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Abstract

Nanoscale Photodetector and Optical Modulator for Future Optical

Interconnect Systems

by

Ugo Otuonye

Chair: Prof. Wei Lu

As the demand for cheaper and faster computing continues to increase, the semiconductor
industry has relied on transistor scaling to meet this demand. With transistor size approaching the
atomic limit, there needs to be a fundamental change from the traditional improvement methods
employed in the past. Improvement of data transfer between the microprocessor and other
peripheral units could provide an immediate boost to computing in general. The bus lines
connecting the CPU to other components are made up of metal interconnects. The speed of metal
interconnects are highly limited due to parasitic effects. Switching to optical interconnects will

eliminate most of the parasitic effects experienced with metal interconnects and will provide an



immediate improvement in computing speed. Implementation of optical interconnect system will

require nanoscale photodetectors and modulators.

At 20nm scale and using a CMOS compatible process, Ge nanowire photodetectors could
be integrated at the transistor level for interconnect applications. We have demonstrated a single
20nm diameter Ge nanowire photodetector with current gain of more than 102 and responsivity of
25A/W operating at 1.55um wavelength. Our device is based on the formation of an abrupt
heterojunction between Ge nanowire and Si substrate. The device photocurrent is highly scalable

based on the number of active nanowires connected in a parallel formation.

We have also demonstrated a multilevel modulating device based on the integration of two
memristors on a photonic crystal waveguide. Our device enabled the modulation of an optical
channel by multiple electrical signals with distinct optical output for every combination of the
modulating input signals. The device operation is based on the creation of optical extinction centers
within the waveguide through the injection of silver clusters. By using a photonic crystal
waveguide instead of traditional waveguide structure to build the device, we exploited the local
resonances within the photonic crystal waveguide to tune the waveguide response and optical
output characteristics of the device. The demonstrated device operates at the telecommunication

wavelength of 1.55um and it is fabricated using CMOS compatible process.

Integration of nanowire photodetector and nanoscale modulator as a single device using
CMOS compatible process will potentially enable high-speed and high-density optical
interconnect link between the microprocessor and other peripheral units, and provide immediate

boost to the speed of computers.

xi



Chapter 1

Overview

As transistor scaling trends towards the sub 20nm gate length, the development of low
power nanoscale optical interconnects will be crucial to realize the full potential in terms of speed
and overall performance of systems built from such transistors. For example, optical interconnects
might be used for communication between circuit blocks within the Central Processing Unit (CPU)
or between the CPU and memory. The idea of using optical interconnects instead of metal
interconnects has been an area of intense research for the last decade[1]-[13]. This is because
optical interconnects are expected to outperform metal based transmission lines because of the

lack of parasitic effects that limit the frequency response of the later.

In order to achieve functioning, high-density and high-speed optical interconnect links that
could be integrated into a CMOS based platform, the critical components which are photodetectors
and modulators must be within the nanoscale. It is also important that such detectors and
modulators be very low power devices and be made using CMOS compatible materials and
process. While micron scale photodetectors have been very well demonstrated in the past,
nanoscale detectors are still early in the developmental stage. Modulators demonstrated so far are
in hundreds of micrometer to millimeter scale. The development of efficient nanoscale modulators
and detectors will be crucial to the implementation of an on-chip integrated optical interconnect

link.



In this chapter, we will review the physics of photodetector devices and modulators. The focus
will be on silicon and germanium based devices that are relevant to the research work presented
in the thesis. Photoconductors, p-n junction photodiodes, Schottky junction photodiodes and
surface plasmon-enhanced detectors are the photodetectors that will be covered in detail. The
operation of electro-optic modulators, electro-absorption modulators and memristive modulators

will be explained as well.

1.1 Physics of photo detection

Photodetectors are devices that convert optical energy into electrical energy. This is done
through the absorption of photons which in turn generates electron-hole pairs that could be
collected to generate current in an external circuit. For semiconductor based photodetectors, the
absorption of photons is dependent on the band structure of the semiconductor material.
Semiconductor materials could be either transparent or opaque to photons of a particular energy.
When the energy of the incoming photon is smaller than the bandgap of the semiconductor, the
photon is not absorbed and the material could be described as transparent at that photon energy.
However, when the incoming photon energy is higher than the bandgap of the material, the photon

is absorbed and the material is referred to as opaque to photons of that energy.
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Figure 1: a) Shows a semiconductor material transparent to the incoming photon. No absorption
occurrs because Ephoton < Ebandgap. b) Shows absorption process with generation of electron-
hole pair and anihalation of the photon.

The idea of absorption is based on the fact that electrons are scattered from the valence
band to the conduction band of the semiconductor and creating a hole in the process[14]. However,
for these transitions or scattering processes to occur, the energy as well as the momentum must be
conserved. It is worth noting that photon momentum is extremely small on the momentum
scale[14]. For this reason, scattering process involving photon absorption is more favored when
electrons make vertical transitions from valence band to the conduction band. This is more likely
to happen in direct bandgap semiconductors (materials where the valence band edge and
conduction band edge occur at the same K point). When vertical transitions are not possible
because the material is of the indirect bandgap type, optical absorptions can still occur with the
assistance of phonons. Due to the momentum required for transitions to occur in indirect bandgap
materials, photon absorption is not as efficient as in the case of direct bandgap semiconductors.
Most semiconductors fall into two distinct groups, direct and indirect bandgap materials. Few

semiconductors like germanium have both direct and indirect bandgap.



For photodetectors to work, both photon absorption and carrier extraction process must be
efficient. If photons are absorbed and the photo generated carriers recombine before reaching the
contacts, no photocurrent will be measured in the external circuit. In order to ensure effective
collection of carrier, photodetectors are electrically biased to produce electric field gradient that
separate the carriers (electron-hole pairs) and move them to the contacts. Carriers can also diffuse

over short distances without the influence of electric field.

1.1.1 Photoconductors

Photoconductors are the most basic form of semiconductor photodetectors. They are made
up of a semiconductor region with two Ohmic contacts. When photons with energy greater than
the bandgap of the semiconductor material are incident in the semiconductor region, electron-hole
pairs are generated within this region [14]. Under a voltage bias, an electric field is created inside
the semiconductor which drives the optically generated electrons and holes to the contacts, creating
a photo current which can be detected by an external circuit. A typical example of a
photoconductor is the n* — n — n* structure. The n* regions help create Ohmic contacts with the

intrinsic semiconductor for carrier extraction while the n region is the light absorption layer.

Light

- =5

I




b)

Figure 2: (a) Schematic diagram of a photoconductor based on the n* — i — n™ structure. (b) Band
diagram under electrical bias and optical excitation.

When light of uniform intensity is incident on the intrinsic region of the photoconductor,
the carrier population within this region will increase because of the creation of extra electron-hole
pairs from optical absorption. We can represent this change in carrier population with the equation

below:

n, + An p=Dp,+Ap 1)
An = Ap (2)

An and Ap represent the extra carriers generated from photon absorption and they are equal

because electron and hole carriers are created in pairs for each photon absorbed.

The generated carriers will either recombine or be driven by the electric field to the contacts

where they are collected. The recombination rate is then given as:

Rep =— =Gy, (3)

Where



T.p, 1S the recombination time for the optically generated excess carriers.

