributed by the measurement circuitry
instead of the detector itself.

Theoretically, the 3 dB bandwidth is determined by the carrier transit time and RC
delay of the device. The transit time limited bandwidth is given by [85]

0.44v,,
f;ransir = W =

(3.3)

2

where v, is the saturation drift velocity in Ge, and W is the thickness of the intrinsic Ge
film. With v, =6.0x10° cm/s [79, 80] and W =2.35 um in our case, one calculates

Sovansie =11.2 GHz. The RC limited bandwidth is given by:

1

Jre

With a load resistance R=50 Q and the capécitance of the device C=0.18 pF, f; is

determined to be 17.7 GHz. The 3 dB frequency of the device can be estimated by

1
- , 3.5
f;dB \/l/ftrzansir + 1/.}(‘RZC ( )

and it is determined to be 9.5 GHz, using the results of Eqgs. 3.4 and 3.5. The calculated
result is very close to the measured 3 dB bandwidth of 8.5 GHz. Fig. 3b shows the
bandwidth of the device as a function of the reverse bias. .The full bandwidth is achieved

at a low reverse bias of 1 V, which is very desirable for low voltage operation in Si ULSIL
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The bandwidth of the device is mainly limited by the transit time, which can be improved
by reducing the film thickness. This is especially applicable for waveguide-integrated Ge
detectors, in which-the thickness of the Ge can be reduced to ~500 nm and the transit
time limited bandwidth can be increased to ~50 GHz. Also, in the current device about
80% of the capacitance is due to the 50x50 um? Al pads on SiO;. In waveguide-
integrated photodetectors these large pads are no longer necessary in every detector

device, so the RC limited bandwidth can also be greatly improved.
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Fig. 3.16. Temporal response of the 10x70 pm’ Ge/Si photodetector device at 1550 nm

Fig. 3.16 shows the temporal response data measured with a 1550 nm mode-
locked Er fiber laser. The measurement circuit set up is the same as Fig. 3.14, except that
the incident wavelength is centered at 1550 nm instead of 1040 nm. Compared to the

result we measured at 1040 nm, the rise time (the time it takes for the pulse to rise from
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10% of the peak intensity to 90% of the peak intensity) is almost the same (~20 ps), while

the decay time is much longer.

1E421 | . 1E+08
1E+20 | {7 2
o
S1EHY | 119 o
S F1E05 oo
E | 1B+04 @
1E+17 | i o
= LIE o
STk, L1 S
1EH5 | L 1E401 o
1E+14 | 1E+00
0 05 1 15 2 25 3
Depth (microns)
(a)
7 8 —
PR - k S g
= 1= ‘e 5 =3
S 100 = £
S— . .
= Low Field Region near
A Ge/Si(100) interface \
p—
- —
= 10 ov
0 e 1. 'f
5
-
Q]
L
73
00 05 1.0 15 20 25
Depth (um)
(b)

Fig. 3.17. (a) Doping profile from SIMS analysis, and (b) Electric field distribution in the Ge layer at
0V and 5V reverse bias calculated from the doping profile. ‘
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The bandwidth obtained from the fast Fourier transform (FFT) of the temporal response
1s ~2.5 GHz at >3V reverse bias. Since the results are measured on the same device, the
difference between the measurement at 1550nm and 1040nm cannot be due to the RC
delay. From the doping profile shown in Fig. 3.17 (a), we calculate the electric field
distribution in the Ge layer. Because of the B diffusion tail from the p* Si substrate to the
Ge layer, there is a low electric field region at the interface of the Ge film and the Si
substrate. Due to the low field, photon-generated carriers in this region have to diffuse
into the depletion region before they are collected, which is much slowér than the drift
process. This is especially the case for electrons, since the n* electrode that collects
electrons is about 2 um away from the Ge/Si interface. As the absorption coefficient of
Ge at 1040 nm is as high as 16000/cm [86] and the thickness of the Ge layer in front of
this low field region is ~2 um, only about 4% of the light can reach the low field regime
at the Ge/S1 (100) interface in the temporal response measurement at 1040 nm. Therefqre,
the slow carrier diffﬁsion around the Ge/Si (100) interface only contributes to a small tail
in the temporal response spectrum in Fig. 3.15(a). In the case of 1550 nm illumination,
however, about 50% of the light can reach thev Ge/Si (100) interface since the absorption
coefficient of 0.2% tensile strained Ge at 1550 nm is 3300/cm, much smaller than that at
1040nm. Therefore, the slow carrier diffusion process near the Ge/Si (100) interface
contributes a lot more to the whole response spectrum compared to the case of 1040 nm
illumination, and a long tail in the diode’s temporal. response at 1550 nm is observed in
Fig. 3.16. Comparing the response of the detector in the time domain at 1040 nm and
1550 nm, we estimate that the delay due to carrier diffusion around the Ge/Si interface is

about 160 ps. Since the low electric field layer around the Ge/Si interface is about 200
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nm thick, the diffusivity is estimated to be ~2.5 cm* V sec. Such a low carrier diffusivity
could be due to the scattering of defects in this layer, since it includes the low
temperature buffer layer grown at 335 °C which has a dislocation network. The fact that
we can still collect carriers generated in this region also implies that the carrier lifetime in
this region is greater than 160 ps despite of the high dislocation density.

Clearly, B diffusion from the Si substrate has to be suppressed in order to get rnid
of the slow carrier diffusion process at 1550 nm. Based on the diffusion coefficient of B
in Ge [87], we calculated that the B diffusion during the 700°C growth is only less than
20 nm, while the B-diffusion during 900°C 1h annealing is as much as 350 nm. Therefore,
the most effective method to reduce the B diffusion is to decrease the annealing
temperature. For example, an 850°C 1h annealing also helps to get rid of the dislocations
and point defects in the Ge layer, while the B diffusion length is <100 nmv under this
annealing condition. Another way is to use rapid thermal processing (RTP) instead of
furnace annealing. For example, a cyclic RTP between 850°C and 650°C with 10 cycles
and 30 sec duration at each temperature point has also been proved to remove the defects
in the Ge layer, while the total B diffusion length can be reduced to ~30 nm. To sum up,
the bandwidth performance of the photodetector at 1550 nm could also be improved to

~8.5 GHz by controlling the doping diffusion during the processing.

3.2.4. Signal-to-Noise Ratio Considerations [88,89,90]
One concern about Ge photodetectors is that the signal-to-noise ratio may be
adversely affected by the relatively large dark current as a result of higher intrinsic carrier

and dislocation density in the Ge layer compared to III-V materials. In state-of-the-art
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digital circuits, a bit error rate (BER) of <10 is required. In this section we will analyze
the signal-to-noise ratio (éNR) of our selectively grown Ge/Si photodetector, and
calculate the required input optical power for a BER of <10™? as a function of clocking
frequency (foock) In an digital integréted circuit. The detector noise is mostly from three
sources: thermal noise (I;), shot noise (I5) and dark current noise (I5). As the noises are
random in nature, the total noise is given by
I =+ +1; (3.6)
Thermal noise, also known as Johnspn or Nyquist noise, is caused by the random
motions of carriers in resistors at finite temperatures. These motions give rise to a random
electric current even in the absence of an external electrical power source. Any resistor in
series with the photodetector such as the junction resistance (R;), series resistance (R;) or

the load resistance (R;), can give rise to the thermal noise. In our detector we have

R=30Q and R;=50 Q. Therefore

2 _ _1_ i _ %1072 2
P (£ N | RO

s 1
Note that thermal noise has nothing to do with the dark current and it is always present
since series resistance is inevitable aﬁd load resistance is required in a transceiver circuit.
At f,...=8.5 GHz (the 3dB frequency of the detector) we have 1,=2.7 ud from Eq. 3.7.
Shot noise i1s due to the fact that photons arrive at a photodetector at random
Intervals, As a result; the signal has some variation with time. The higher the clocking
frequency or the smaller the time interval we are looking at, the more fluctuations we see.

Assuming an input optical power of P, , and considering a DC responsivity of 0.56A/W

at 1550nm and the frequency response of the detector R(f)in Fig. 3.15, we have
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]sz = Zef;lockR(.fclock)Bn (38)
With P, =0.1 mW and f, ,=8.5 GHz, we have I =0.33u4.

The dark current noise is due to the random generation of electron/hole pairs in

the depletion region. In our device the dark current at -1V is 0.8 x4 . So we have
It? = 2ef;‘lac'k[dark = 26 X 10-25 .fclock (A)Z (39)

With f,, ., =8.5 GHz we have I, =0.047u4 . From the analysis above, we find that the

lock
- noise related to dark current is 1-2 orders of magnitude smaller than the thermal noise
and shot noise of the circuits. Therefore, the noise due to dark current can be neglected.

The signal-to-noise ratio is given by

; |
SNR = £, (3.10)

tot

where 7, is the photocurrent and 7, is the total noise current. The BER is related to

SNR by

1 -SNR%/2

BER ~ —
27 SNR

3.11)

Fig. 3.18 shows the required input optical power of our Ge/Si phbtodetector for a
BER of <10'? as a function of clocking frequency (fiock) in a digital integrated circuit.
Only 60 pW input power is needed for 10 GHz operation. Thev optical power available in
telecommunication network is in the order of mW. Therefore, the Ge/Si detector is
applicable in the state-of-the-art telecommunication network in terms of bandwidth,

power consumption and bit error rate.
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Chapter 4: Design of Waveguide-Integrated GeSi
Electro-absorption Modulators and Photodetectors

In the previous chapter we focused on discrete photodetectors for free space light
coupling. However, electron-photonic integrate circuits (EPIC) requires the integration of
waveguides with modulators and photodetectors on a single .chip. In this chapter we
present the design of Gel-;Six electro-absorption (EA) modulators and photodetectors
integrated with Si waveguides. We first begin with the Franz-Keldysh (FK) effect in Ge
and GeSi material, including an experimental study on the Franz-Keldysh effect in
epitaxial Ge films on Si and its comparison with the theoretical results predicted by FK
theory. We then discuss the figure of merit (FOM) of the electro-absorption (EA)
modulator material and present a composition design of the Ge;,Six material for optimal
EA modulation around 1550nm. Finally, we design a butt-coupling scheme from
Si(core)/Si0,(cladding) waveguide to the GeSi EA modulator or photodetector. Device

dimensions are optimized for the optimal overall performance.
. 4.1 Franz-Keldysh Effect in Ge and GeSi materials

4.1.1 Physical Model of Franz-Keldysh Effect

| We have briefly discussed the effect of electric field on the dielectric function of
semiconductor materials in Chapter 2 to explain the physical principles of
photoreflectance (PR) measurements. In fact, the PR measurement result itself already

indicates that Franz-Keldysh (FK) effect is present in epitaxial Ge film on Si. Here we
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present some more detailed discussions on the FK effect, especially the derivation of

absorption coefficient as a function of electric field and photon energy.

T ! T T T T
—— With Electric Field
=~~~ Without Electric Field e

Fig. 4. 1 Schematic diagrams showing the physical principle of Franz-Keldysh effect (left) and its

effect on the absorption spectrum of a semiconductor material (right).

The left hand side of Fig. 4.1 schematically shows the wave function of the
conduction and valence bands in the presence of an electric field. An important feature is
that the evanescent tails of the wave functions in the conduction and valence bands
significantly extend into the band gap due to the electric field, meaning the electrons and
holes have a certain probability of tunneling into the band gap. Due to this tunneling

process, even the photon energy (2 ) is smaller than the band gap (E, ) it still has a

chance to excite an electron from the valence band to the conduction band in the presence

of an electric field. Therefore, for photon energy iw <E, the absorption coefficient

increases with the applied electric field, as shown in the right hand side of Fig. 4.1. On

the other hand, for Aiw >E, the possibility of transition is related to the overlap of the
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oscillating wave functions inside the conduction and valence bands under a given electric
field and a photon excitation of #® . Due to the interference of the electron waves in the

conduction and valence bands, the transition is enhanced for some photon energy, while

reduced for other photon energies for 2w >E, . It is very much like a Fabre-Perot effect

in optics. Therefore, for 2w >E, the absorption coefficient oscillates as a function of

photon energy. This is the so-called Franz-Keldysh oscillations. On the whole, one can
expect an absorption spectrum change shown on the right hand side of Fig. 4.1.

For a quantitative study on the absorptiqn coefficient vs. electric field, we
consider the Schrédinger’s equation of an electron-hole pair in the presence of an electric
field [91]. For simplicity we assume a uniform electric field along the z direction in the
derivation. This is a fairly good approximation, for a p —i —n diode structure is usually
used to apply a high and nearly uniform electric field in the intrinsic region; énd the
electric field is perpendicular to the surface of the device. We also assume the effect of
the applied electric field dominates over the exciton effect related to electron-hole
interactions, so that we can neglect the Coulomb potential of electron-hole interaction in
the derivation. We further focus our considerations on the electrons and holes near the
band edges of the conduction and valence bands since they contribute the most to the

band-to-band transitions. Now we have

(_ 2’: ,. -522—2 + er)¢(z) = E,4(z), | (4.1)

where m, =m,m, /(m,+m,) is the reduced effective mass of electrons and holes. The

total energy E is given by
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2
Ezh—(kf+kj)+Ez. | (4.2)
2m,

To solve Eq. 4.1, we change the variable

1/3
zz(z”;rfF) (z— EF) (4.3)
- é.

Therefore, Eq. 41 transforms into

d*$(Z) .,
i~ Z#(2)=0. (4.4)

This is a classical differential equation and the solutions are the Airy functions A4i(Z)
and Bi(Z). Because the wave function has to decay as z approaches +oc, 4i(Z) has to

be chosen. Under the normalization condition
[, @), (2)dz=S(E,, - E,,) (4.5)
and continuous requirement of the wave function, we have the solution

2m " 1 f(2meF\"( E, |
. '(rf) (eF)® A{( 3 J (Z eFﬂ' o

Therefore, the total wave function is

i(kex+k,y)

Venp,(F)= E—J—Z—%z (2), 4.7

where A is the area. On the other hand, it can be derived from Fermi’s Golden Rule that

the absorption coefficient is given by

2

e Ep . s
a(w)z——w2|¢n(r=0)| S(E,+E, - hw). (4.8)
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where n, is the real part of the refractive index of the material, and E, is a constant
related to the transition matrix element of the material. E, =26.3 eV for Ge [27].

Substituting Eq. 4.7 into 4.8 , we have

me’E dE. ek |
a(w) = ———L2 hitat-3 e‘ cx+kyy) z 2 _S(E +E +E. —hw), (49
( ) 3nl,C80m0w ;; J. A | ¢Ez( ) |x,y,z—0 ( t 2 g ) ( )

Rk + kD) Bk

where E, = 5 3 is the kinetic energy in the transverse plane (x-y plane).
m, m,
Since
1 d’k m
LI - "M (aE 4.10
Ak%:} -[(27z)2 27k’ -[ ' (4.10)
we have

’E
a(0)=——2—| " \[[dE dE, | ¢, (z=0)] 8(E, +E, + E, — ho)
6n,ce,mh” \ m,

I

e’E m_ @ Ee
. ( JdE , |$; (z=0)]

6n,ce,0oh’\m, ) “«
e’E, m, ' E (2m, )71 Sl 2m,eF \'" E,
= 2 IdE: 2 173 Ai - 2 z- :
6n,ce,oh’ \m, | -« h (eF) n eF
4.11)
22 E, -ho
Let 76, = heF , T=-— E, , n=—% , we find the integral is equal to
2m, hé, ho,
eZE zm 3/2 '
a(w)= £ 4 RO |- ndi*(n) + 4i* ()|, 4,12
(@) 12n,ceomow( - j Ji6, [~ 74i* () + 4i* ()] (4.12)

where Ai' () is the derivative of Ai (7).
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Eq. 4.12 quantitatively describes the effect of electric field on the absorption of a
semiconductor matérial. Note that this equation only considers electron-photon
interaction, so it is only suitable for direct gap transitions. It also neglects the exciton
effect, which could be significant for photon energies slightly larger than the direct band
gap. In the case of Ge and GeSi, though, we are indeed mostly interested in the FK effect
of the direct gap because its magnitude is about three orders higher than that of the
indirect gap [92,93], and the wavelength regime we are interested in (1520-1650 nm) is
much closer to the direct gap (~1550-1610 nm depending on the tensile strain) than the
indirect gap (~1900 nm, less sensitive to the strain than the direct gap). Further, we are
mostly interested in the FK effect in the weakly absorbing regime of Ge and GeSi, where
the photon energy is smaller than the direct gap. This is because this regime will see a
significant relative change in the absdrption coefficient under the applied electric field

due to the low absorption background at 0 electric field and high sensitivity of absorption

to electric field in the tunneling process for #w < E, . The exciton effect in this region is

much smaller than that around the band edge. Therefore, this model can be applied to
calculate the electro-absorption modulation in the weakly absorbing regime below the

direct band gap of Ge.

4.1.2 Franz-Keldysh Effect in Tensile Strained Ge

Franz-Keldysh effect of the direct band gap in bulk Ge materials has been studied
by several authors [92,93, 94;95,96]. Both the absorption enhancement below the direct
band gap and the FK osciilétions above the direct band gap have been observed. The

experimental results generally agree with the FK theory, but in some cases the FK theory
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is not quantitatively consistent with the experimental data due to the neglect of the
exciton effect. To study the FK effect in our tensile strained Ge/Si, p-i-n diodes similar to
those mentioned in Chapter 3 are fabricated. The only difference is that the Ge thickness
is decreased to 1.3 um so that a significantly large electric field can be applied to the
intrinsic Ge layer at a reasonably low reverse bias. The tensile strain in the Ge layer is
0.193%. The residual doping level in the intrinsic region calculated from C-V data was ~
10'® cm™, or about three orders of magnitude lower than the n" phosphorus and the p*
boron doping levels. Accordingly, the Ge layer is fully depleted and the electric field
under applied reverse bias was nearly uniform in the Ge epitaxial layer. To obtain the
absorption coefficients under different electric fields, wé measure the responsivity of the
diode at different bias and derive the absorption coefficient with Eq. 3.3. The relation
between electric field and applied reserve bias is calculated using a one dimensional
finite-difference simulator. The calculated result is shown in Fig. 4.2. The biases used in
| the experimental study are marked by the black squares in the figure. It is clear that with
a bias of <5V we can achieve a large electric field of 70 kV/cm. Such a high level of

electric field should induce significant FK effect according to Eq. 4.12
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reverse bias calculated by a one dimensional finite difference simulator. The black squares indicate
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biases. (b) The derived absorption coefficient at different biases.
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The responsivity at different biases of a 300pm-diameter diode is shown in Fig.
4.3(a). At 0.5-5V bias, one can clearly see that as the bias increases the responsivity is
enhanced at some wavelengths, while reduced at other wavelengths. For example,
compared to the responsivity measured at 0.5V reserves bias, the one measured at 5V
reverse bias shows an increase in responsivity for 1570-1650nm, a decrease for 1520-
1569 nm, and an increase again for 1475-1520nm. Note that this phenomenon is
obviously not due to the enhancement in collection efficiency at higher bias, because in
that case the responsivity should be enhanced at all wavelengths instead of being
oscillated. The derived absorption coefficients at different biases are shown in Fig. 4.3b.
The experimental results we observed is consistent with the features of the FK effect
described previously, i.e., the absorption increases below the band gap and oscillates
above the band gap.

The Franz-Keldysh effect in tensile strained Ge can be modeled with the theory
we described in Sec. 4.1.1. In this model, we mainly consider the FK effect of the direct
band gap of Ge, because it dominates the absorption in the wavelength range we are
interested in (1450-1650nm). As the light and heavy hole bands become non-degenerate
under tensile strain, the absorption coefficient of the direct gap is modeled with a

modification of Eq. 4.12:

CE 2m, , " , .
a(w) = L {( r’U] \/heF,m [_771;,‘4’2(771;1)"’14’2(771;1)]‘*‘

12n ceymyw

o 312 | )
( L ) h‘gp,hh [- UhhAlz(Uhh) + Ai 2(77/1/1)]}
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222" E' -ho
1o, =(h el ] and 77, = —%£———. (4.13)
zmr.hh heF,hh

This is because the absorption from the direct gap is a combination of the transitions from

the light and heavy hole bands. The material constants of Ge are: E, =26.3elV
E} =0.773¢V , E}* =0.785¢V , m; =0.038m, (note that this is the electron effective

mass at I" valley instead of L valley), m, =0.043m, and m,, =0.33m, [27]. The FK

effect of the indirect gap is three orders of magnitude lower than that of the direct gap
and can be neglected in the modeling [92,93]. The contribution of the indirect gap to the
absolute absorption coefficients in the wavelength range of 1450-1650 nm is not
negligible, though, and it is obtained by extrapolating the experimental data in Ref. [92].
The total absorption coefficient is a sum of the contribution from the direct and indirect
band gaps of Ge. |

The calculated absorption spectra under different electric fields are compared to
the experimental results in Fig. 4.4. The theoretical and experimental results are in
reasonable good agreement with each other. The calculated absorption coefficient is
slightly less than the experimental results right near the heavy hole band gap E ;" . This is
probably because we did not consider the exciton absorption in our model, which could
be significant near the band edge. This is not a big issue for our purpose, though, since

we are more interested in the wavelength régime of >1600 nm to obtain low background

absorption for the modulator device, as will be discussed in the next section.
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Fig. 4. 4 Comparison of the absorption spectra of tensile strained Ge at different electric field with

theoretical calculations.

4.1.3 Figure of Merit of Electro-absorption Modulator Materials.

In this section we will discuss what material parameters should we optimize for
an EA modulator. Two most important characteristics of modulators are the insertion loss
and extinction ratio. Insertion loss refers to the loss of optical power at the optical “on”
state in terms of dB. At optical “on” state the modulator is supposed to be completely
transparent to light, but due to the material absorption, the scattering loss associated with
the surface/sidewall roughness of the modulator, and/or the optical mode mismatch

between the waveguide and modulator, there could still be some loss at optical “on” state,
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leading to a non-zero insertion loss. Since we focus. on the material properties in this

section, we only consider the contribution of the material absorption loss. Therefore,

Insertion loss(dB) = —101g(e™ %) = 4.343¢,,L, (4.14)
where «,, is the absorption coefficient of the material at the optical “on” state and L is

the length of the device.

Extinction ratio refers to the ratio of the output optical power from the modulator
at optical “off” state (opaque state) to that at the “on” state (transparent state) in terms of
dB. In the case of EA modulator, the absorption coefficient of the modulator material at
the operating wavelength is enhanced by applying a larger reverse bias at optical “off”
state compared to “on” state, so less light comes out of the device at “off” state than “on”
state. The higher the extinction ratio, the larger the difference in output power between

“on” and “off” states, and the higher the signal-to-noise ratio. It is easy to derive that

~ayrL

e %y L

Extinction ratio(dB) = —IOIg[e ] =4.343(a,; ~a,,) = 4.343Aa (4.15)

Obviously, we need a modulator with low insertion loss and high extinction ratio.
Therefore, a basic figure of merit for an EA modulator material can be expressed as:

_ Extinction Ratio A«

basic —

FOM (4.16)

Insertion loss a

We call it “basic FOM” because it has not considered other important factors of the
modulator yet, like bandwidth, power consumption, etc. Note that given the same applied
electric field at the optical “off” state, this basic FOM is only related to the optoelectronic

properties of the material if we do not consider coupling loss. Therefore, it can be used as
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a useful guide for the choice of an EA modulator material working at a certain
wavelength.

For maximum Aa/e,, we need a small ¢, and a large Aa . For a small «,,
~ we would like to work at a weakly absorbing regime where Ao < E ; , so that only the

indirect gap contributes to a relatively low background absorption. For a large Aa , iw

has to be close to the direct band gap (£ ; ) since the FK effect is most significant around
the band edge. Therefore, we expect to see a maximum Aa/«,, at a photon energy

slightly smaller than the direct band gap. Fig. 4.5 plots Aa/«,, of 0.193% tensile
strained Ge as a function of wavelength from both experimental results and theoretical
calculations. Here at “‘on” state the reverse bias V,, = 0.5 V (F=14 kV/cm), while at “off”

state the bias ¥,, =5 V (F=70 kV/cm). As shown in the figure, both the theoretical and

experimental results show that Aa/c«,, is optimized at ~1647nm. As expected, the

corresponding photon energy is 0.753 eV, slightly smaller than the direct gap of 0.193%
tensile strained Ge (0.773 eV). The theoretical calculation predictsv an optimal Ax/«a,, of
3.1, while experimental result demonstrates a Aa/a,, of ~2.7, in reasonably good
agreement with the theoretical prediction. This result indicates that the approximations in
Eq. 4.12 and 4.13 are applicable to predict thé basic FOM of tensile strained Ge as an EA
modulator material. By comparison, the bulk Ge material can only achieve a Aa/«,, of

~1.1 at 1647 nm [92]. This is because the strain shifts the direct band edge closer to 1647
nm and the FK effect of the direct band gap exerts more influence at this waveléngth.

From Fig. 4.5 we can see that the 0.193% tensile strained Ge has a A/, of >2 in the
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wavelength range of 1633-1660nm. Therefore, an EA modulator device made of this
material can achieve an extinction ratio of >8dB at the cost of 4dB insertion loss in this
wavelength range. From the results above, we can conclude that tensile strained Ge is a

good candidate material for EA modulation in the L-band of telecommunications.

3.5-
1| = Calculated
3.0 Experiment
2541 Ac=a(70kV/em)-a(14kV/em)

2.01
1.54
1.0
0.54
0.0
-0.54
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1400 1450 1500 1550 1600 1650
Wavelength (nm)

Fig. 4. 5. Experimental and theoretical Aa/a,, vs. wavelength for 0.193% tensile strained Ge material

4.1.4 Material Design of Ge,_Si, for Optimal EA Modulation Properties at 1550nm
For telecommunications 1550nm is the most interesting wavelength because it has
the lowest transmission loss in SiO; optical fibers. As discussed in the previous section,
tensile strained Ge is most suitable for optical modulation at in the wavelength range of
1633-1650 nm and is not adequate for applications at 1550nm. To optimize the
.performance of the material at 1550nm, we must shift the band edge of the Ge to higher
energy (shorter wavelength) by doping a small amount of Si. From Eq. 4.13, we can see

that the band gap, the refractive index, the effective masses and the transition matrix
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energy E, are needed to calculate the absorption coefficient of Ge14Si, under the electric
field. Next we will have a detailed discussion on these basic material parameters of Ge;.
xSix.

The direct gap of Si at room temperature is 4.06 eV, and the direct gap of Ge;.xSix

alloy can be linearly interpolated between Si and Ge by Egr (Ge,_.Si,)=0.80+3.26x

[97,98,99]. For example, with 2% Si incorporation the direct band gap of zero-strained
GeSi can already be shifted from 0.800 to 0.865 eV, which corresponds to a wavelength
shift from 1550 to 1428 nm. Therefore, addition of less than 2% Si can already
significantly modify the absorption of Ge in the C and L bands. A Ge;.xSiy alloy with

dilute Si doping (x<2%) is our candidate material for the EA modulator operating at

1550nm. The indirect bandgap shift for x<15% is given by: EgL (Ge,_,Si.)=0.66+1.2x

[100,101]. The indirect band edge shift would modify the absorption coefficient at optical
“on” state since it is mainly due to the indirect gap absorption. Compared to the shift of
the direct gap, the indirect gap shift is much less at the same Si content. Therefore, the
direct and indirect gaps become further and further apart with the addition of Si, which
deteriorates the optoelectronic properties of the material since it becomes more and more
like an indirect gap material. With the interpolation of band gap described above, we can
calculate the effect of Si composition on the band gap of Ge;..Six material.