If we consider the substrate to be very lightly n-type doped as is usually the case for most
photoconductors, the total conductivity of the material will change to account for the generated

€XCess carriers as;
Ao = Cl(HnAn + P-pAp) = q(P-n + P-p)An 4)

0 = q[un(n + An) + p,(p + Ap)] (5)

The current density and photocurrent resulting from the collection of the generated carriers

under the influence of the electric field will be:
] = (0 + Ao)E (6)

I = qAn(py + pp)AE = Gy Ten(Hn + 1p)AE ©)

Considering that the electron and hole mobility will be different due to the different
effective masses of each of these carriers, we can express the photocurrent in terms of transit time
and extract a photoconductive gain. Due to the lighter mass of electrons and higher mobility,
electron current will dominate because the holes will not have enough time to make it to the
contacts before they combined with electrons injected from the contacts [15]. For this reason, we
will consider only the transit time of electrons. For a photoactive region defined by length L, the

transit time of electrons and the photoconductive gain are defined as
byr = —— 8)

e l’l‘
G, =%(1+ﬁ) )



In general, certain figures of merit are used to quantify the performance of photodetectors.
Among them are optical generation rate(G,), quantum efficiency(n), injected photocurrent(I,y),
actual photocurrent(I) and responsivity(R). Optical generation rate is defined as the photon flux
per unit volume while quantum efficiency is the number of electron-hole pairs produced per
absorbed photon (intrinsic quantum efficiency(n;)) multiplied by the absorbance [2]. The

equations for G,, n, Ipp, I, R and photoconductive gain are written as:

Go = N(2) (-2 (10)
n=n;(1-R)(1—-e™™) (11)

Ion = N4 P;jjt (12)

I=1Ip, :T (13)

R = Polpt (14)
Photoconductive Gain = IpLh = ;—‘; (15)

Photoconductive gain is solely dependent on the number of round trips that carriers make before
combining with other carriers[15]. Designing the device length in such a way that carriers can
make multiple round trips before recombination can lead to very high gain in photoconductors, as
discussed below for ZnO nanowire photodetectors and in Section 3.5 for the case of the Ge

nanowire photodetector.

As an example, we examine the operation of ZnO nanowire photoconductor which has

already been extensively studied. Nanowire photoconductors offer unique properties because of



the one dimensional geometry which allows for very high photoconductive gain and faster photo
response compared to two dimensional (2D) and three dimensional (3D) geometries[16]-[20]. The
properties of nanowire photoconductors are strongly dependent on the radial diameter of the wires
and the effect of surface traps[21]-[27]. The surface traps can cause Fermi level pining and
depending on the location of the pining, the nanowire can exhibit n-type or p-type behavior. The
charge difference between the surface and the core will lead to significant band bending and for
very small geometries (below the critical diameter ( d.)), the wire can be fully depleted[21], [28]—
[32]. These effects could cause profound changes to the performance of nanowire

photoconductors.

As shown in Figure 3, the photoconductive gain in a ZnO nanowire photoconductor could
be as high as 108[33]. Such a high gain arises from the long life time of photo generated electrons.
As photons are absorbed in the nanowire, electron-hole pairs are generated. Due to the band
bending, photo generated electrons are confined to the middle of the nanowire while holes migrate
to the surface and are trapped. At low optical generation rates, these electrons can have very long
life time since there are no available holes to recombine with, leading to a very high
photoconductive gain. However, at very high generation rate, electrons that are closer to the
surface can recombine with holes through the trap sites, thereby reducing the photoconductive

gain. These effects are evident in the plot of the photoconductive gain versus absorbed photons.
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Figure 3. a) Plot of photocurrent versus excitation intensity for ZnO nanowire (Insert: effect of
surface states on optical absorption). b) Photoconductive gain versus absorbed photons. Reprinted
with permission from ref[33]. Copyright 2007 American Chemical Society.

While photoconductors are important devices mainly due to their easy fabrication, they are
prone to very high dark current which limits the signal to noise ratio [14]. Minority carrier

recombination time could also limit the speed of photoconductors [14].

1.1.2 P-N Junction Photodetectors

The majority of semiconductor devices are based on p-n junctions. These include Bipolar

Junction Transistors (BJTs), metal-oxide semiconductor field-effect transistors (MOSFETS)
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homo-junction and heterojunction photodetectors, to name a few. Modifying the barrier height of
the p-n junction allows us to change the operating condition of our devices at will. For instance, in
MOSFETSs, we can create a conducting channel that turns the transistor on by lowering the barrier
height at the p-n junctions. Photodetectors based on p-n junction structures offer lots of advantages
over the previously discussed photoconductors. Among these are dark current suppression and
high frequency operation. The later advantage being the result of reduced junction capacitance

which can be achieved by making the junction area small.

Figure 4. Show the schematic diagram of a p-n junction photodetector. The electron-hole pairs are
generated due to optical excitation. The electrons are swept to the n-side while the holes are swept
to the p-side. The field is greatest at the junction and band edges bend due to the field [1].

The difference between the p-n photodiode and a regular p-n diode performance is the
presence of the extra carriers generated due to the optical absorption within the junction area and
one diffusion length away from the junction. The photocurrent arising from generated carriers can

be modelled using the equation

10



I, =eG (L, +L,+W)A (16)
Where

L, and L,, are the diffusion length of the minority carriers, W is the diode depletion width,

G, is the carrier generation rate and A is the effective diode area.

The photocurrent flows in the opposite direction to the forward current of the diode and
will have the same sign as the dark current. Modifying the regular diode equation to account for

the photocurrent, we can model the total current with the following equation:

e(V+RgI)

I=1,+1,(1—e ™ ) (17)

Where

I, is the photocurrent, I,is the dark current, R, is the series resistance and n is the ideality

factor of the diode.

Sometimes it might be necessary to add an intrinsic layer at the p-n junction to enhance optical
absorption as is the case with solar cell devices. Devices with such intrinsic layer are referred to
as p-i-n photodiodes. The physics of p-n photodiodes and p-i-n photodiodes are very similar. We

only need to account for the difference in field profile of added intrinsic layer in p-i-n structures.

1.1.3 Schottky Junction Photodetector

Schottky photodetectors are some of the simplest photodetectors to fabricate. While
Schottky junctions behave similarly to p-n junctions in terms of electrical characteristics, the
mechanism of operation is quite different. The barrier in Schottky diodes is formed at the

metal/semiconductor interface. The height of this barrier is dependent on the metal work function
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and varies from metal to metal. In practical Schottky diodes, the barrier height is also dependent
on surface states which have the tendency to pin the Fermi level inside the semiconductor bandgap
[34]. The Schottky diode current in the forward bias configuration is due to thermionic emission
of electrons from the semiconductor into the metal [34]. The current is based on majority carriers

unlike p-n junctions which are based on minority carriers.