To calculate the band gap of Ge;.Six, we also have to take into account the effect
of tensile strain. As the GeSix materials with x<0.02 has almost the same thermal
expansion coefficient as pure Ge [102], the thermally induced tensile strain in the blanket
epitaxial Ge;.xSi, material is also ~0.2%, as confirmed by our XRD studies on blanket

Ge,.,Six films with Si composition x<5%. When we make a Ge;..Six modulator device, it
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is selectively grown in an elongated rectangular window defined on the Si substrate. This
method enables an easy coupling with low loss Si waveguides, as will be discussed in
more detail in the next session. The shape of the device is elongated because we need a
sfnall cross-section (<1x 1 um®) to keep the device single mode, while it has to be long
enough (tens of um) to achieve a high enough extinction ratio. As we have discussed in
Chapter 2, Section 2.2, due to the faceting induced elastic strain relaxation such structures
are strained in the longitudinal direction while almost fully relaxed in the transverse
direction. The strain in the longitudinal direction remains similar to the blanket film when
the length is > 50 um. Such an anisotropic in-plane strain in the structure is very different
from the isotropic in-plane strain in the blanket Ge;xSiy, and it affects the band structure
differently. Due to kinetic reasons, faceting during the Ge selective growth can be
suppressed if the growth rate is fast enough. It has been reported that no facets were
formed during the Ge growth by reduced pressure chemical vapor deposition (RPCVD)
when the growth rate exceeds 1600 nm/h [103]. The maximum Ge growth rate we can
achieve in our UHV-CVD system is ~500 nm/h, and it has been reported that at this
growth rate faceting still occur during the growth [67]. Therefore, we consider that our
Gél.XSiX grown in an elongated rectangular trench would have ~0.2% strain along the
trench direction while almost relaxed in the transverse direction. In device fabrications,
trenches defined by lithography are usually along the <110> direction, because the flat of
the Si wafer is cut along the <110> direction and it is used to align the wafers in the
lithography. So now we will consider the band structure modification due to a ~0.2%

tensile strain along the [011] direction of Ge; Six. Let us call the longitudinal strain ¢, ,

transverse strain &, and the strain perpendicular to the substrate £, . We have ¢, ~ 0.2%,

116



and &, ~ Odue to the strain relaxation in the transverse direction. Since the film is free to
expand in the vertical direction, the stress perpendicular to the film
o, =(C,e, +C,e,+C16,)=0 . Therefore | we have
£, =-C,(¢, +&)/C, ~-C,¢,/C,. In this case, the light hole, heavy hole and split-off
band gaps are given by [31]

E,(Iln)=E,(0)+a(s, + & +£l)—1/4[(5Em)2 +3(5E,“)2f’2 —1/4(SE +30E,;,)* 1 Ay ;
E (hh)=E_(0)+a(e, + &, +&,)+ 1/4[(5E,00)2 +3(6Em)2]”2 ~3/32(6E,y, — OE,,,)* 1 A,

E'(s0) = EN(0)+ Ay +a(e, + &, +,) +1/4{(0E,00)? +3(3E,,, )2 | * +3/32(3E,0 — 6,1, ) 1 A,

where OF,,, =2b(g, + &, —2¢,) = 2b(1+ 2C,,/ C,,)¢, , and

d (C.,-C.)C,+2C
5E,H:(d/\/E)(SM/Su)glz(d/ﬁ)(SM/Sn)(—cnaL/c,l)=7_3—( 1 Z*)(c” lz)sL
4411

(4.17)

In Eq. 4.17, E gr (0) is the direct band gap of the material with no strain, d is the

devitorial deformation potential in <I11> direction, C,, is an elastic constant matrix

-C, .
element, S,,=1/C,, and S, = 12 are the compliance constants, and

(G, -G, )G, +2C)
the definition of other parameters are the same as Eq. 2.1.

Although we do not know the deformation potential of the direct gap of Ge; . Six
alloy with x<0.02, it is a good approximation just to linearly interpolate between the
deformation potentials of the direct band gaps of Ge .and Si, as well as the elastic

constants [102]. The deformation potential constants of the direct gap of Si are a(S7)=-
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5.1 eV, b(Si)=-2.2 ¢V and d(Si)=-4.8 eV. [47]. From our study in Chapter 2 we have
determined a(Ge) =—-8.97¢eV and b(Ge) = -1.88¢eV, and d(Ge) =—-4.7eV from literature
[47]. Using linear interpolation we have | a(Ge,_,Si ) =-(8.97-3.87x)eV ,
b(Ge,_ Si,)=-(1.88+0.32x)eV , and d(Ge,_Si))=—(4.7+0.1x)eV . The elastic
constants of Ge,Six are given by C (Ge_Si)= (128.53+37.27x)eV
C\.(Ge,_ Si.)=(48.26+15.64x)eV , C,(Ge_.Si,)=(66.80+12.80x)eV . Substituting
these deformation potential constants and elastic constants into Eq. 4.17, we can evaluate
the band gap shift of Ge;Six due to strain.

To calculate the absorption coefﬁc-ient with Eq. 4.13, we also need the refractive‘

index, effective masses and transition matrix energy £,. The refractive index of Ge.,Six

can be interpolated as n,(Ge,_ Si, )=4.10-0.64x [104]. For x<0.02 the effective masses of

electrons and holes .of Ge,_ Si, is indistinguishable from those of pure Ge from the

experimental reports so far [105]. Therefore we just use the effective masses of pure Ge
in our modeling. The transition matrix element parameter of the direct gap of Ge;,Six

alloy is not reported in literature. However, from k-p theory we have [106]:

m E E
p| 1 1 LI PR Y (4.18)

; + +
m (T) 3\ EYany EY ) EL —
e g (M) E () E (s0) 35T
g
where m,(I') is the electron effective mass at I" valley, E ; (so) is the energy gap of the

split-off band, and

ot (4.19)
i E (lh) E, (hh) E,(s0)

Rearranging the equation we get
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o P . 4.2
L ) (4.20)

This equation has been shown to agree fairly well with the experimental results of most

group IV and III-V semiconductor materials [106]. Since the electron effective mass

m,([) of Ge | _  Si is nearly the same as pure Ge when x<0.02 and we can

X X

calculate E;r (Ge,_,Si,) as a function of Si composition and strain, E,(Ge,_,Si,) can also

be easily obtained.

4.07 Aa=a(100kV/cm)-a(10kV/cm)
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Fig. 4. 6. Aa/ a,, as a function of wavelength for different Si compositions assuming an applied

electric field of 100 kV/cm at optical “off” state and 10 kV/cm built-in electric field under 0 bias at
optical “on” state. '

Now that we have obtain all the material parameters required in Eq. 4.13, we can

model the FK effect in dilute Si-doped, 0.2% tensile strained Ge,__Si_alloy (x<0.02). Fig.

=X x
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4.6 plots Aa/a,, as a function of wavelength for different Si compositions assuming an

applied electric field of 100 kV/cm at optical “off” state, and a built-in electric field of 10
kV/cm under 0 bias at optical “on” state due to the p-i-n diode structure. By increasing
the Si composition from 0.5% to 1.1%, the 6ptimal operating wavelength (i.e., the

wavelength at which Aa/«,, is maximized) shifts from 1570 to 1530nm. The magnitude
of the peak Aa/a,, decreases with the increase of Si content. This is because the

addition of Si increases the difference between the direct and indirect band gaps and the
material is more and more like an indirect band gap material. Therefore, the indirect gap
absorption becomes more dominant and the influence of the FK effect of the direct gap

on the absorption coefficient change is reduced.

3.4 Ac=a(100kV/cm)-a(10kV/cm)
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Fig. 4.7 Aa/ &, at 1550 nm vs. Si composition assuming an applied electric field of 100 kV/cm at
optical “off” state and 10 kV/cm built-in electric field under 0 bias at optical “on” state.

As we are most interested in the performance around 1550nm, Fig. 4.7 plots

Aala,, at 1550 nm vs. Si composition in the 0.2% tensile strained Ge, _Si_ alloy. It was

on

found that a Si composition of 0.7-0.8% is optimal for maximum Aa/«,, at 1550nm.
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The peak Aa/a,, value is ~3.0. Therefore, we can achieve ~12 dB extinction ratio at a

cost of ~4 dB insertion loss with an electric field of 100 kV/cm at optical “off” state if the
coupling loss can be engineered to be much smaller than the material absorption loss. It is
also interesting to know the absolute value of the absorption coefficient of the material at
1550 nm, since it determines how long the device should be. Fig. 4.8 plots the absorption
coefficient at 1550 nm vs. electric field for x=0.75%, an optimal composition for
operation at 1550 nm. At O electric field the absorption coefficient is calculated to be
~125/cm. As a result, the length of the device should not exceed 70 pm for <4 dB
insertion loss. The breakdown electric field of Ge is ~130 kV/cm. At this electric field an
absorption coefficient of 720/cm can be achieved at 1550 nm. Therefore, the maximum

possible Aa/ca,, at 1550nm that can be achieved before the material breaks down is

around 4.7. One may not want to apply such a high electric field in the real application,
though, since it may deteriorate the lifetime of the device. In our design we assume a

maximum applied electric field of 100 kV/cm instead of 130 kV/cm.

Break down field
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Fig. 4. 8 Absorption coefficient at 1550 nm vs. electric field for x=0.75% in Ge;.,Si,.
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It is interesting to note that the same Ge, 4,,Si, ;s material can also be used for

photodetector at 1550 nm. For example, with 100 kV/cm electric field the absorption
coefficient of the material is 632/cm, and with a length of 25 um 80% internal quantum
efficiency can be achieved at 1550 nm. The advantage of using thé same material for EA
modulator and photodetector is that the material can be deposited at the same time. This
saves the trouble of deposition one material for one device, covering the device area, and
doing another deposition to fabricate the other kind of device. Therefore, when we refer
to Ge;.,Six in the later text, the compositiqn is x=0.75% by default for both the EA

modulator and the photodetector.

4.2 Waveguide-Modulator Coupling Design

As discussed in the previous section; the length of the Gegog925Sip975 EA
modulator cannot exceed 70 pm for <4 dB loss due to the indirect band gap absorption of
the material. Obviously, it cannot be used as a waveguide material globally on the chip
since the length of global waveguides is in the order of cm. For small bending loss and
high packing density, high index contrast Si(core, refractive index n,
=3.48)/510,(cladding, n,=1.46) waveguides are the most attractive candidates in EPIC
chips. For simplicity we will call this kind of waveguide the “Si waveguide” in the later
text. To decrease the insertion loss, we need to find some ways to couple light efficiently
from the input Si waveguide to the Ge;Six (x=0.75%) EA modulator and then to the
output Si waveguide. In this section two coupling schemes are proposed: (1) butt-
coupling and (2) side coupling with tapered structures. The former one is more straight

forward but has some coupling loss due to the mode mismatch between the Si/SiO,
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waveguide and the Ge;.,Six (x=0.75%) modulator. To our knowledge, this is the first
example of butt-coupling design in high index contrast system. The second one c;'m
achieve exact mode match and maximum coupling efficiency, but the fabrication is much
more difficult since lthe tip radius of the taper has to be <80nm. Such sharp tapered
structure requires expensive lithography and etching tools. Now we discuss about these

two coupling schemes in detail.

4.2.1 Butt-coupling between the Si Waveguide and the Geg.9925Si9.007s EA Modulator

>2um  SiO,

>2um SiO,
Buried oxide

Fig. 4.9 Schematic drawing of the butt-coupling structure between the Si/SiO, waveguide and the
Ge,.,Si, (x=0.75%) EA modulator.

Fig. 4.9 schematically shows the butt-coupling structure between the Si
waveguide and the Ge;.Six (x=0.75%) EA modulator. The >2 pm SiO, under-cladding
of the Si waveguide is used to prevent the light in the Si waveguide from leaking to the Si
substrate. The idea of butt-coupling is very simple: to align the center of the waveguide to
that of the modulator, just like connecting two pipes together. To achieve optimal
coupling, though, the cross-sectional dimensions (W and H in Fig. 4.9) of the modulator
have to match those of the Si waveguide such that the mode in the modulator has the

maximum overlap with that in the Si waveguide. The Si waveguide is usually chosen to
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be 500 nm wide and 200 nm high [107,108]. The reason for such a choice is that the
- width of the waveguide has to be defined by lithography and features narrower than 500
nm is hard to achieve with the optical lithography tools in MIT. Therefore, a width of 500
nm is chosen for the Si waveguide. Once the width is determined, the height has to be
small enough so that the waveguide supports only one mode. Therefore, a cross-sectional

dimension of 500x 200 nm is chosen for the Si waveguide.

TE Mode, n=2.443, TM Mode, n=1.737,
Confinement Factor=0.825 Confinement Factor=0.524

Fig. 4.10 TE and TM mode profiles of a 500x 200 nm Si waveguide (with SiO, cladding).

Fig. 4.10 shows the fundamental TE and TM modes of a 500 x 200 nm Si
waveguide with 2 um under-cladding SiO; on a Si substrate at a wavelength of 1550 nm.
The mode profile was solved with Apollo Photonics Solution Suite Ver. 2.3 [109]. We
will call this cross-sectional plane “x-y” plane in the later text, while z direction refers to
the light propagation direction. The boxes in the figure indicate the position of the Si

waveguide core. Here TE mode means the electric field polarization is parallel to the
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surface of the substrate, while TM mode means the electric field polarization is
perpendicular to the substrate. The TE mode has an effective index of 2.443 and a
confinement factor of 0.825 (i.e., the fraction of power that is confined in the Si core).
The TM mode, on the other hand, has an effective index of 1.737 and a confinement
factor of 0.524. Since the TE mode has a much larger confinement factor, the bending
loss is much lower than that of the TM mode. For example, with 2 um bending radius the
bending loss of TE and TM modes are calculated to be 2.1 dB/mm and 1346 dB/mm,
respectively. Therefore, for microphotonic applications TE mode of the Si waveguide is
preferred for higher packing density. In the later text we will focus on the mode

overlapping between the TE modes of the Si waveguide and the SiGe EA modulator.

5€0.9925510.0075

TE, n g4 =3.710+0.00210i atOblas TM, Ny =3.728+0.002101 at 0 bias
N=3.710+0.007671 at 3.3V blas Ny =3.728+0.007331 at 3.3V bias
Confinement Factor=0.886 Confinement Factor=0.881

Fig. 4.11 TE and TM modes of Ge,_,Si, (x=0.75%) EA modulator with H=400 nm, W=600 nm (see
Fig. 4.9) for the device structure.

As an example, Fig. 4. 11 shows the fundamental TE and TM modes of the Ge;.