For photodetector applications, Schottky diodes are operated in the reverse bias
configuration just like the p-n photodiodes. There are two mechanisms responsible for the
generation of photocurrent. If the energy of the photons is greater than the energy required to
overcome the metal-semiconductor barrier (Eppocons > E¢j), electrons in the metal gain enough
energy to jump over the barrier creating a photocurrent. Also, when the photon energy is greater
than the bandgap of the semiconductor (Eppoton > Eg4), €lectron-hole pairs are generated within
the semiconductor side of the junction and are separated by the electric field within the junction to
contribute to photocurrent. These two detection mechanisms can occur concurrently when the

photon energy is greater than both the barrier height and the semiconductor bandgap.

The device characteristics plotted in Figure 5 is for a Schottky junction photodetector built
to detect photons with energy higher than the Schottky barrier but lower than the semiconductor
bandgap. Photon energy is absorbed by electrons in the metal which enable them to overcome the
barrier and get swept by the high junction field into the semiconductor. This device utilizes the
strong optical enhancement provided by the coupling of surface plasmon waves on the metal side
of the junction to increase the number of electrons excited from the metal into the semiconductor.
The tight confinement of light within the Schottky junction in the form of surface plasmons allows

the miniaturization of the photodetector making them attractive for integration with other devices.
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Figure 5: a) n-type Schottky diode energy band diagram. b) I-V characteristics of silicon based
Schottky photodetector. c) Reverse bias I-V curve for NIR wavelengths. d) Responsivity
measurement at 1.55um wavelength and 0.1V reverse bias. Reprinted with permission from
ref[35]. Copyright 2011 American Chemical Society.

1.1.4 Phototransistors

The majority of commercially available phototransistors are made from Bipolar Junction
Transistors (BJTs). BJTs are 3 terminal devices consisting of base, collector and emitter regions.
For photo detection applications, the base is made up of photosensitive material which absorbs

light and produces a photo-induced base current which controls the transistor. Depending on the
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biasing mode of the transistor and the gain, the photo-induced base current could be amplified by

many orders of magnitude making the phototransistor very sensitive to light.

BJT phototransistors typically have an open circuited base [14]. Most of the photon
absorption takes place at the reverse-biased base-collector junction due to the larger depletion
width and generate electron-hole pairs. Due to the junction field, electrons are swept to the
collector side of the junction (using NPN BJT phototransistor as an example) while holes are swept
to the base side. The separation of carriers is responsible for the observed photocurrent just like in
regular p-n junction photodetectors. Additionally, the holes injected into the base from the base-
collector junction (responsible for the base current) causes more electrons to be injected into the
base from the emitter side. The common base current gain (a) in this case will be close to unity.
Some of the electrons injected into the base will recombine with holes but the majority of them
will make it to the base-collector junction and are swept to the collector side contributing to the
overall current. It is easy to observe that in this case the current through the base will be equal to

the emitter current since the base is not biased. We can write the transistor equations as follows:

e _ 1
L= i« (18)
IE = IC (19)

Where

I is the emitter current, I is the collector current and I, is the photocurrent.
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Figure 6: (a) Schematic drawing of an n-p-n BJT phototransistor, normally the base width is
made very small for higher current gain. (b) Band diagram showing the operation of the of
phototransistor and carrier movement under optical excitation.

When the common base current gain is close to unity the current gain becomes very large. This
leads to very high amplification of a small photocurrent making phototransistors very sensitive to
light. The speed of phototransistors is limited by large base-collector junction capacitance while
the photocurrent is dependent on large base-collector junction. There is a trade-off between speed

and photocurrent when designing BJT phototransistors.
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1.2 Optical Modulators

In this section, we will review the operation mechanism of different silicon based optical
modulators. The majority of optical modulators rely on the applied electric field to alter the
refractive index of the semiconductor material [36]. Because the refractive index of most
semiconductors are made up of the real and imaginary parts, an applied electric field can change
the real part of the refractive index or the imaginary part or both depending on properties of the
semiconductor [36], see discussions below. When the real part of the refractive index is changed
due to an applied electric field, it is known as electro-refraction. If the imaginary part is changed
it is referred to as electro-absorption [36]. Both electro-refraction and electro-absorption effects

can be observed in the same device.

1.2.1 Electro-refraction Modulators

Electro-refraction modulators rely on phase shift or change in the polarization of optical
beams passing through an applied electric field. The consequent constructive or destructive
interference of the phase shifted or polarization changed optical beams produce the modulated
output. These types of modulators are described as “Electro-Optic” modulators. The difference in
phase or polarization is as a direct result of electric field induced refractive index change. To
understand how the refractive index of the material is changed by the applied electric field, we
have to recall the electric field relationship to the displacement vector [15], [37], [38], which is

given as:

)
I

e E (20)
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Where

D is the displacement vector, ¢ is the permittivity tensor and E is the applied electric field

(all vector quantities).

The applied electric field changes the permittivity tensor and the permittivity is the square
of the refractive index. Further descriptions of electro-optic modulators are based on the physical

structure of the devices.

\ Guided mode

D —
-

\
)
>
\
>
-

/

(
<

\
B>
\
() ﬁ Lea kage

Figure 7: A Mach-Zehnder interferometric modulator showing enhancement of fundamental
mode optical signal from a Y -junction waveguide through constructive interference and an
attenuation of the same signal through destructive interference [15].

An example of the electro-optic modulator is the Mach-Zehnder interferometer illustrated
in Figure 7. An applied electric field from voltage bias alters the refractive index of one of the
waveguides thereby causing a 90-degree phase shift relative to the other waveguide. When the
optical signals are combined, the phase shift results in a destructive interference of the optical

signal. On the alternative, if the signal on the two waveguides are of the same phase, they combine
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constructively and enhance the optical signal. To implement this type of modulator, information
is encoded into electrical signal as voltage levels. The optical channels are biased to produce phase
shift corresponding to the electrical voltage level, thereby encoding the electrical signal into optical
signal (light modulation). The operation of the electro-optic modulator is governed by the

equation:

ABl
2

) (21)

1 . .
Pout = 5 |eiPal + iPbl|2 = cos?(
Where

P,,: is the optical power output from the Y-junction and AB!L is the detuning factor.

1.2.2 Electro-absorption modulators

Electro-absorption modulators are based on the change in the imaginary part of the
refractive index of a material due an applied electric field. The absorption mechanism can be due
to free carriers or as a result of assisted direct transitions of carriers near the band edges
[15][39][40]. The latter case can further be classified into two categories the Franz-Keldysh effect

and guantum-confined stark effect (QCSE).

Franz-Keldysh effect is normally observed in bulk direct bandgap semiconductors. The
presence of an electric field across a semiconductor material causes band bending in the direction
of the field. As a result of this band bending, the wave-function of the conduction band electron
and that of valence band hole can penetrate the bandgap, effectively lowering the bandgap of the
material [15]. This implies that photons with energy lower than the bandgap of the semiconductor
will now be absorbed. By creating two different absorption states in the semiconductor through

externally applied electric field, we can effectively modulate an optical signal passing through
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such material. The photon energy has to be slightly lower than the bandgap but higher than the

absorption tails resulting from Franz-Keldysh effect.

The second effect is the quantum-confined Stark effect (QCSE). This effect is similar to
the Franz-Keldysh effect but generally stronger and typically employed in quantum well 2D
structures. The absorption is stronger for the QCSE because of the enhanced exciton binding
energy in 2D structures due to the confinement of electrons and holes within the wells [15].
Modulators based on QCSE are generally more challenging to achieve due to the additional task
of epitaxial material growth of quantum well structures. The Franz-Keldysh effect and QSCE are
extensively covered in most photonics texts. For more in depth understanding of these effects, the

reader can refer to ref[15].

1.2.3 Modulators based on plasma dispersion effect

At communication wavelengths of 1.3um and 1.55um, silicon is transparent and the electric
field effects responsible for both electro-refraction and electro-absorption are extremely weak [41].
Therefore, it is very difficult to achieve good modulation in silicon at these wavelengths. One
method that has been used to build efficient silicon modulators is to explore the physics of plasma
dispersion effect. This involves the injection of free carriers into a silicon waveguide to change the
real and imaginary parts of the refractive index within the local material area [42]. The changes in
refractive index as well as absorption resulting from injection and extraction of free carriers were

quantified for 1.33um and 1.55 in Ref [43] and started below:
At 1.3um:
An = Ang + Any, = —[6.2 X 10722 X An,+ 6 x 10718 x (Any)%8] (22)

Ao = Aag + Ao, =6 X 10718 x An, +4 x 10718 x Any (23)
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At 1.55um:
An = An, + Any, = —[8.8 x 10722 x An,+ 8.5 x 10718 x (Any)%8] (24)
Aa = Aag + Aoy, =8.5 X 107 X An, +6 X 1078 x Any (25)
Where

An, and Any, are changes in refractive index and Aa, and Aay, are changes in absorption

due to free electron-hole concentrations.

Next, we will examine three silicon modulating device structures that operate based on
plasma dispersion effect. The first device relies on a capacitive structure to accumulate charges
which leads to a change in refractive index of the material and subsequent phase shift of the optical
beam passing through the material. A thin insulating SiO., layer at the middle the waveguide creates
a capacitive plate where charges accumulate when electrically biased. The accumulated charges
are responsible for the dispersive effect that alter the refractive index of the material and phase
shift of the optical beam. An advantage of this modulator is that it can tolerate changes in

temperature [41].

——— "Oxide barrier
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Figure 8: Modulator based on carrier accumulation at the capacitive plate which changes the
refractive index of the material and induces an optical phase shift on the optical beam passing
through the waveguide. Reprinted by permission from Macmillan Publishers Ltd: Nature
Photonics ref[41], copyright 2010

Here we examine a modulator based on carrier injection as an example. The modulator
shown in Figure 9 is based on carrier injection into an intrinsic material that forms the waveguide.
The modulator has a p* —i —n™ structure. When the device is forward biased, carriers are
injected into the intrinsic region (the waveguide). The injected carriers are responsible for the
dispersive plasma effect that changes the refractive index of the material, causing a phase shift of
the optical beam passing through the waveguide. A major drawback of this type of modulator is
that it relies on carrier recombination time and drift due to the weak electric field along the channel.
If the carrier recombination time is slow as is the case with carriers in an intrinsic silicon, the

frequency response of the modulator will be slow.

Figure 9: Modulator based on carrier injection into the intrinsic silicon waveguide when the
device is forward biased. Reprinted by permission from Macmillan Publishers Ltd: Nature
Photonics ref[41], copyright 2010
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The last plasma dispersive effect device we will examine is the p-n junction modulator.
These type of modulators operate based on carrier depletion rather than accumulation or injection.
The operation mechanism is dependent on the expansion of the p-n junction depletion region when
the device is reverse biased. Due to the very high field that exist at the depletion region, most of
the free carriers are swept away by field. The deficiency of carriers reduces any plasma dispersive
effect. By changing the biasing condition of the device from reverse bias to forward bias and vice
versa, we can rapidly change the carrier concentration within the waveguide. This type of device
can have very fast response because the carriers can be extracted at almost saturation velocity by
applying a very high field. However, depending on the device area, junction capacitance can be

very high and that could limit the frequency response of the device.

Depletion area

Figure 10: Modulator based on carrier depletion from the p-n junction at the middle of the silicon
waveguide when the device is reverse biased. Reprinted by permission from Macmillan
Publishers Ltd: Nature Photonics ref[41], copyright 2010
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1.2.4 Memristor based modulators

Most of the modulators we have reviewed up to this point rely on the movement of carriers
(electrons and holes) or band bending induced by an applied electrical field to change the refractive
index or cause plasma dispersive effects. These devices are “volatile” and require the field to be
continuously applied to create the desired effects. The memristive modulators work by the
movement of ions instead of electrons, and as a result, can offer a memory effect and operate
without a constantly supplied field. In this case, the field is only needed when the output signal

needs to be changed, and the new output can then be maintained without applied field.

Memristors are nonvolatile memory structures that operate on the principle of electrical
switching between high resistance state and low resistance state. The memristor structure typically
consists of a top electrode, switching layer and a bottom electrode. For the sample device described
in our study, the top electrode is silver (Ag) metal, the switching layer is amorphous silicon (a-Si)
and the bottom electrode is heavily doped p-type poly-Silicon. At proper bias conditions, a
conducting filament made up of Ag clusters can be formed in the a-Si layer, creating a low
resistance between the top Ag and bottom p-Si electrodes. This state is considered the electrical
“On” state. At reverse bias, the filament can be removed from the a-Si layer, recovering the device
to the electrical “Off” state. These devices are also termed Conductive Bridge Resistive Random
Access Memory (CB-RRAM). The Si layers have a dual purpose, they serve as a waveguide and
an electrical path for memristive switching. Due to the closely matched refractive index of a-Si

and poly-Si, they are optically considered to be one layer.

The device shown on Figure 11, based on this concept, is an optically readable CB-RRAM.
The waveguides are a combination of the a-Si and poly-Si layers with a cross section of 280nm by
350nm. The sides of the waveguide are made up of thermally grown oxide layer fabricated using
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the local oxidation of silicon (LOCQOS) approach. The top electrode is a silver line perpendicular
to the waveguide. The operation mechanism of this device is based on the enhancement and

attenuation of surface Plasmon coupled light waves.

Light traveling through the waveguide is coupled to the silver (Ag) electrodes as surface
plasmon. Ag clusters are then injected into the waveguide by simply forward biasing the CB-
RRAM. These Ag clusters destructively interfere with the surface plasmon coupled waves and
produce an attenuated signal. When these clusters are extracted back into the contact by reverse
biasing the CB-RRAM, the surface plasmon coupling is restored and higher light transmission is
restored within the channel. The two sequences needed to modulate the light is the “On” with no

filament formed in the waveguide and an “Off” state with filament in the waveguide.
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Figure 11: a) Schematic drawing showing CB-RRAM device with optical readout. b) Multiple
cycling of a CB-RRAM with optical readout. ¢) On state of CB-RRAM with optical readout
showing attenuation of Surface Plasmon Polaritons (SPP) waves. d) Off state with no optical
attenuation. Reprinted with permission from ref[44]. Copyright 2013 American Chemical
Society.
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Chapter 2

Germanium Nanowire Growth
2.1 Why Germanium?