«Six (x=0.75%) EA modulator assuming the incident wavelength A =1550nm, Ge;.,Siy
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height H=400 nm, Ge,Six width W=600 nrh, upper poly Si thickness=200nm, lower
crystalline Si thickness=200 nm (SOI substrate), and SiO, under-cladding thickness=2
um. The material absorption of the structure has to be taken into account in order to
evaluate the device performance as an EA modulator. In coupling efficiency calculation,
absorption information is also needed to calculate the reflection between the Si
waveguide and Ge,.Six (x=0.75%) EA modulator correctly. Assuming 0 V bias at
optical “on” state and 3.3 V reverse bias at optical “off-state” (the maximum DC bias
allowed for <180 nm CMOS technology), the Ge;xSix (x=0.75%) absorption coefficients
are determined to be 158/cm and 624/cm, respectively, with FK theory described in the
previous section. We also assume an n* doping of 2x10'%/cm’ in the top poly-Si layer
and a p* doping of 2x 10'°/cm’ in the bottom c-Si layer in the p-i-n diode structure. The
free carrier absorption in Si is given by [110]

a,=2.6x10"n2 +2.7x107 p, 1, (4.21)
~ where n, and p, are the electron and hole densities in terms of cm™, and A is the

wavelength in terms of nm. With this equation we calculate a free carrier absorption of
193 and 130/cm in the top and bottom Si layers, respectively. In the simulation the
absorption coefficients are converted into the imaginary part of the refractive index by

n,=(al)/ 4r, (4.22)
where « is the absorption coefficient and #; is the imaginary part of the refractive index.

The simulation shows that TE mode has a real effective index of 3.710 and a confinement
factor of 0.886 (i.e., the fraction of optical power confined in the Ge;.,Si, core), while the
TM mode has an effective index of 3.728 and a confinement factor of 0.881. Note that

the confinement factor of the Ge;4Six (x=0.75%) EA modulator is an important
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parameter in its design, since only the light confined in the Ge;.xSix (x=0.75%) material

can be modulated. Ideally we would like a confinement factor as close to 1 as possible.

The imaginary parts of the effective refractive indices (#,; ;) are both 0.00210 for TE

mode TM modes at OV bias, equivalent to a modal absorption coefficient (¢, ) of

170/cm.
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F ig.‘ 4.12 modal overlap between the Ge,,Si, (x=0.75%) EA modulator and the Si waveguide for
different Ge,.,Si, thickness (H), keeping the width (W) at 600 nm

At 3.3 V reverse bias n,; is 0.00767 for the TE mode and 0.00733 for TM mode,

]
)

corresponding to an «,,, of 622/cm and 594/cm, respectively. The reason why the TM

mode shows a slightly less modal absorption at 3.3V bias is that a little less light is

confined in the high absorption Ge;Six (x=0.75%) material compared to TE. The
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overlap between the TE modes of the Gel.;Six (x=0.75%) modulator and the Si
waveguide is calculated to be 0.902 when the centers of the Si core and the Ge;.Six
(x=0.75%) core are aligned. The mode overlap describes the coupling efficiency in the x-
y plane. Therefore, the higher the modal overlap, the higher the coupling efficiency. Fig.
4.12 shows the modal overlap between the GexSix (x=0.75%) EA modulator .and the Si
waveguide for different Ge1xSix (x=0.75%) thickness (H), keeping the width (W) at 600
nm. The mode overlap increases from 0.789 to 0.952 as the Ge|xSix (x=0.75%) thickness
decreases from 600 to 200 nm. Therefore, it seems that a thinner Ge;Six (x=0.75%)

layer is preferred from a coupling point of view.
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Fig. 4.13. Built-in electric field in the Ge,,Si, (x=0.75%) layer as a function of thickness. The built-in
voltage V,~0.45V

However, if we consider the whole device performance thinner Ge;.xSix (x=0.75%)
layer also has two disadvantages: (1) The confinement factor is decreased, meaning less

light is confined in the active Ge|xSix (x=0.75%) layer so that a less fraction of the
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optical power ig modulated. As we can see from the right hand axig of Fig. 4.12, the
confinement factor of the TE mode decreases from 0.926 to 0.625 as thé height of Ge;.
Siy (x=0.75%) decrease from 600 to 200 nm. This would decrease the extinction ratio of
the device. (2) The built-in electric field in the Ge;Six (x=0.75%) material increases at 0
V bias. Fig. 4.13 shows the built-in electric field in the intrinsic Ge;Six (x=0.75%)
material at O bias as a function of layer thickness. The built-in voltage V,;~0.45V. As the
Ge xSiy (x=0.75%) thickness decreases from 600 to 200 nm, the built-in electric field at 0
V bias increases from 7.5 to 22.5 kV/cm. From Fig. 4.8 we can find out that the
absorption coefficient increases from 140/cm to 254/cm correspondingly. These are the
absorption coefficients at the optical “on” state and are directly related to the insertion
loss. Assuming 100 kV/cm electric field in the optical “off” state (which is almost the
maximum electric field that can be applied oh Ge before it breaks down), we have

a,;=632/cm. So Aa/a,, decreases from 3.5 to 1.5 as the Ge;.,Six (x=0.75%) thickness

decrease from 600 to 200 nm. Therefore, the extinction ratio will decrease when the Ge;.
xSix (x=0.75%) layer gets too thin. From the above discussions we learn that for optimal
design of the whole Ge;_«Six (x=0.75%) modulator device we have to trade off between
different parameters. As we mainly focus on the description of coupling scheme in this
section, we will discuss the overall optimization of the modulator dimension in more
detail in the next section.

To derive the total coupling loss, one also has to consider the reflection in the z
direction (propagation direction) in addition to the mode overlap in the x-y plane. This
can be achieved by propagation matrix element method, using the effective refractive

indices of the Si waveguide and Ge;Six (x=0.75%) EA modulator obtained from mode
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solving. This is because the effective index n,, describes the effective phase delay of the

2m,,;

7o

light in the waveguide, and the propagation constant is related to n, by f =

b

where 4, is the wavelength in vacuum. Therefore, the light in the waveguide travels as if
it is in a homogenous media with a refractive index of Ny s and we can use this parameter

to derive the refection/transmission at the interface of the Si waveguide and the Ge;.,Siy

(x=0.75%) EA modulator.

Fig. 4.14 Schematic diagram showing the equivalent structure for reflection/transmission calculation
in the z-direction ’
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Fig. 4.15 Reflectance vs. Ge,,Si, (x=0.75%) modulator length in the propagation direction of the
waveguide

Fig. 4. 14 schematically shows the equivalent structure for reflection calculation in
the z-direction. The effective indices'can be obtained from mode calculations, like the
ones shown in Fig. 4. 10 and Fig. 4. 11. Since the propagation matrix ¢lement method is
rather simple and widely used in reflection/transmission calculation of multilayered
structures, we will not discuss about it in detail here. Readers can refer to Ref [111] for
more details. Fig. 4.15 shows the reflectance of 1550 nm light in the z direction as a
function of the lenéth (L) of the Ge|Six (x=0.75%) EA modulator at 0V and 3.3 V
reverse bias, assuming W=600 nm, H=400 nm, and the length of input and output Si
waveguides is 2 mm. Oscillations due to interference effect is clearly seen in the figure,
especially for L<50 pm. As the modulator length or the absorption coefficient increases,

the oscillation damps down since the reflected power at the interface of the modulator
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and the output Si waveguide decreases due to more absorption loss in the modulator. As a
result, its interference effect also decreases. In the case of 3.3 V reverse bias, as the
length increases above 100 pm the reflectance converges at 0.0424. This number is
exactly the reflectance at the input waveguide/Ge;(Six (x=0.75%) modulator interface
assuming Ge,,Siy (x=0.75%) is infinitely long (r=(3.710-2.443)* /((3.710+2.443)
=Q.O424). This is because almost all the light is absorbed when it reaches the interface
between the Ge|.,Six (x=0.75%) modulator and the éutput waveguide, so it does not see
this interface anymore. The average reflectance is 0.0435 and 0.0403 for 0 V and 3.3 V
reverse bias, respectively. Therefore, the average reflection loss is only ~0.2 dB.

The total coupling loss is a sum of the modal overlap loss in the x-y plane and the
reflection loss in the z direction. For example, in the case of coupling the Si waveguide to

a 600x400 nm Ge;.,Six (x=0.75%) EA modulator, the mode overlap loss in the x-y plahe
is -10 log,,(0.902*) =0.9 dB. The average refection loss is ~0.2 dB, as mentioned

previously. Therefore, the total coupling loss is ~1.1 dB in this case. When the thickness
of the Ge|.xSix (x=0.75%) layer decreases to 200 nm the mode overlap loss and average
reflection loss are 0.43 dB and 0.13 dB, respectively, and the total coupling loss is only
0.56 dB.

From the simulations and discussion above, we find that with butt-coupling
scheme ~1 dB coupling loss is achievable. The largest modal overlap that can be obtained
between the Ge;Six (x=0.75%) EA modulator and the Sl waveguide is ~0.96, and
average reflection can be decreased to ~0.03 with adequate modulator length. Therefore,

the minimum coupling loss achievable is ~0.49 dB with butt coupling scheme.
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4.2.2 Tapered Side-coupling between the Si Waveguide and the Geg.9925Si0.007s EA
Modulator

Tapers are commonly used in photonic devices to decrease the coupling loss
between two different waveguide materials [112, 113]. When the light travels toward the
tip of the taper, the mode expands because the dimension of the high index core material
decreases. If the taper angle is small enough so that this process happens gradually, then
there is no loss as the light propagates along the taper. This is called an “adiabatic taper”.
If we design tapers of two waveguides adequately Vand put the two tapers in close
proximity at an adequate relative position, then at some point along the tapers the mode
profile in the first taper is almost identical to that in the second taper. At this point the
light can resonantly couple into the second taper with a very high coupling cfﬁciency.
Our tapered sidé-coupling between the Si waveguide and the Ge.;-xSix (x=0.75%) EA

modulator is based on such a principle.

Si WG

‘A
' Coupling
(TR LT Yl
JOCCUrs

Z (um)

T
10 05 0.0

Monitor Value (a.u.)

Fig. 4.16 A simulation of tapered side-coupling between Si/SiO, waveguide and Ge,.,Si, (x=0.75%)
EA modulator with nearly 0 coupling loss. - .
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Fig. 4. 16 shows the top view 'of a simulation of our side coupling design for TE
polarization by the Beam Propagation Method (BPM) [114]. The simulation was
performed with Rsoft BeamPROP software suite [ 115]. The Ge4Six (x=0.75%)
thickness is 400 nm, and the cross-section of the Si waveguide isvstill 500x200 nm. The
centers of the Ge;Six (x=0.75%) core and Si waveguide core are of the same height.
Basically, the Ge|«Six (x=0.75%) and Si waveguide structure are the same as the butt
coupling case, except for the tapered structures and the side coupling scheme. To single
out the coupling efficiency, we set the absorption coefficient of Ge;.xSix (x=0.75%) to 0
in the simulation so that we do not see the absorption loss. The Ge;.Siy (x=0.75%)
modulator is now consisted of two tapered parts, coupling to the tapered input and output
Si waveguides, respectively. The coupling points are clearly seen in the figure, indicated
by the light yellow dashed lines in the figure. By monitoring the total power of the light
propagating along the structures, we found nearly 0 coupling loss. To double Vcheck this
result, we also calculate the modal overlap between the Si waveguide and Ge;.,Six
(x=0.75%) EA ﬁodulator at the couf)ling point. As the light propagates in the taper, it
gradually transforms from TE into TM mode due to the gradual change in the geometric
shape of the cross-section. At the coupling point the cross-section of the Gel._xSix
(x=0.75%) modulator is 59x400 nm, while that of the Si waveguide is 169x200nm. The
overlap integral between the TM modes of the Si waveguide and Ge;,Six (x=0.75%)
modulator at the coupling point is as high as 0.9999. Therefore, the light resonantly
couples from the input Si waveguide into the Ge;«Six (x=0.75%) modulator with nearly 0
coupling loss. After the light is modulated in the Ge,.Six (x=0.75%) modulator and

coupled back to the output Si waveguide, the polarization gradually changes back to TE
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again in the taper due to the gradual change in the cross-section of Si waveguide. This
way, a modulator with nearly 0 coupling loss can be achieved theoretically.

Despite of its intrinsic advantage in terms of physics, one should note that such a
structure is hard to fabricate in reality. At the coupling point the Ge;«Six (x=0.75%)
modulator taper width is only 59 nm, and the horizontal gap between the Si waveguide
taper and the Ge;Six (x=0.75%) modulator is only 100 nm. Thié requires nanoscale
lithography tools, which is not widely available. Therefore, despite the intrinsic
advantage of using tapered structure, from a device fabrication point of view the butt

coupling is much easier to achieve.