Germanium is an important semiconductor material due to its electrical and optical
properties. In the early stage of the semiconductor industry, it was explored as a candidate material
for making transistors. This is because Ge offers higher electron and hole mobility when compared
with other materials like Silicon. However, due to the poor quality of Ge oxide (and the higher
cost of Ge wafers), Si became the preferred semiconductor material for MOSFETSs. Si forms a very
good oxide which is needed to form the gate of MOSFETSs. Nevertheless, Ge was re-introduced
into the semiconductor foundries to improve carrier transport properties by utilizing strain
engineering in SiGe source/drain contacts. As a result, Ge is a CMOS compatible material, which

makes integration of Ge devices with existing Si devices possible.

In optoelectronics, Ge plays very important roles in applications such as detectors and
modulators especially at the optical communication wavelength of 1.55um. Ge has a direct
bandgap at 0.8eV and an indirect bandgap at 0.69eV. As a result of this unique band structure, Ge
has strong optical absorption, comparable to I11-V semiconductors. Ge is being researched as a
possible material for mid-infrared detectors due to the separation between the degenerate Heavy
Hole (HH)/ Light Hole (LH) band and the split-off band [45]-[48]. The bandgap between the
degenerate HH/LH and the split-off band is 0.29eV. This small sub bandgap theoretically extends

the detection range of Ge to more than 4um.
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Figure 12: Band structure of Germanium showing the direct and indirect bandgaps and the Split-
off band [49].

High quality Ge substrates are expensive to produce. Therefore, it will be more beneficial
to integrate Ge devices with existing Si devices. Combining the good optical properties of Ge with
the good electrical properties of Si will lead to new novel devices such as nanoscale detectors and
modulators. Unfortunately, integration of Ge on Si is not a straight forward process due to the large
lattice (4%) mismatch between Ge and Si. The lattice mismatch limits the epitaxial growth of Ge
on Si to about 2nm. One method of overcoming this limitation is by growing Ge as 1D structures
(nanowires) on Si. Strain relaxation in nanowires allows one to grow epitaxial Ge nanowires on Si

and directly build devices on such structures.



2.2 Ge Nanowire Growth Mechanism

There are two main methods of growing semiconductor nanowires in vapor phase (vs. solution
phase-based growth). These are the Vapor-Liquid-solid (VLS) and Vapor-Solid-Solid (VSS)
methods. The major differences with these methods are the state of the metal nanocluster. Both
methods have their unique advantages. We will only cover the VLS method because the devices

that will be discussed in later sections utilize nanowires grown by this method.
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Figure 13: An illustration of the Vapor-Liquid-Solid (VLS) process for Ge nanowire growth using
gold nanoparticles as catalyst. The eutectic point for this process occurs at 28% Ge content and

361°C [50].

The VLS process involves the use a nanoparticle, typically gold (Au), as a catalyst [29],
[51]. Catalysts by definition promote a chemical reaction but are not consumed during the course
of the reaction. The growth process starts with the dispersal of Au nanoparticles onto a substrate.

The reactant species, in this case germane gas (GeH,), are in the vapor phase. At an appropriate
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temperature, the Au nanoparticles facilitate the decomposition of GeH, releasing Ge. The Ge
adatoms diffuse into the Au metal to form a semiconductor/metal alloy (AuGe). At certain
minimum temperature generally referred to as the eutectic temperature, the AuGe alloy melts and

further catalyzes the decomposition of GeH4 gas and diffusion of Ge into the alloy.

The process described in the previous paragraph will continue until the alloy gets to a
saturation point where the maximum Ge content that could be incorporated into the alloy has been
reached. At this point Ge precipitates out of the alloy as crystalline Ge and attaches to the
underlying substrate. The precipitation and attachment of crystalline Ge to the substrate is
normally referred to as the nucleation stage. Beyond the nucleation stage, the process proceeds
with nanowire growth usually along the radial direction. The eutectic temperature is only a
minimum temperature required to melt the AuGe alloy. Beyond the nucleation stage, nanowire
growth can proceed at a temperature lower than the nucleation temperature (with the system being
in a supercooled stage). The growth temperature influences the nanowire growth rate, crystalline

quality and shape.

2.3 Integration of free standing Ge nanowires on silicon substrate

For most Ge nanowire studies, the wires are grown on a substrate and subsequently
transferred to a new substrate for device fabrication. While the method of growth and transfer is
suitable for studying the properties of nanowires, making devices on transferred nanowires in a
large scale will be very inefficient. Therefore, vertical integration of Ge nanowires on silicon
substrate by growing the wires directly on the device substrate is very important for large scale
implementation of Ge devices. As an example, one can potentially build photodetectors with very
wide spectral response by utilizing the Si substrate and Ge nanowire structure. Such devices will
have photo response from 0.3um to 2um, considering that Ge has a small bandgap of 0.69eV.
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Figure 14: a) Growth of Ge on silicon substrate beyond the critical thickness which results in
dislocation defects. (b) Due to strain relaxation in 1D structures allows for defect free growth of
lattice mismatched materials like Ge nanowires grown on Silicon. Reprinted from ref [50].

Furthermore, epitaxial grown Ge nanowires on silicon substrate have shown very good
heterojunction properties with very abrupt junctions [52]. Sharp heterojunctions are important for
transistor applications such as Tunneling Field Transistors (TFTs) due to better gate control. Radial
strain relaxation which leads to low defect density is another important reason for exploring
vertically integrated Ge nanowires on Si substrate [9]. The proceeding sections will describe the

unit steps involved in vertical epitaxial Si nanowire growth.

2.4 Epitaxial growth of Ge nanowires on (111) silicon

The nanowires used in our devices were grown on (111) silicon substrate. The reason for
using (111) substrate is because Ge nanowires at 20nm diameter preferentially grow along the
<111> direction [29], [51]. It has been documented in literature that nanowire growth occurs at

near equilibrium conditions and as such the growth process is largely a thermodynamically driven
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process [53]. Therefore, the growth direction occurs along the substrate crystal orientation where

the required energy for the process to occur is minimized [53].

Our growth process employs the vapor-liquid-solid (VLS) method [54][50]. We used 20nm
Gold (Au) nanoparticles suspended in colloidal solution as our catalyst material. The process was
carried out at a chamber pressure of 45 Torr and gas flow of 1% germane gas (GeH,) in H,. The
nucleation step occurred at 360°C for 1 minute and the nanowire growth/elongation was achieved
at a lower temperature of 320°C. The reason for reducing the temperature during growth was to

minimize the radial deposition of Ge during growth which leads to tapering of the nanowires.

2.4.1 Au nanoparticles adhesion to substrate to enable high growth yield

The nanowire density directly depends on the number of Au nanoparticles that adhere to
the substrate before nanowire growth. The ability to achieve good epitaxial growth depends on the
interface quality between the nanowires and the substrate. Any native silicon oxide on the substrate
surface can affect the growth quality of the nanowires, particularly the Ge/Si epitaxial interface.
Even though nanowires have been shown to grow on oxide surfaces [50], we need high quality
Si/Ge interface for good device performance. To prevent any interface quality issue, the samples
were treated with 0.1 M hydrogen fluoride (HF) solution. This removes any native oxide on the

sample and creates a hydrogen terminated (H-terminated) substrate surface [50].

Due to citrate-stabilization of the Au nanoparticles and the H-terminated substrate surface,
both the substrate and Au nanoparticles are negatively charged and will repel each other. The
repulsion effect makes nanoparticle adhesion to the substrate difficult. To neutralize the citrate ion
and reduce the nanoparticle/substrate repulsion as well as maintain the H-termination of the

surface, we added HF to our Au colloid to a concentration of 0.1 M [54][50], [52]. Though it is
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stated in Ref. [50] that increasing the acidity of the Au colloidal solution might cause clustering of
the nanowires, we did not observe such effect during our experiments in the short time between

the addition of HF and the deposition of the nanoparticles.

2.4.2 Effect of chamber pressure on nanowire growth

After sample cleaning and dispersal of Au nanoparticles as catalyst, the sample is
transferred to the chamber for wire growth. The first step in the growth process is to stabilize the
chamber pressure. For our process, the target pressure is 45 Torr. By flowing 200sccm of GeH,
gas diluted in hydrogen, the target pressure was maintained by controlling the opening/closing of
the gate valve connected to the pump. Pressure stabilization is necessary to prevent nanowire kinks
and to maintain constant growth rate and to achieve high quality nanowires. We observed that the
higher the pressure, the faster the growth rate of Ge nanowires. For instance, the growth rate
changed from 50nm per minute at a pressure of 45 Torr to 215nm per minute at a pressure of 100

Torr.

2.4.3 Effect of temperature on nanowire growth

Immediately following the chamber pressure stabilization step is a rapid temperature ramp
up of the substrate to the nucleation temperature. It has been observed previously in our research
group that slow temperature ramp up can lead to non-ideal nanowire nucleation [50]. To achieve
a rapid sample heat up, we used a local substrate heater instead of the furnace wall heaters. The
local substrate heater enabled us to achieve a ramp rate of about 6°C/second. Vertical nanowire
yield was about 60%. It is necessary to mention that very high temperature (> 340°C) causes
significant tapering of the nanowires. To minimize tapering, high temperature steps are made very
short. Also, rapid temperature ramp down below 300°C leads to significant kinking of the

nanowires [50].
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2.4.4 Effect of nanowire diameter on growth

The nanowire diameter is controlled by the size of the Au catalyst. The diameter of the
nanowire affects the preferred growth direction. It has been observed in literature that Ge
nanowires with diameter less than 15nm prefer to grow in the <110> and <112> directions
[55][56]. We used 20nm diameter Au nanoparticles because 20nm wires prefer to grow in <111>
direction. This gives a better vertical yield on (111) silicon substrate. Nanowire diameter could
affect both the electrical and optical behavior of devices. For Ge nanowires less than 10nm, due to
quantum confinement in the 1D structure, the bandgap of Ge increases. The increase in bandgap
will increase the minimum photon energy that photodetectors based on such nanowires can detect.

This is effectively a blue shift in wavelength.

2.4.5 Nanowire nucleation and growth

The nanowire nucleation and growth steps were done at two different temperatures. The
nucleation was done at 360°C for 1 minute followed by a temperature ramp down. The nanowire
growth/elongation step was done at 320°C. The reduced growth temperature was to prevent
nanowire tapering due to the radial deposition of Ge at elevated temperatures. Significant nanowire
elongation occurs during the nucleation. The measured growth rate during nucleation is
200nm/min. This rapid elongation is expected during the nucleation step since the process is
thermally enhanced. Nanowire elongation during the growth step is much slower with an average

growth rate of 50nm/min.

2.5 Summary

In this chapter, we discussed the transport properties of Ge. The electron and hole mobility

in Ge is higher than Si which makes Ge devices faster and smaller. We discussed the presence of
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direct and indirect bandgap in Ge at the Near Infrared Region (NIR) which accounts for its strong
optical absorption properties comparable to most 111-V semiconductors. The possibility of sub
bandgap optical absorption between the split-off band and the degenerate HH/LH band was

explained.

Next, we discussed the lack of high quality inexpensive Ge substrate as a major setback in
the fabrication of good Ge devices. The growth of 2D material on top of high quality substrates
such as Si is highly limited due to the large lattice mismatch between Ge and Si. The use of Ge
nanowires which are crystalline and almost defect free was presented as a high quality alternative

to the Ge substrate and 2D grown material.

Furthermore, we explained the nanowire growth techniques such as the VLS method. The
importance of pressure and temperature control during growth was emphasized. We also discussed
the techniques for improving Au nanoparticle adhesion to Si substrate before nanowire growth to
improve the growth yield. Lastly the integration of free standing nanowires on Si substrate without

dislocations was attributed to strain relaxation in 1D structures.
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Chapter 3

Ge nanowire photodetector on silicon substrate
3.1 Introduction

In this chapter, we will discuss the device fabrication steps. The method of isolating
nanowires and controlling nanowire density by growing nanowires in trenches will be explained.
The importance of good passivation layer between the nanowires and the underlying substrate will
be elaborated on. We will explain the role of spin-on-glass (SOG) in selective etching of aluminum
oxide from Ge nanowire sidewall. Next, we will discuss the optical measurement setup and the

use of backside optical pumping for nanowire excitation.

For the majority of this chapter we will be discussing the different devices fabricated from
Ge nanowire. The single nanowire device grown on n-type Si substrate without Si shell will be
analyzed to determine the current gain, responsivity and quantum efficiency. The results of the
single nanowire will be compared to the nanowire array device to determine if the devices are
scalable based on the number of nanowires. The core/shell nanowire array device grown on n-type
Si with Ni Ohmic contact will be discussed. We will also cover the core/shell nanowire array
device grown on p+ Si substrate with Au contact. Finally, the core/shell device grown on n-type

substrate will be analyzed for solar cell performance.

3.2 Substrate Preparation

The growth process started with lightly doped n-type Silicon substrate of (111) orientation

(usually 4 inches in diameter). The substrate was cleaned to remove organics and the native oxide
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was striped using diluted hydrofluoric acid (HF). A thick oxide was thermally grown and patterned
to create openings for heavy doping of selected areas to form ohmic contact with the substrate.
The patterned openings were wet etched in diluted HF to expose the substrate and subsequently
doped with Phosphorous in a high temperature furnace. The wafer was diced into 16mm by 20mm
rectangular pieces for device fabrication. 25nm of Al,0; was deposited using Atomic Layer
Deposition (ALD) tool to protect the substrate surface. Next, a 10% diluted 700B Spin-on-glass
(SOG) was spun at 4000rpm and cured at 300°C for 45 minutes to create a 30nm layer of SOG on

the substrate.

3.3 Trench Patterning and VLS Growth

The prepared substrate was patterned by photolithography to create trenches of desired
diameter (depending on the wire density required) from which the nanowires were grown (See
Figure 15). Using the photoresist as a mask, the exposed trench areas were etched in 1Mole
Hydrofluoric acid for two minutes. 20nm Gold colloidal solution was dropped on the substrate and
rinsed off after 5seconds in de-ionized water. The photoresist mask was removed using Acetone
and the substrate was rinsed in IPA. The sample was transferred to the LPCVD chamber for
nanowire growth. Using GeH, gas diluted in H, gas (10% GeH,), the VLS process was carried out

at a nucleation temperature of 360°C for 1 minute and a growth temperature of 300°C.