4. 3 Overall Device Design of Waveguide—coupled Geg.00255ip.007s EA Modulator and

Photodetectors

4.3.1 Device Design of Waveguide-coupled Gey.99255ip.007s EA Modulators

As we mentioned in the previous section, overall device design of the modulator
requires considerations of all the relevant parameters like mode overlap, reflection,
confinement factor, and relative change in absorption coefficient after an electric field is
applied. Trade-off among these parameters is needed to achieve the optimal overall
performance. In this section we will discuss about the overall design in detail. The aim is,
again, to maximize the extinction ratio and minimize the insertion loss. For convenience

we will use dB as the unit for both extinction ratio and insertion loss in the later text.
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In the modulator device the insertion loss is composed of two parts: the
absorption loss at 0 V bias «,(0) and the coupling loss «,. The absorption loss is given
by

K,(0) = —101g,,[e =" )= 4.343a,,,(O)L, (4.23)
where «,,,(0) is the modal absorption coefficient of the Ge;«Six (x=0.75%) modulator at

1550 nm under 0 V bias. This parameter can be derived from the imaginary efféctive

index n,;; of the modulator. It is related to the absorption coefficients of Ge;Six

(x=0.75%) (g, ) 0" poly Si («,_g ) and p* c-Si materials («,_g ) as well as the fraction

p-Si
of power confined in these materials (I, 1,5 and I',_g)

The coupling loss is given by

K, = -10lg, [(1- NQ? (4.24)

GeSi, Si ) ’

where Q Gesi.si is the modal overlap between the Ge;,Six (x=0.75%) EA modulator and

the Si waveguide in the x-y plane, and r is the reflectance in the z direction. The total
insertion loss is just «,(0) +«..
The extinction ratio is equal to (x, (V) + &, ) - (x,(0) + ,) = k, (V) - ,(0) , where
K, (V) = —101g,, (e =" ) = 4383a_ (V)L (4.25)
is the absorption loss when a reverse bias ¥ is applied on the modulator, and o, (V) is
the modal absorption coefficient of the Ge; 4Siy (x=0.75%) modulator at 1550 nm under a

reverse bias of V' . Therefore, our basic figure of merit (FOM) is:

Extinction Ratio «,(V)-x,(0) _ Aoy

FOM = _ ,
Insertion loss x,(0)+x, o,.q4(0)+0.23026K, /L

(4.26)
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where Aa, , =a,.,(V) - ,,,(0). Now we can see that the parameters that determine the
basic FOM are: the modal absorption coefficients a,,,4(0) and a,,(V), the modal

overlap in the x-y plane (Q ), and the reflectance » in the z direction. The modal

GeSi, Si
absorption coefficients are related to the absorption coefficients of Ge;Six (x=0.75%)

(@gs)> 0 poly Si (,_g) and p* c-Si materials (a,_g) as well as the confinement in

these materials (T, I ). Note that the o, is not only related to the

n-

s and T’

p—Si
material properties, but also the thickness (H) of the Ge;«Six (x=0.75%) layer because the
electric field in this layer is determined by both the reverse bias and the thickness. The

absorption in n* and p’ Si is determined by the doping level. Confinement factors and

modal overlap € esisi A€ determined by the cross-section (H and W) of the Ge;.xSix

(x=0.75%) as well as those of n" and p"” Si, while r is related to all thé three dimensions
(L, H and W) of Ge;Six (x=0.75%) EA modulator. It is interesting to see that the Ge;.
«Six (x=0.75%) thickness has influence on all the parameters that determine the extinction
ratio and insertion loss. Therefore, it has the most influence on the ﬁnél result.

To simulate the performance of the whole device, we can adopt two ways of
simulation: (1) Mode solving method. Use an optical mode solver to obtain the modal
absorption coefficients and the modal overlap in the x-y plape, then calculate the
reflection in the z-direction using effective index method. Thus, the insertion loss and
extinction ratio can be calculated with Egs. 4.23-4.26. For example, we have shown in
section 4.2.1 that a Ge;Si, modulator with a cross-section of 600x400 nm has modal

absorption coefficients of & ,(0)=170/cm, e, ,(3.3V) =622/cm, and an average x, of

1.1 dB. Here we assume a reverse bias of 3.3 V at the optical “off” state because a
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voltage of <3.3V is required in sub 180 nm CMOS technology. Assuming L=50 pum, we
obtain an insertion loss of 4.80 dB and an extinction ratio of 9.81 dB. The basic FOM is
9.81/4.80=2.04.  (2) BPM simulation plus reflection correction. Use a 3D BPM
simulation that takes into account all the parameters except for the reflectance r in the z-
direction, since BPM method does not calculate reflection in the structure. The reflection
loss 1s, again, calculated by the effective index method described previously, and is added
to the final result of BPM simulation to obtain the correct insertion loss and extinction
ratio.

Fig. 4. 17 shows an example of a BPM simulation on a 600x400 nm Ge;.,Siy
(x=0.75%) EA modulator with a length of 50 um. In the simulation the absorption
coefficient of Ge;.«Six (x=0.75%) material is taken into account by setting a complex
refractive index. The doping level in the top and bottom Si layer of the modulator was
assumed to be 2x 10'%/cm’ and the absor;;tion coefﬁcieht due vto free carrier absorption is
taken into account (see section 4.2.1). After correction for the réﬂgction, the result shows
an insertion loss of 4.76 dB and an extinctiqn ratio of 9.61 dB. Therefore, the basic FOM
is 8.9/4.6=2.02. We can see that the simulation results on the same structure given by

these two methods are very similar, and the difference is within 5%.
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Fig. 4.17 Simulation of a butt-coupled, 600x 400 nm Ge,_Si, (x=0.75%) EA modulator with BPM

method. The reflection calculated with effective index method has been added. The results shows 4.76
dB insertion loss and 9.61 dB extinction ratio.
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With the two simulation methods described above, the basic FOM (i.e., extinction
ratio over insertion loss) of the modulator with different dimensions can be calculated.
Fig. 4.18 (a) plots the FOM of 50 pm-long GeSi EA modulator devices with different
width (W) and thickness (H) of the GeSi active layer. In this calculation, we specify that
the reverse bias appl{ed at the optical off-state of the modulator should not exceed 3.3 V
to be compatible with 180 nm CMOS technology. Nor should the electric field exceed
100 kV cm™ due to the limit of material breakdown. The optimal GeSi thickness is
determined to be ~400 nm. Below this thickness the optical confinement in the GeSi
active layer decreases significantly and the extent of optical modulation is reduced.
Above this thickness the modal overlap with the Si waveguide in the x-y plane and the
electric field at 3.3 V reverse bias both decrease, leading to a higher coupling loss and
lower extinction ratio. The optimal width is ~700 nm. However, for H=400 nm the FOM |
is almost identical for W=600-800 nm. To reduce the capacitance for higher speed and
lower power consumption, a narrower device is preferred. Therefore, we choose a
dimension of H=400 nm and W=600 nm, and the corresponding FOM is 2.05. To double
check the results, Fig. 4.18 (b) compares the simulation results of the mode solving
method to the BPM method for W=600 nm and L=50 pm. The two simulation methods

agree fairly well with each other, enhancing the validity of the calculated results.
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Fig. 4.18 (a) Extinction ratio over insertion loss (basic FOM) of 50 pm-long Geg99:5Sig007s EA
modulators with different cross-sectional dimensions, and (b) comparison of simulation results by
the mode solving method and the BPM method. The two simulation methods agree fairly well with

each other.

Fig. 4.19 shows the simulation result of a tapered side coupled structure. Due to
nearly 0 coupling loss, a higher basic FOM of 2.6 can be achieved. With 4.0 dB insertion
loss, an extinction ratio of 10.4 dB can be obtained. The fabrication of such fine tapers is
challenging, though. Judging from the fact that a comparable performance of 9.8 dB
extinction ratio at the cost of 4.8 dB insertion loss can still be achieve with butt-coupling,

it is more attractive to adopt butt-coupling in real device fabrications.
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Fig. 4.19 Simulation of a tapered side-coupled Ge,,Si, (x=0.75%) EA modulator with BPM method.
The results shows 4.0 dB insertion loss and 10.4 dB extinction ratio.
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Fig. 4.20 Insertion loss, extinction ratio and 3dB band width as a function of device length (L) ofa
Ge,_,Si, (x=0.75%) EA modulator with H=400 nm and W=600 nm. ’

Fig. 4.20 plots the bandwidth, extinction ratio and insertion loss as a function of
device length for a Ge,Six EA modulator device with W=600 nm and H=400 nm. As
mentioned earlier, the longer the device, the higher the extinction ratio, but also the
higher the insertion loss due to indirect gap absorption at O bias. We assume 50x 50 pm?
metal contact pads with a vertical distance of 4 um from the substrate, so the pad
capacitance is 21.6 fF. Franz-Keldysh effect itself is a fast transition that takes place in
the order of sub-picosecond, as mentioned in Chapter 1. Therefore, the bandwidth is
mainly limited by the RC delay of the device. As shown in the figure, with a 50 pm long
GeSi modulator we can achieve a high extinction ratio of 10 dB and a 3dB bandwidth of
>50 GHz at 5 dB insertion loss. Such performance is comparable to the III-V .

semiconductor materials currently used in telecommunications [116]. Depending on the
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applications, insertion loss and extinction ratio can be adjusted by varying the device
length. The size of the metal contact pad can be decreased to further increase the RC-

limited bandwidth.

4.3.2 Device Design of Waveguide-coupled Geg g925Si9.007s Photodetectors

As mentioned earlier, the EA modulator structure can also be used as a
photodetector sincé photocurrent would be generated in the device when the light travels
in Ge;xSix. The same coupling scheme used in waveguide-modulator coupling is equally V
applicable to waveguide-detector coupling. In photodetectors the most important
parameter is the external quantum efficiency (EQE). Taking into account the coupling

efficiency and the absorption of the Ge;.,Six (x=0.75%) material, the EQE is given by
EQE = (1= r)Qy; gos; (1= eXp(=y 6o (V) L)) , (4.27)

where a,; ;. (V) is the effective absorption coefficient of GeSi in the photodetector

structure at a reverse bias of V. Note that @, (V) is different from the material

absorption coefficient of GeSi since not all the light is confined in GeSi. To obtain
@, esi(V) We set the imaginary indexes of n" and pJ" Si to 0 and calculate the imaginary
effective index n, (V) of the detector structure. The mode profile remains the same in
this way, and (V) is only due to the absorption of Gej.g955Si0075. SO we have
Ayr gesi(V) = 4n n; ,(V)/ A . The responsivity is related to the external .quantum
efficiency by:

A(nm)
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The bandwidth of the detector is determined by both the carrier transit time and the RC
delay, as discussed in Chapter 3. Fig. 4.21 plots the responsivity and bandwidth of Ge;.
Siy (x=0.75%) detectors at 0 V and 3.3V bias. The bias has little effect on the bandwidth,
since the electric field in the Ge|Six (x=0.75%) layer is 10.1 kV/cm even at 0 bias and
the carriers are already accelerated to the saturation velocity under such a high electric
field [79,80]. The responsivity, on the other hand, is more dependent on the bias, since
the absorption coefficient at 1550 nm increases with the electric field. With an 80 um-
long device, a high responsivity of ~1.1 A/W can be achieved with >35 GHz bandwidth
at 3.3V reverse bias, and the footprint area is only 0.6 x 80 um. Therefore, the
performance of the integrated detector also meets the needs of high speed Si
microphotonic circuits. It should be noted that for the‘ convenience of integration with
GexSix (x=0.75%) EA modulators, we adopt the same composition for the Ge;Six
(x=0.75%) photodetector. The device length can be further decreased if we use pure Ge
material, since the absorption coefficient of Ge at 1550 nm is about an order bf
magnitude higher than that of Ge;.Six ()§=O.75%). Therefore, in the cases where
modulator-detector monolithic integrated are not required, pure Ge photodetector will
give evén better performance. The design rules are the samé as we have previously

discussed in this section.
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Fig. 4.21 Calculated responsivity and bandwidth of Ge,Si, (x=0.75%) photodetectors at 0 V and
3.3V bias. Since the electric field in the Ge,.Si, (x=0.75%) layer is 10.1 kV/cm even at 0 bias and the
carriers are already accelerated to the saturation velocity under such a high electric field, the
bandwidth vs. device length is the same for 0V and 3.3V reverse bias.

4.3.3 Analysis on the Tolerance of Fabrication Error
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Fig. 4. 22. Modal overlap between the Si waveguide and the 600X 400 nm Ge,.,Si, EA modulator as a
function of center-to-center misalignment in the horizontal and vertical directions.
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Butt-coupling relies on the center-to-center alignment between the Si waveguide
and the Ge,.Six modulator for optimal coupling efficiency. However, in reality device
fabrication errors often induces misalignments. In this section we will do an analysis on
the effect of misalignment between the Si waveguide and the Ge EA modulator on the
_ coupling efficiency.

Fig. 4.22 shows the modal overlap between the Si waveguide and the 600x400
nm ‘Gel_,(Six EA modulator as a function of | center-to-center misalignment in the
horizontal and vertical directions. In 180 nm fabrication technology, the misalignment
can usually be controlled to be <30 nm. We can see from F ig.‘ 4.22 that the modal overlap
is still >0.85 in this case, only slightly smaller than the modal overlap at 0 misalignment
(0.90). Therefore, the device design can tolerate the fabrication error in 180 nm CMOS
fabrication technology. In fact, we can still achieve ~0.70 modal overlap at 100 nm
misalignment in both horizontal and vertical directions. The overall coupling loss
increases to 3.2 dB in this case, just 2.1 dB higher than the case of perfect alignment.
With the data in Fig. 4.22, we can conclude that our design can tolerate a misalignment of
~100 nm in the horizontal and vertical directions. Such fabrication error can be readily

achieved with sub-500 nm CMOS fabrication technology.
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Chapter 5. CMOS-compatible, Waveguide-integrated |

GeSi Modulators and Photodetectors.

Having discussed the design and expected performance of waveguide-integrated
GeSi EA modulators and photodetectors, in this chapter we will present some preliminary
results on the fabrication and performance of our first set of devices. We will first discuss
the fabrication process to monolithically integrate the Ge;«Siy EA modulator and the
photodetector. We then present the I-V characteristics of the Ge;4Six
modulator/photodetector obtained in this initial fabrication process. We further give the
preliminary results on the responsivity and bandwidth of the waveguide-integrated
detectors measured by injecting light from the input waveguide. Finally, we will discuss
the problems to be overcome in the future runs of device fabrication to achieve

detector/modulator devices with much better performance.

5.1 Fabrication Process Flow

As we mentioned in Chapter 4, with the butt-coupling scheme a 9.8 dB extinction
ratio can be achiéved with 4.8 dB insertion loss. With tapered coupling the performance
1s slightly better, but the requirement on lithograpﬁy is hard to achieve. Therefore, we
decide to adopt butt-coupling scheme in device fabrications. In Si microelectronic
technology, devices are usually defined by sequential material deposition and etching.
However, this method cannot be used to achieve butt coupling from Si waveguide to Ge;.
xSix (x=0.75%) modulator in our case. Fig. 5.1 shows the reason. As we mentioned earlier,
the Ge,xSix (x=0.75%) modulator is a rectangle stripe with dimensions 0.6x0.4x 50 pm.

If this structure is defined by lithography, then to form the Si waveguide we have to first
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deposit a dielectric layer on Ge so that the Si waveguide can be elevated to the match the
center of the Ge).xSi structure, and then deposit a layer of Si on it. As a result, we will
obtain a structure shown in Fig. 5.1. Obviously, this is not the structure we want to

achieve in Fig. 4. 9. Therefore, another process has to be adopted to achieve an ideal butt-

o e

Dielectric

coupled structure.

substrate

Fig. 5.1 Schematic picture showing that the conventional fabrication method of layer deposition
followed by etching cannot be used to achieve butt coupling from Si waveguide to GeSi modulator.

Fig. 5.2 shows the process flow to achieve a butt-coupled Ge;Six modulator. The
fabrication is based on an SOI substrate for an easy optical isolation from the Si
waveguide to the Si substrate. As we have mentioned in Chapter 4, a Si waveguide has to
be placed ~2 um above the ;Si substrate to prevent the optical power from leaking into the
substrate. For this reason, we choose a SOI substrate with 2 um oxide layer. The top
single crystal Si layer is doped p* (or n") by ion' implantation (Fig. 5.2(a)).- Si mesas
are then formed by patterning the top Si layer (Fig. 5.2(b)). An oxide layer is deposited
on top of the structure and planarized by chemical mechanical polishing (CMP) (Fig.
5.2(c)). We then deposit a layer of amorphous Si and pattern it to for the core of the Si
waveguide, and an oxide layer is deposited on top followed by CMP to form the upper
cladding of Si waveguide (Fig. 5.2(d)). Trenches are subsequently etched into this
structure to expose the top of the Si mesas (Fig. 5.2(e)). Finally, Gei«Six material is

selectively grown to overfill these trenches and planarized by CMP, and a poly-Si layer
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with the opposite doping species to the single crystal Si mesas underneath the Ge).xSix

material is further deposited and patterned on top of the structure, as shown in (Fig.

5.2().
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Fig. 5.2 Fabrication process of butt-coupled GeSi EA modulators and photodetectors
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Metal electrodes can be used to contact the doped Si regions on tops and bottoms of the
Ge,.«Siy parts, and we will discuss about it in more detail in Section 5.3. The shorter
Ge,.xSix structures are used as EA modulators, while the longer ones following them
are used as photodetectors. This way, a monolithic integration of Ge;,Six EA
modulators and photodetectors can be achieved.

The most important step in this processing flow is the selective growth of Gei-
xSix to overfill the trenches. This process is very similar to a Cu damascene process
used in CMOS circuits [117], except that we are now filling semiconductor materials
epitaxially into the trenches. In the next section we will focus our discussions on the

trench-filling GeSi selective growth.

5.2 Trench-filling Selective Growth of Geg,9925Si9.0075

To achieve the trench-filling selective growth of Ge;.xSix, we have to study the
epitaxy surface shapes on a patterned substrate. This is very different from Cu damascene
process because of the complicated faceting of serﬁiconductor materials during the
growth. Here we present how to predict the crystal shape by Borgstrom and Wulff
construction, given that we know the growth rate along different crystallographic

orientations.

5.2.1 The Borgstrom Construction and the Wulff Construction [118]
The shape of a growing crystal on a non-planer surface was first predetermined by
a simple construction proposed by Borgstrom. It is actually rather intuitive: draw parallel

lines displaced from each facet proportional to the growth rate in the orientation
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perpendicular to the facet, and the shape enclosed by these lines determines the crystal

shape.

facet 1 facet 1

(a)

Fig. 5.3 Borgstrom construction on (a) a concave surface with 90° <& <180°, (b) a concave surface
with 0° <8 <90°, (¢) a convex surface with 90° <4 <180°, and (d) a convex surface with0° < <90°

Fig. 5.3 shows such an example, with the growth rate of direction 2 faster than that of
direction 1. For easy comparison, the area of facets 1 and 2 are set equal at the beginning.
As shdwn by the construction, on a concave surface with @>90° the area of the fast
growth facet increases at the cost of area decrease of the slow growth facet (Fig. 5.3(a)),
while for 8 <90° the area of both facets decreases but the slow growth facet shrinks faster
(Fig. 5.3(b)). On the whole, growth on a concave surface favors faster growth facets. On

a convex substrate with the convex angle §>90°, the slow growth facet would consume
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the fast growth facet during growth, while for € <90° both facets will grow in area but the
slow growth facet will increase at a higher rate than the fast growth one. On the whole,
growth on a convex surface favors slower growth facets. This simple approach explains
why growing on convex surfaces tend to minimize the fast growth facets, while concave
ones tend to minimize slow growth facets. However, this method incorporates
assumptions that could lead to inaccurate constructions. The construction implicitly
assumes that the growth rates of the orientations between the growth directions of two
neighboring facets are linearly interpolated. But if the growth raté has other maxima or
minima between the growth directions of the facets, this construction could give incorrect

results.

facet 2

60
O
7

(a)

Fig. 5.4 Schematic drawings showing the difference between the Borgstrom and the Wulff
" construction. Assuming a convex surface consisting of facets 1 and 2, Borgstrom construction
predicts the evolution in (a). However, the Wulff construction takes into account an even slower
growing direction 3 between facets 1 and 2, so the result from Wulff construction in (b) is different
from (a).

A tore general construction method is the Wulff construction. It can not only
determine the epitaxy shapes on non-planar surfaces, but also the case of selective growth

in a patterned window. It takes into account the growth rate in all directions instead of
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assuming the growth rates of the orientations between the growth directions of two
ncighboring facets are linearly interpolated. Fig. 5.4 gives an example showing the
difference between the Wulff construction and the Borgstrom construction. Let us assume
we start with a convex substrate with facets 1 and 2 exposed on the surface and growth

rate v, > v,. There is a direction 3 between the growth directions of facets 1 and 2, where
the growth rate is lowest (v, <v, <v,). From Borgstrom construction, the result will be

an extension of facet 1 with the growth and facet 3 will never appear because it assumes
the growth rate in direction 3 is between those in directions 1 and 2. However, the Wulff
construction takes into account growth rate in all directions and correctly predicts that

facet 3 will show up after some growth time.

5.2.2 Application of the Wulff Construction to Ge;.,Siy Selective Growth

Ideally a complete polar diagram of growth rate in different directions should be
used for the Wulff construction. In practical applications, however, the most important
information is related to the oﬁentations with a local maximum or minimum in growth
rates. It has been reported that {111} and {311} are the two slowest growth facets in Si
epitaxy [119]. In the case of Ge selective growth on Si, the dominant facets are also {111}
and {311} when the trenches are aligned to <011> directions from our study. Since the
material is grown on {100} substrate, the growth rate in [100] direction certainly has to
be taken into account, too. Therefore, to predict the shape of the selectively grown Ge
deposited in a narrow trench we will only consider these three facets in our Wulff

construction, especially the ratio of growth rate in <111>, <311> and <100> directions.
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We have studied the growth rate of Ge on Si in <111>, <311> and <100>

directions with the selectively grown samples mentioned in Chapter 2, Section 2.2.

Fig. 5.5. Cross-sectional SEM image of a 4x 100 pm Ge stripe. (311) and (111) facets are revealed

(b)

Fig. 5.6 (a) 3D AFM image of f a 4x 100 pm Ge mesa, and (b) cross-sectional profile obtained from
the 3D AFM image.
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The edge of the features are along the <110> directions due to the wafer alignment of the
lithography. Cross-sectional SEM was used to observe the cross-section of the elongated
rectangular Ge stripes and identify the facets. Fig. 5.5 shows the cross-sectional SEM
image of a 4x100 um Ge stripe. From the angles between the facets and the substrate
surface (100) plane, we identify the facets to be (311) and (111). The slanted side wall of
the trench results from the dilute HF wet etching. Fig. 5.6 shows an AFM image of the
mesa and the cross sectional profile obtained from the 3 dimensional scan of the AFM.
As we can see, AFM gives almost the same cross-sectional profile as the SEM, except for
the details about the rounded comner at the joint of (111) facet and the SiO; side wall of
the trench. This 1s because the AFM tip did not reach into the corner between (111) facet
and the SiO, sidewall during the scan. Nevertheless, it gives correct information about
the position of the (311) and (111) facets. Since AFM is non destructive to the samples
and much easier to do than cross-section SEM, it can be used as a quick and easy
alternative to cross-sectional SEM to check the facet profile. To obtain (311) and (111)
facet growth rate, we compare the cross-sectional profile of 4x 100 um Ge mesas grown
in the UHVCVD reactor for various time. This comparison gives the evolution of the
mesa structure and allow us to derive the grow rate of (311) and (111) facets. The (100)
direction growth rafe was directly obtained from blanket Ge films grown on Si (100)
substrate. Our results show that the ratio of the growth rate in [111] direction to [311] to
[100] 1s 1:1.4:2.4. It is interesting to compare the grow rate ratio of [100] to [311]
direction to the calculated result from a ledge flow model [120]. As shown in Fig. 5.7, the
ledge flow model considers that the epitaxy results from the extension of terraces on (111)

planes. As long as the substrate is not (111), these terraces already pre-exist on the
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surface of the substrate, and atoms preferably deposit at the edge of the terraces to reduce
the surface energy. Thus, the terraces extend in area and the thickness of the film in the
growth direction increases. The extension of the terraces on (111) planes is called the

“ledge flow”.

Fig. 5.7 Schematic diagram illustrating the ledge flow model of epitaxial growth.

From the geometry in Fig. 5.7, one can easily see that the growth rate in a certain
.direction is equal to the ledge flow rate v, times sin&, where @ is the angle between the
surface plane and the (111) plane. The growth rate in (111) direction, on the other hand,
is limited by the nucleation rate of terraces and cannot be predicted directly by the model.
According to the ledge flow model, the growth rate ratio of (100) to (311) should be
v, sin(54.7°)/ v, sin(29.5°)=1.66. Our experimental value is 2.4/1.4=1.71, very close to
the theoretical value. This result indicates that the Ge growth in [100] and [311]
directions is achieved via ledge flow. |

Now that we know the ratio of growth rate in [111], [311] and [100] directions,
we should be able to predict the crystal profile of Ge mesas grown in an elongated,

rectangular trench along <110> direction by the Wulff construction. Especially, we

would like to estimate how much time it takes to fill a trench if we know the grow rate in

157



the [100] direction (which can be easily determined in blanket film growth). Assuming a

trench with a height of & and a sidewall angle of ¢, Fig. 5.8 shows the Wulff

construction when we consider (111), (311) and (100) facet growth.

- /

h SlOa P b
_,l“! ot R .

s ¢ c'\bihssn

Fig. 5.8 The Wulff construction of Ge,,Si, grown in an elongated rectangular trench. The figures
show the cross-sections in the transverse direction of the trenches. (a) When the sidewall angle

@ <82.5°, the trench filling process is determined by the growth of (111) facet. (b) When the side

wall angle ¢>82.5°, the trench filling process is determined by the growth of (311) facets. The
dashed lines at corner of the trench indicates the starting positions of (111) and (311) facets. The

dotted lines demonstrate the Wulff construction of (111), (311) and (100) facets. The area enclosed by
the dotted lines and the SiO, side wall determines the shape of the GeSi crystal (thick black lines).
Stage 1 indicates an initial growth profile, and stage 2 corresponds to the moment when the trench is
just filled up.

Note that since atoms deposit all over the bottom of the trench at the beginning, the

growth of (111) and (311) facets actually start from the inner comner of the trench, as

indicated by the black dashed lines in the figure. The dotted lines demonstrate the Wulff
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construction of (111), (311) and (100) facets. The area enclosed by these dotted lines and
the sidewall of the SiO, trench determines the final Ge crystal shape grown in the trench.
Stage 1 in the figure indicates an initial growth profile, and stage 2 corresponds to the
moment when the trench is just filled up. When ¢<82.5°, the (111) facets will show up
in the trench during the growth according to the Wulff construction, and the grow rate of

(111) facets will determine the trench filling rate. As shown in Fig. 5.8 (a), in this case |

the time required to fill in a trench is

_dy, _ (h/sing)sin(p+6,,)

il =2.4hsin(¢+54.7°) /v, sing  (5.1)

Vin Vin

. Here 6,,,=54.7" is the angle between (111) and (100) planes. When 90°>¢>82.5 °, the

(111) plane will not show up in the trench during the growth, and the trench filling rate is
determined by the growth rate of (311) facet. In this case we have

d _(h /sing)sin(¢ +6,,,)

311 Van

f = =1.7hsin(p+25.2°) vy, sing  (5.2)

Note that we have not considered the effect of the rounded corners at the joints of facets
and between the facets and the Si0, sidewall in this model. The convex corner at the joint
of two facets has a small radius and a positive capillary pressure, which drives the atomic
diffusion to form a rounded corner to reduce the pressure. In reality the trench filling is
not fully complete due to these rounded corners. The growth time needed to fully fill a
trench may thus be slightly longer than Eq. 5.1 and 5.2 indicate depending on the growth
temperature and surface diffusion.
Fig. 5.9 overlaps our prediction of the crystal profile at different stages of the |

growth with a cross-sectional SEM image of a 1x 100 pm Gei.Six (x=0.8%) stripe. Stage

1 in the figure indicates the profile when the trench is just filled, and stage 2 indicates the
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final crystal shape after the growth is completed. The growth rate in the [100] direction in

this case is ~550 nm/h. As we can see, the prediction of the ultimate shape after the

growth overlaps with the cross-sectional SEM image fairly well, except of the (1 li) facet
on the left side and the (111) facet on the right side near the SiO; surface. From the Wulff
construction, these two facets should be at positions BC and its mirror position B’C’.

Therefore, the formation of these two facets is due to another reason.

Fig. 5.9 Cross-sectional SEM of a 1x 100 pm mesa and its comparison with the growth profile
predicted by the Wulff construction. Stage 1 in indicates the profile when the trench is just filled, and
stage 2 indicates the final crystal shape after the growth is completed.

Germanium is known to dewet on SiO, surface [121], meaning that the Ge/SiO,

interfacial energy is high. Therefore, by forming a (1 li) facet AD instead of BC, the

surface energy remains the same (since AD=AC+BC and all of them are {111} planes),

while the interfacial energy of CD is eliminated. Therefore, the formation of the (1 li)

facet at AD instead of BC is driven by the reduction of Ge/SiO; interfacial energy. This
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phenomenon also indicates that the Ge facet growth at the current growth rate (550 nm/h)
is still thermodynamically driven and substantial surface diffusion occurs during the
growth.

In summary, we have discussed how to derive the shape of the Ge,..Six crystal
grown in a trench based on the knowledge of the growth rate ratio in some irnportant
crystal directions and the .Wulff construction. The model agrees fairly well with the
experimental results, and can be used to evaluate the minimum growth time required to
fill a trench, as well as the ultimate shape after the growth. The growth in trenches of
other crystal directions would vary based on the geomeﬁ'ic configuration of the Wulff
construction, It would be interesting to investigate the orientation dependence of trench

filling in future experimental research.