20,0kV 14.6mm L-x26.0k '5.00um
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Figure 15: Scanning electron micrograph of Ge nanowires grown in a pattern trench. Aluminum
oxide was patterned to define the active area and nanowires were grown using the VLS method.

3.4 Post Growth

After growth, the nanowires were passivated by a conformal deposition of 25nm Al, 0,
using the ALD system. Besides providing mechanical support for the nanowires for subsequent
processes, good quality Al,O5 layer prevents short circuits between the top and bottom contacts.
The ALD step was followed by spinning and curing of 50% SOG to create a spacer layer. The
SOG was cured at 300°C for 45 minutes at a temperature ramp rate of 300°C /hour. The slow ramp
rate was to prevent the SOG layer from cracking. In order to improve SOG adhesion, HMDS

solution was spun before the 50% SOG.

To create electrical contact to the nanowire (top-contact), the conformal Al, 05 layer around
the nanowire was selectively etched to expose the top of the nanowires. The etching was done
using phosphoric acid heated to 36°C. Phosphoric acid does not etch the SOG, it only etches
aluminum oxide. The SOG layer servers two purposes, first is to protect the underlying layer of
aluminum oxide from being etched, preventing a leakage path to the substrate. The second purpose
was to serve as a planarization layer which allowed the standing nanowire to be exposed for
aluminum oxide etching. Nickel was deposited at a 45-degree angle to make contact with the
standing nanowire through a lithographic and lift-off process. A final lithographic process was
carried out to define the bottom contact. The SOG layer and Al,05 layers were wet etched using

diluted hydrofluoric acid and Ni was evaporated followed by lift-off.
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Figure 16: Schematic drawing showing the nanowire photodetector fabrication process from
initial Au colloid deposition (A) to the last step of nickel deposition (F)

For devices based on single nanowires, we isolated each nanowire manually. This was done
by taking a detailed scanning electron microscope (SEM) image around a predefined alignment
marks close to the nanowires trenches. Using a custom made image processing software, the
coordinates of the nanowires within the trenches were mapped with respect to the alignment marks.
From this map, a GDS file was created that drew a line directly on the selected nanowires. The
coordinates were verified using the Raith electron beam lithography (E-beam) system. This was

followed by E-beam lithography and lift-off process.
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20.0kV 15.Tmm L-x140k

Figure 17: SEM images for the various fabrication stages. (a) Single nanowire after selective
SOG and Al, 05 etching (b) Side view of a single nanowire device after Nickel deposition and
lift-off process.

3.5 Optical Measurement Setup
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Figure 18: Optical setup for photocurrent measurement at 1.55um wavelength. The alignment for
the setup was completed using the confocal microscopy.

Using a white light source, 20X objective lens and a CCD camera, confocal microscopic
setup was used to align the photodetector sample for precise optical excitation of the active device

region, in this case, a photodetector based on a single vertical Ge nanowire. The white light source
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(LED) was used to illuminate the sample by splitting the beam using a 50:50 beam splitter. The
reflected light was focused down on the sample using a 20X objective. The sample image was
transmitted back through the objective lens and the beam splitter and was focused to a CCD camera
using a tube lens. Next the laser beam was focused at the location of the sample using the same
optical setup. The nanowire excitation was done through backside optical pumping using a 1.55um
variable power (ImW to 800mW) laser since the Si substrate is transparent at 1.55um. The laser
was focused down from 5mm beam radius to a 600um beam radius. This translates to an optical

intensity of 282W/cm? at the maximum laser power.

3.6 Ge core nanowires on n-type Si substrate

3.6.1 Single nanowire device

a) Contact b)

Ge nanowire

n-type Silicon

Figure 19: (a) Device schematic for single vertical Ge core only nanowire photodetector. (b) Band
diagram for Si/Ge p-n heterojunction at no applied bias

The devices used in this study consist of a single Ge nanowire epitaxially grown on an n-
type Si substrate, as shown in Fig. 19. From the electrical measurement of single nanowire devices,

the I-V response shows that the device behaves like a p-n heterojunction. The dark current is very
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low (< 1nA, Fig. 20). The ideality factor of 1.9 shows that our device quality including the Ge/Si
interface is good. Even though no dopants were introduced into the Ge nanowire during growth,
the Ge nanowire was inherently doped due to the effect of surface defect states and fermi level
pining. The surface doping will be explained in the proceeding section. The doping concentration

of the nanowires is estimated to be about 10*8cm™3 [50].
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Figure 20: 1-V plot of single nanowire photodetector excited at 1.55um with an optical power of

800Mw.

Using the doping concentration of 10'8cm™3 and assuming uniform doping due to the
nanowire dimension, we calculated the length of the depletion width at the Ge side of the junction

from the equation:

1/2
_ | 2&si€ce(Vbi—V) Nisi
Wee(V) = l e [NGe(NGeGGe+NSi€Si)]I (29)
1 k T c-si N e
Vpi = 3 (AEC + EGe) - [ nsslp:e - ] (27)
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Where

W, is the depletion width at the Ge side, eg; and €g, are material permittivity, Ng;, Nge,
ng;, Pge are doping densities for Si and Ge, N._g; and Ny_ge are conduction and valence

band effective densities.

The depletion width on the Ge side is 4.4nm. This implies that most of the junction
depletion happens at the Si side. Photocurrent due to absorbed carries at the junction will be very
negligible since Si is transparent at 1.55um and the volume of Ge material within the junction is
very small. However, carriers generated within one diffusion length away from the junction can
diffuse to the junction and contribute to photocurrent. We thus consider the active region of our
device to be the Ge side of the p-n heterojunction up to one diffusion length. The minority diffusion
length has been experimentally measured in ref[57] to be about 200nm. Taking into account the
active region of our device, it is reasonable to consider carrier transport as limited by diffusion

instead of drift because the field will be extremely weak outside of the junction area.

The p-n heterojunction plays a major role in suppressing the leakage current and providing
the field needed to sweep minority carriers (electrons in this case) across the junction. The effect
of the p-n junction in suppressing leakage current will be shown by comparing the p-n
heterojunction detectors with the p+/p Si/Ge nanowire detectors in later section of this report. Our
device can be described as a photodetector based on a p-n heterojunction structure, where one side
of the junction (Si side) does not play any major role in the optical properties of the device at
1.55um wavelength. On the active side (Ge side), the depletion region is very small and there is
not enough material volume to contribute substantially to photon absorption. Most of the observed

optical properties comes from one diffusion length away from the junction.
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Figure 21: Plot of photocurrent versus optical power varied from OW to 0.8W. The photocurrent
increased linearly without any observable saturation.

Fig. 20 shows that photocurrent for this single-nanowire based device can be 10-20nA, which
is high when compared to other devices[58]. Similar level of photocurrent was consistently
observed in our devices. To verify that the photocurrent is due to optical absorption and not from
other external secondary effects, the laser was directly modulated at low frequency and the
electrical response of the photodetectors where measured. The devices responded beyond 50 KHz.
However, the square wave function was lost at high frequencies due the RC delay associated from
the parasitic capacitance from the external circuitry. If these results were as a result of thermal
effects, the response of the wires to the modulated light would have been much slower due to the

low thermal conductivity of nanowires [59]-[62].
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Figure 22: Pulsed response of photodiode excited with a modulated optical source at 10 KHz
and 0.8W optical power.