5.3. Electrode Design of GeSi EA Modulators and Photodetectors
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Fig. 5.10 BPM simulation of modal propagation loss due to the top Al contact.
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Electrode design is usually a relatively éimple issue in most devices. Metal electrodes are
usually depositéd all over the n* and p* semiconductor regions to achieve low contact
resistance. However, in the case of waveguide integrated GeSi modulators and
photodetectors, two issues should be noted: (1) the electrodes should not be too close to
the active device region, since metal has a high imaginary refractive index and will
increase the insertion loss of the modulator. It also disturbs the optical mode in the
modulator. (2) the electrodes cannot be too far from the device region, either, since it will
increase the series resistance. As and example, Fig. 5.10 shows a BPM simulation of a Al
electrode right on top of a 200nm n" poly Si layer. The refractive index of Al at 1550 nm

is n, =1.28+15.07 [122]. The modal propagation loss due to the Al layer is obtained by

setting the extinction coefficient of GeSi fo 0. The result shows that the propagation loss
due to the Al layer is as high as 58 dB/cm. Therefore, it is clear that we do not want to
put metal layer directly on top of the poly Si. Qur simulation also shows that if the Al
layer is placed >1 um away from the active region, its perturbation on the optical mode
can be neglected. Therefore, in our design we put the metal electrode on the sideway, as
shown in Fig. 5.11. In the current CMOS technology, tungsten studs are used to contact
heavily doped Si as a diffusion barrier and electrical contact. The size of the stud is about
500 nm in diameter. Since the length of the devices is in the order of tens of um, one stud
is obviously not good enough to decrease the series resistance. Therefore, we put an array
of tungsten studs along.the length of the device to reduce the contact resistance. In this
configuration, the series resistance due to the n* and p"* Si is expected to be less than 10 Q
if the doping level in Si is 2x10'%/cm® and there is no detrimental effect on the optical

mode in the modulators detectors.
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(b) A-A' Cross-section

Fig. 5.11 Electrode configuration in waveguide-integrated GeSi modulator/detector design. (a) top
view, and (b) Cross-section view at A-A’ shown in (a).

5.4 I-V Characteristics of Waveguide Integrated GeSi Modulators/Photodetectors
The butt-coupled GeSi EA modulators/photodetectors are fabricated in BAE
systems, Inc. with a standard 180 nm CMOS technology line. To accommodate the
CMOS circuit architecture conveniently, the thickness of the GeSi modulator was chosen
to be 600 nm instead of 400 nm. Other design parameters are the same as what we

described in Chapter 4.
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Metal Contact

SiWaveguide 439 pm GeSi Detector

Fig. 5.12 Top view of a 120 pm long GeSi photodetector coupled with Si Waveguides,

Fig. 5.12 shows the top view of a 120 pm long GeSi photodetector coupled with
Si Waveguides. For high speed measurements the metal contact pads are in the
ground(left)-signal(middle)-ground(right) configuration, as already mentioned in Chapter
3. Fig. 5.13 (a) and (b) show the I-V and J-V characteristics of some waveguide-
integrated Geg.99:S19.008 p-i-n diodes with different length. The series resistances and the
non-ideality factors are derived with the method described in Chapter 3. Although diode
behavior is observed, yet the dark current density is much higher than the Ge diodes in
Chapter 3. The dark current density at -2V in these device is in the order of 100 A/cm?,
while for the Ge diodes described in Chapter 3 it was only 0.02A/cm’. On the other hand,
the non-ideality factor in the waveguide integrated devices are around 3 instead of close
to 1, indicating that generation/recombination in the depletion region dominates the I-V
characteristics. Some reports suggests that a non-ideality factor ~3 could be due to

surface recombination processes [123, 124].
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Fig. 5.13 I-V and J-V characteristics of waveguide integrated Ge g4,Sij o3 photodetector/modulator
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There are several possible reasons for this high leakage cuﬁent due to fabrication
defects. First, the Ge;Six (x=0.8%) material itself has been shown to be defective. Fig.
5.14 (a) shows a high resolution cross-sectional TEM image of the interface Between Ge;.
«Six and Si. Due to the over-etch of the reactive ion etching (RIE) to form the trenches, a
~2 nm amorphous layer was formed on the top of the single crystalline Si. This layer has
been identified to be a fairly robust fluoride material formed by the dry etching reaction
[125,126,127]. When the over-etch is >10%, a ~2 nm layer on the Si surface is fofmed
and cannot be removed with regular chemical cleaning before the epitaxial growth. The
material grown on these trenches are rough and often discontinuous. The ultra- high
boron doping during the ion implantation (~10*'/cm’ at the Si surface) may also severely
damage the Si lattice and induce defects in the epitaxiai growth. In fact, the implantation
concentration in the Si layer was designed to be 2 x 10'°/cm’, but a much higher
implantation dose was used during fabrication due to the conventional fabrication recipe
in BAE systems for source/drain implantation in CMOS devices. As a result, the GeSi
grows on a defective Si surface and crystal defects like micro-twins occur due to this

reasonm.
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Fluoride polymer

Fig. 5.14 High resolution cross-sectional TEM images at the interface between GeSi and Si of a
reactive ion etched trench (left) and a wet etched trench (right). TEM analysis courtesy of Dr.
Jinggang Lu, North Carolina State University.

Strictly speaking, the Ge;.xSix material is no loﬁger single crystalline. When we mimic
the implantation and reactive ion etching conditions on a blanket Si wafer, the Ge;.xSix
(x=0.8%) grown on the wafer is visually blurry due to the polycrystalline nature. In
contrast, the Ge;«Six grown on wet etched Si surface is smooth (RMS roughness of about
2 nm) and there is no damaged layer at the GeSi/Si interface (Fig. 5.14(b)). Instead;
misfit dislocations can be clearly identified in the HRTEM image, as indicated by
numbers 1-4 in Fig. 5.14(b). Since the trenches in the integrated devices are implemented
by RIE while those in free space detectors mentioned in Chapter 3 are fabricated by wet
etching, the material quality in the integrated detectors/modulators is much worse than
the free space ones. The defects in the Ge,Siy layer due to the damage on the Si surface

could also lead to much higher leakage current.

167



Fig. 5.15 SEM image of a GeSi stripe after CMP. The white circles indicate the defects due to the rip-
off of GeSi material in the CMP process.

Secondly, the sidewall of the Ge stripes are damaged during CMP process. Fig.

5.15 shows such an example. The GeSi near the side wall was peeled off during the CMP
process, and these defective edges can be the source of high peripheral leakage. Although
not all the stripes show such a high density of CMP defects, there are typically some
defects at the sidewall. A third possible reason is that the dopant in the top poly Si layer
may diffuse along the GeSi/SiOz side wall boundary much faster than it does in the bulk.
.If so, the side wall of GeSi mesas could be heavily doped with the n-type dopant and
form a conductive path, especially considering the al'sénic peak concentration in the poly-
Si layer is 10*'/cm’® and the concentration at poly Si/Ge interface is still about 10'%cm’.
Arsenic is a fast diffuser in Ge [128] and is not ideal for our GeSi p-i-n diode device.
Instead, phosphorous is a much better n type dopant in thJs case since it is the slowest
diffuser among all n-type dopant in Ge. This is why we chose phosphorous doping in our
free space detectors mentioned in Chapter 3. However, due to the convention of CMOS
fabrication in BAE systems Inc., arsenic was chosen instead of phosphorus. Since the
dopant activation temperature after annealing is 700°C and the diffusion coefficient of
As is about an order of magnitude higher than that of P at this temperature, using As

instead of P as the n-type dopant could severely worsen the problem.
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To improve these fabrication steps, we should modify the fabrication process in
future device fabrications. To avoid the implantation damage on Si surface, we can adopt
thé originally designed B concentration of 10"%cm® instead of 10?!/cm’ in the current
fabrication process. This way the implantation dose is two orders of rhagnitude lower and
the implantation damage can be greatly reduced. In fact, we have grown Ge on such
implanted wafers with 10"/cm’® concentration, and the Ge quality is similar to those
grown on brand new Si wafers. To get rid of the fluoride layer due to the over-etch of
RIE, we can leave ~5 nm oxide layer unetched during the RIE, and take off this layer by
dilute HF dip before the growth. This way the plasma will never see the Si surface
directly and no fluoride polymer layer will be formed on the Si surface. This method has
also been shown to be effective to achieve a high quality Ge;..Six epitaxial layer. The
CMP process can be improved by depositing a dielectric layer on top of Ge mesas/stripes
before CMP. This way the Ge material wi11 suffer much less direct impact during the
CMP process and the material at the edge of the trenches will not be peeled off. Finally,
the n type dopant can be changed from As to P, so that much less dopant diffusion
happens in the intrinsic GeSi layer. The implantation depth can be a shallower to
accommodate the dopant diffusing during activation annealing. All these solutions are
still compatible with CMOS fabrication technology, and the modifications are easily

achieved.
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5.5 Responsivity and Bandwidth of Waveguide-coupled GeSi Photodetectors
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Fig. 5.16 (a) Experimental setup for the responsivity measurement of waveguide-integrated GeSi
photodetectors. (b) Schematic figure showing the method of determining the detector responsivity.

Fig. 5.16 (a) shows the experimental set up we used to measure the responsivity
of the waveguide coupled Ge;.xSix (x=0.8%) photodetector. The light from a single mode
tunable laser source (tuning range 1480-1570 nm) is coupled into the input optical fiber

and then into the input Si waveguide on the sample. The light travels along the
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waveguide, passes through the Ge;«Six modulator/detector device, and then couples into
the output Si waveguide and exits the sample. An electric probe is connected to the
preamplifier mentioned in Chapter 3,. and can be landed on the electrical contacts of the
Ge).xSix modulatof/photodetector to apply the reverse bias and read out the photocurrent
at the same time. The output light is focused by an objective lens to a photodetector so
that its intensity can be monitored. To decrease the noise during the measurement, the
laser was chopped at a low frequency of 400 Hz, and a lock-in amplifier is connected to
the preamplifier to read out the photocurrent signal, similar to Fig. 3.5. To determine the
responsivity of the photodetector, we inject a certain optical power into an optical line

with a Ge;..Six detector and read out a photocurrent i,,,, . We then keep the same input

optical power and measure the output light intensity ( P,,(ref)) from a reference Si

waveguide in the vicinity of the line with the Ge;.,Six detector (Fig. 5.16b). We also héve
paper-clip waveguide structures on the same wafer so that we know the propagation loss
of the light in the waveguide. Suppose the propagation loss in the Si waveguide is y in
terms of dB/cm and the distance from the input port of the Ge;Six detector to the output

end of the output Si waveguide is L in unit of cm (Fig. 5.16b). Then the input optical

power at the beginning of the Ge;Six detector is P,=10"" P . (ref) . Therefore, the

lphoto

responsivity is just R = ——————.
10""°P, (ref)

171



————————r———— | &

— 1.04 a-Si coupled -'16§
1 50um device |1
% 0.8+ = Juz
> o {75
s — 19
e 0.44 1 E
@) ) , . 7))
Q. — 1° c
8 0.2' -f E
¥ . ], F
0.0

— Y U v Y v T P p——
1460 1480 1500 1520 1540 1560 1580
Wavelength (nm)

Fig. 5.17 Spectral responsivity and transmitted pdwer of a 50 pm long, waveguide coupled
Geg.9925iy,00s photodetector. A 4 V reverse bias was applied for the responsivity measurement.

The spectral responsivity of a 50um-long Ge;Six photodetector at 4 V reverse
bias 1s shown in Fig. 5.17. There is a sharp rise in responsivity at 1520 nm, consistent
with the designed direct band edge of the Geg 992Sig.00s material. The responsivity at 1518
nm is 1.0 A/W, which corresponds to about 83% external quantum efficiency. An
interesting feature of the responsivity curve is that the responsivity decreases fairly
sharply for wavelength<1520 nm. From Egs. 4.27 and 4.28, we can see the responsivity
of a waveguide-coupled photodetector is related to its coupling efficiency and the
material absorption. The absorption coefficient of Gegg9rSiggos increases with the
decrease of the wavelength in the range of 1300-1600 nm. If we assume the 'coupling
efficiency is similar over the wavelength range of 1500-1520 nm, then the responsivity

should either increase with the decrease of wavelength (when the product of the modal
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'absorption coefficient and the length of the device &, L ~1 or <I), or decrease linearly
with the wavelength (when «,_,L >>1). Yet Fig. 5.17 shows a steep decrease in

responsivity at shorter wavelength. Therefore, this phenomenon is likely to be related to
the wavelength dependence of the coupling efficiency. This explanation is supported by
the transmission spectrum of the structure shown on the right hand axis of Fig. 5.17.
Corresponding tb the maximum responsivity at 1518 nm, the transmitted power shows a
sharp valley; while for shorter wavelength the transmission is much higher. If the light
has passed through the Ge.Six material as we designed in the butt-coupling scheme, then
the transmitted power should actually decrease with the wavelength since the absorption
coefficient is higher at shorter wavelength. The fact that we see an increase in
transmission with the decrease of wavelength in 1480-1520 nm range indicates that the
light can “by-bass” the Ge;Six material somehow and finds its way out. Theoretically
there should not be such a “by pass” in the butt-coupling scheme when we consider the
coupling between the .fundamental modes of the Si waveguides and the Ge;.xSix
" modulator, because if light is not coupled into the Ge;.,Six material it should be scattered
all over the places and cannot reach the output end of the device. Therefore, it must be
due to some other factors.

One fabrication error that we have identified through cross-sectional SEM is that
| the thickness of the GeSi modulator was actually 480 nm instead of 600 nm due to the
over—polishing of CMP process. The dimension of the Si waveguide, on the other hand, is
490 x 188 nm,‘ and the center of the Si waveguide is higher than that of the GeSi

modulator by 64 nm. Misalignment of the Si waveguide to the GeSi modulator/detector
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surely decreases the coupling efficiency. However, in Fig. 4.22 we have already shown

that such small misalignment would not affect the coupling significantly.

n _ of the 2" Mode

1500 1520 1540 1560 1580
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Fig. 5.18. Effective index (n.y) of the second mode in a 490x 188 nm Si waveguide as a function of
wavelength.

Indeed, simulations by both the mode solving method and the BPM method show that
even with the 64 nm vertical misalignment the coupling efficiency from the input Si
waveguide to the GeSi detector/modulator should still be ~80% in the wavelength range
of 1500-1550 nm if we only consider the coupling between the fundamental modes. The
variation in coupling efficiency between the fundamental modes varies within 8% in the
wavelength range of 1500-1550 nm, much smaller than the significant change in
résponsivity in Fig. 5.17. Therefore, to explain the spectral responsivity data we obtained
in Fig. 5.17 we have to refer to higher order modes. Fig. 5.18 shows the simulation result

of the effective index of the second mode vs. wavelength for a 490 x 188 nm Si
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waveguide. When the calculated effective index is smaller than the index of the cladding
(SiO;, refractive index n=1.46), it is not a real guided mode and will dissipate away after
some propagation. However, for wavelengths <1520 nm the effective index of the second
mode becomes bigger than that of the SiO, cladding, indicating a real second mode
supported by the wavgguide. The shorter the wavelength, the higher the effective index of
the second mode, and the more robust the mode. As a result, it is likely that the light
could couple into the second order mode for wavelengths <1520 nm due to the
perturbation of the sidewall roughness of the poly-Si waveguide or the slight fiber-to-
waveguide misalignment in the measurement. As the wavelength decreases, a larger and
larger proportion of the power could couple into the second order mode. Since the second
order mode is mostly in oxide cladding, it has nearly no overlap with the mode in Ge;.
«Six detector/modulator and can “by-pass” the device and propagate to the end of the
output Si waveguide. Therefore, below 1520.nm the responsivity decreases sharply with
the decrease of wavelength in Fig. 5.17.

To avoid measuring the effect of higher order modes, we can design a bend in the
Si waveguide before the light reaches the GeSi photodetector. As shown earlier, the
effective index of the second order mode is much lower than the first order mode, so the
bending loss is much larger. For example, simulation results shqw that with a bending
radiu§ of 50 um the second order mode is almost completely lost after a 90° bend while
the fundamental mode remains intact. This way we can filter out the high order modes
aﬁd eliminate its effect in the optical measurements.

Fig. 5.19 shows the responsivity at 1518 nm as a function of reverse bias. In

contrast to the free space detectors in Chapter 3, the DC responsivity increases
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significantly with the reverse bias, and from the trend of the curve it seems at 4 V reverse
bias the DC responsivity just starts to reach saturation. We were unable to apply a bias
great than 4 V since the leakage current at >4 V exceeds the range of our measurement
system. The strong dependence of the DC responsivity on the reverse bias is-also related
to the problems we described in Section 5.4 on the I-V characteristics of the device. On
one hand, the poor material quality and dgfects induced by CMP process greatly decrease
the carrier li-fetime in the material. On the other hand, the high leakage current at reverse

bias due to the carrier generation in the depletion region induces an electric field (£,,,)
counteracting the applied electric field £,,, . Therefore, the effective electric field in the

depletion region is reduced to E,,, - E,,, and the carrier transit time 7,,,, is increased.
Asa result, the carriers cannot reach the electrodes before they recombine at the defects,

and the collection efficiency is low. We can estimate £, by

Egen ~ Jgenrtransit /g ’ (5 3 )
where J,,, is the generation current density, and ¢ is the dielectric constant of the GeSi
material. The transit time is given by

Toansic = H Vg = H I(UE 5 I(L+ HE ;- 1V ,,)) 5.4

where H is the thickness of the GeSi layer, v, is the carrier drift velocity,

E,=E,, - E,, is the effective electric in the GeSi layer, u is the carrier mobility in
GeSi, and v, is the saturation velocity in GeSi. Substituting (5.4) into (5.3) and using

#=1000 cm’/V sec and v,, =6x10° cm/sec, we estimate that the effective electric field

in GeSi at 4V reverse bias is ~8.2 kV/cm. At this electric field the carriers can be
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accelerated close to saturation velocity and nearly full DC responsivity can be achieved.
This is consistent with our observation in Fig. 5.19, where the DC responsivity starts to

saturate at 4V reverse bias.
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Fig. 5.19 DC responsivity vs. reverse bias of a waveguide coupled Gey 99,Sio.00s photodetector.

The experimental Asetup for the bandwidth measurement of the detector is shown
in Fig 5.20. A 1550 nm laser was modulated by an external high speed optical modulator
with a bandwidth of 10 GHz, and the modulated optical signal is sent to the Ge;«Six

photodetector through the optical fiber and the input Si waveguide.
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Fig. 5.20 The experimental set up for the bandwidth measurement of the waveguide integrated GeSi
photodetector.

The photocurrent signal is amplified by a trans-impedance amplifier (TIA) for higher
signal-to-noise ratio in the measurement. A network analyzer is used to scan the
frequency of the modulation and read out the photocurrent as a function of modulation
frequency via TIA. Fig 5.21 (a) and (b) show some typical results. The oscillation in the
’frequency scan is due to the RF impedance mismatch in the circuit. Our best device
shows a bandwidth of >4.5 GHz (Fig. 5.21(a)). The roll off in this device is actually due
to the bandwidth limitation of the TIA circuit instead of the detector itself. More
commonly, a bandwidth of ~1.3 GHz was observed, as shown in Fig. 5.21 (b). These
devices show a series resistance of <100 Q and a capacitance of <0.1 pF. Therefore, the
RC limited bandwidth should be in the range of ~20 GHz. The reason for the slower
speed is most likely due to the slow carrier diffusion process in the defective Ge.,Si,
material instead of the RC delay. Also, the fact that some devices show higher speed

indicates the non-uniformity in the fabrication process, especially the defects formed

during CMP, may also play a key role in the variation of the detector speed.
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best device in this fabrication run, and (b) an average device.
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5.6 Preliminary Results on GeSi EA Modulators
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Fig. 5.22. Transmitted power vs. wavelength of the GeSi EA modulator at 0 and 4 V reverse bias.

The same experiméntal setup in waveguide-integrated detector measurement was
also used to measure the performance of the GeSi electro-absorption modulator. In this
case, we monitor the change in the output power at different wavelengths as we increase
the reverse bias from 0 V to 4 V. Fig. 5.22 shows the experimental result. The maximum
extinction ratio is only about 0.3 dB at around 1560 nm. This is because not enough
electric field is built into the Ge,..Six layer even though a significant reverse bias is
applied due to the growth defects and sidewall defects in the Ge;«Six material. As we
mentioned earlier, the effective electric field in the GeSi layer is estimated to be ~8.2
kV/cm at 4V reverse bias. From Fig. 4. 8, we can find that the absorption coefficient of

the Ge;.xSix material is 124/cm at 0 electric field, and no more than 150/cm at an electric
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field <10 kV/cm. The corresponding modal absorption coefficients are 138/cm and
159/cm, respectively. Therefore, with Egs. 4.23 and 4.25 we can calculate that the
extinction ratio should be no more than 0.45 dB. This is consistent with our
measurement result that the modulation depth is only ~0.3 dB. The performance should
be greatly impfoved if we can obtain similar material quality as the free-space coupled
photodiodes mentioned in Chapter 3, since strong FK effect was demonstrated in those
devices and a significantly large electric field can be applied on the GeSi material.

In summary, we have demonstrated a preliminary waveguide-coupled GeSi
photodetector with a responsivity of 1.0 A/W at 1518 nm and a bandwidth of >4.5 GHz,
as well as a GeSi EA modulator with an extinction ratio of 0.3 dB. The devices suffer
significantly from the dark current induced by the growth and fabrication defects in the
first fabrication run. Solutions to the growth and fabrications issues are proposed and
some of them are already tested. It is promising that we can achieve a device performance

predicted in Chapter 4 in a future device fabrication.
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Chapter 6. Summary and Future Work

This thesis focuses on the research of waveguide-integrated GeSi photodetectors
and EA modulators on a Si platform for electronic-photonic integrated circuits (EPIC).
We started with the growth and material characterization of tensile strained epitaxial Ge
films on Si in Chapter 2. The direct band gap vs. tensile strain in Ge was measured for the
first time, and deformation potential constants were obtained with relatively high
accuracy. The tensile strain was engineered by backside silicidation and post-growth
annealing. The direct band gap of Ge was decreased to 0.764 eV with 0.25% tensile strain,
covering both the C and the L bands in telecommunications. We further investigated the
tensile strain in selectively grown Ge mesas and stripes. The major strain relaxation
mechanism was identified to be faceting-induced elastic relaxation. This knowledge is
very helpful in our design of waveguide-coupled GeSi devices since they are achieved by
selective growth in narrow trenches.

In Chapter 3 we demonstrate that the tensile strain in the Ge material transforms
to a significant _enhancement in the responsivity of the Ge photodetectors. Tensile
strained Ge photodetectors were also achieved by selective growth. The broad detection
spectrum, high bandwidth and low driving voltage makes it attractive for applications in
Si-based EPIC.

Chapter 4 discusses the design of a waveguide-coupled GeSi EA
modulator/photodetector. Enhanced Franz-Keldysh effect in tensile strained Ge was
reported for the first time, and the experimental results agree with the theoretical model.
We moved on to design the material composition and the device structure of GeSi EA

modulators with optimal performance at 1550 nm. Our modeling and simulation results

182



show that an GeSi EA modulator with an extinction ratio of 10 dB and a bandwidth of
>50 GHz can be achieved at the cost of ~4.8 dB insertion loss. Such performance is
similar to the EA modulators based on III-V materials. The same material and device
structure can be also used for waveguide-integrated photodetectors with a responsivity of
1.1 A/W at 1550 nm and a bandwidth >35 GHz. Therefore, an integration of GeSi
modulator and photodetector can be achieved relatively easily.

Chapter 5 shows the preliminary results of our first attempt in fabricating
waveguide-integrated GeSi photodetectors and EA modulators. A waveguide-integrated
GeSi photodetector with a high responsivity of 1.0 A/W at 1518 nm and a bandwidth of
>4.5 GHz was achieved. The first GeSi EA modulator we fabricated shows .a modulation
depth of ~0.3 dB at around 1560 nm. Both devices suffer from the defects related to the
material growth and fabrications process, and the performance could be greatly improved
with the eliminations of these defects. Solutions to the growth and fabrication issues are
discussed and some of them were already tested.

There are several aspects that we should study in more detail in the future work.
(1) We need to understand more about the GeSi selective growth in trenches. For
example, the effect of trench direction on the growth rate and kinetics should be studied.
It has been reported in the case of Si epitaxy that the growth in trenches along [100]
direction is free of facets and defects at Si/SiO, sidewall interface is much less than the
case of [110] trenches [129]. It would be interesting to our application if the same effect
‘exists in the Ge epitaxy on Si, since by avoiding facet growth we could fill up the trench
with a flat top and no CMP process is needed to remove the GeSi extruding out of the

trench. (2) More analysis on our first lot of waveguide-integrated GeSi EA modulators
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and detectors is needed. Although we proposed three possible reasons for the poor diode
performance in this run, we are not able to tell which one of them has the most effect by
now. Based on our proposed solutions in Chapter 5, we need another fabrication run to
have a better understanding about the issues. Failure analysis with extensive TEM images
are also needed, especially to see if the ends of the Si waveguides really reaqh the GeSi
material in the bﬁtt-coupled structures. If _there is an air gap or some other defect it could
significantly affect the coupling efficiency. (3) More investigation is needed to evaluate
the quality of SiO, passivation of GeSi sidewalls. The passivation of the sidewalls of the
GeSi stripes is very important, since it may lead to significant peripheral leakage.
Research should be done on other dielectric materials like SiON or GeON to compare
with the SiO, passivation.

Although there are still many problems to solve before we can apply our
waveg.uide-integratved GeSi modulators and detectors to real applicatioﬂs, the physics 6f
these devices is sound and the fabrication problems should be resolved eventually. The
GeSi devices have promising future for applications in both Si-based photonics and high

speed electronic circuits.
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Glossary
AFM: Atomic force microscopy.

BER: bit error rate. The ratio of the number of error bits to the total number of bits.

dB is an abbreviation for decibel. dB=10log, (7, /B), where P, is a quantity compared -
to A . ' '

dBin is an optical power unit used in telecommunications. Let P be the optical power in
terms of mW, then in terms of dBm it equals to 10log,,(P). Therefore, 0 dBm= 1mW,

and 10 dBm=10 mW.

3dB bandwidth (frequency) is the frequency at which the power output of a divice
drops to half of the DC case. For photodetectors, it means that the responsivity of the

- device at this frequency is equal to the DC responsivity divided by V2.

Deformation potential constants describe the amount of band gap change under a
certain amount of strain in the semiconductor material. The dilational deformation
potential, a, describes the effect of hydrostatic strain on the band gap of the material, .

while the devitorial deformation potential, &, describes the effect of the devitorial part of
the strain tensor on the band gap of the material. :

DWDM: Dense wavelength division multiplexing.
EA: Electro-absorption,

Electro-absorption effect refers to the phenomenon that an applied electric field can
- change the absorption of a material in a range of wavelength.

EPIC: Electronic-photonic integrated circuits.
External quantum efficiency (for detectors): The number of photogenerated electron-
hole pairs that are collected by the electrodes divided by the raw number of incident

photons. It takes into account the propagation and coupling losses of photons as well as
the carrier collection efficiency.

Extinction Ratio refers to the contrast in the output optical power between the optical
off-state and on-state of a modulator in unit of dB.

FOM: Figure of merit.

FTTX: Fiber to the X
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HRTEM: high resolution transmission electron microscopy.

Internal quantum efficiency (for detectors): The number of photogenerated electron-
hole pairs that are collected by the electrodes divided by the number of photons that reach
the active region of the detector. It does not take into account the propagation and
coupling losses of photons.

Insertion loss refers to the loss of optical power at the optical “on” state (transparent
state) of a modulator in unit of dB.

PR: Photoreflectance

Responsivity equals to the photocurrent divided by the incident optical power. The unit
is usually A/W or mA/W. '

RIE: reactive ion etching

SEM: scanning electron microscopy
SIMS: Secondary ion mass spectrometry
SNR: signal-to-noise ratio

TEM: transmission electron microscopy
ULSI: ultra-large scale integrated circuits.

XRD: X-ray diffraction
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