Using equations from section 1.1.1 we estimated the maximum amount of photocurrent
that could be generated from the nanowire structure. By comparing the theoretically calculated
current to the actual current (measured current) of the device, we can estimate the current gain.
The value of the gain gave us a good insight about the performance of the nanowire photodetectors.
For the calculations, we have assumed constant optical intensity along the radial direction of the
nanowire. This is a reasonable assumption considering that less than 1% of incident light will be

absorbed within the nanowire material.

An important figure of merit for photodetector is the quantum efficiency. The quantum
efficiency tells us how many electron-hole pairs are generated for each photon absorbed. Ideally
we would like to have quantum efficiency greater than 1, which implies an internal gain
mechanism within the photodetector. Parameters such as the actual amount of light absorbed

within a material (determined by the absorption coefficient) and reflectivity of the material surface
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limit the quantum efficiency of photodetectors. Quantum efficiency is given by the following

equation:
n=n(1-R)(1—eY (28)
Where

1; is the intrinsic quantum efficiency, R is the reflectivity, a is the absorption coefficient
of the absorbing material and d is the distance travelled by the light beam within the

absorbing medium.

We can solve the above equation if we have only one unknown variable in the equation. Here
however two unknown variables, n; and R, are present. From our measurement data, Figure 23,

we can determine the injected primary photocurrent I, based on the equation:

qv_
[=1, (eka - 1) —Iph (29)
Where

I, is the dark current value.

At -1V bias, the current equation reduces to I = —1, — I, and we can calculate I, from the I-V

plot of photocurrent and dark current.
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Figure 23: 1-V plot of single Ge nanowire photodetector with a marked region showing I, and |
at -1V bias.

The equation for I}, can be written as:

Ipn = €AGo(Lp + L) = eAG,Ly, (30)
Where

G, is the optical generation rate, A is the nanowire radial area and Ly, is the diffusion

length at the Ge side of the heterojunction.

In the photocurrent equation, we have neglected L,, and W, because Si is transparent at
1.55um wavelength and we assumed all the absorption is from the Ge nanowire. This hypothesis

was experimentally verified by our control studies that the photocurrent generated from absorption

in Si is indeed negligible.

From the photocurrent equation, we can calculate G, as:

45



G, = -2 = 223 x 10%7cm =351 (31)

eALp

G, is related to the external quantum efficiency and volume of the nanowire by the equation:
Go = N(Pope/hw)/Vol (32)
From the above equation, we can calculate external quantum efficiency as:

_ GoxVol _ 2.23x10%7cm™3s71x6.28x10717cm
B Popt/fl(i) - 8.85x10~101//(0.8x1.6x10719))

© = 20.26 (33)

If we assume a worst case situation where the reflectivity is zero, we can calculate the internal

quantum efficiency as:

20.26

= = = 2212 (34)

Ni = 1—e—ad ~ {_p(—460/cmx200x10~7 cm)

The physical meaning of the internal quantum efficiency result is that for each incident photon
absorbed, 2212 electron-hole pairs are generated. This can happen only if there is an internal gain

mechanism. Next we calculate the responsivity of our detector using the equation:

R, = ;—’; =1-L =253A/W (35)

The current amplification can be calculated with certain careful assumptions. Normally we
consider current amplification as the measured current divided by the theoretical current. However,
what values should be used for theoretical calculation is subject to varying interpretations. For our
theoretical maximum current calculation, we assume that internal quantum efficiency is unity.
Secondly, we calculate the generation rate based on the absorbed optical power only, which is

determined by the incident optical intensity multiplied by (1 — e=%%).
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After making these assumptions, the absorbed optical power was calculated to be
8 x 10712W. Using these values, the generation rate is calculated to be 102*cm=3s~1. The
calculated photocurrent using the theoretical generation rate is 10pA, and led to a current

amplification factor of

Measured current __ 20nA

Current amplification factor = =2x103 (36)

Theoretical current  0.01nA

Next, we calculated the photoconductive gain of the device using the measured photocurrent and

the absorbed power as:

teele 19741 (37)

Photoconductive gain (G) = The
abs

P,ps 1S the power absorbed taking into account the absorption coefficient of the photoconductor
material. The estimated gain value is higher than previous estimates for 60nm Ge nanowires which
is about 20 [63]. However, not many optical studies have been done on low dimension Ge
nanowires within the 20nm diameter range. The mechanism of the current amplification and the

high photoconductive gain will be discussed later in Section 3.6.4.

3.6.2 Array Ge nanowire device results

Top contact

Nanowire
arrays

Dielectric

Figure 24: Schematic drawing of nanowire array photodetector. Some of the wires in actual
device may be angled instead of vertical.
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We further investigated the photo response of devices based on nanowire arrays to see if
the measured photocurrent scales with the number of Ge nanowires. For the array devices,
photolithography based on a stepper equipment was used for device fabrication. The top finger
(electrode) size was 10um wide by 2um long and the contact thickness was 70nm of Nickel. From
photocurrent measurements (e.g. Fig. 25), the photocurrent indeed scales according to the number
of nanowires in the array. From SEM images, each array was estimated to contain 10 to 15
nanowires. The photocurrent for array devices was higher than the photocurrent for single
nanowire device by a factor of ~10x. This implies a linear increase in the photocurrent as the

number of nanowires increases.

1E-5

1E-6 i

1E-7 i

1E-8 i

Current (A)

1E-9 i

== Dark Current
=== Photocurrent

1E-10 i

1E-11 . . .
-1.0 -0.5 0.0 0.5 1.0

Voltage (V)

Figure 25: a) I-V plot of arrays of nanowire photodetector excited at 1.55um with an optical
power of 800mW.
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The current increase from the nanowire array is as a result of increased optical absorption
due to a higher volume of the Ge material as the number of nanowires increases. Reduced
resistance due to the parallel connected nanowire array could contribute to the increase in current.
However, considering the known operation mechanism of nanowires which we will discuss in the

next section, it is more likely that the increased current is due to higher absorption only.
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Figure 26: Plot of photocurrent versus optical power varied from OW to 0.8W

The photocurrent increased linearly as the optical pump power is increased without any

sign of clear saturation within the optical power range, as shown in Fig. 26. However, there was
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only a 50% reduction in rise and fall time when the array device is compared to the single nanowire

device, likely due to RC delay in the external circuit.
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Figure 27: Pulsed response of photodiode excited with a modulated optical source at 10 KHz and
0.8W optical power.

3.6.3 Optical field enhancement around standing nanowires

To investigate the high current gain observed in our devices, we used the Comsol optical
software to simulate the electric field distribution around a standing Ge nanowire on Si substrate.
The initial simulation was done for a bare Ge standing nanowire. The subsequent simulation was
done for the full device structure including the dielectric layers and Ni metal contacts. For the bare
Ge nanowire, the simulation showed that the standing nanowire has waveguide properties. There

was strong light guidance along the nanowire and the electric field plot showed an enhancement
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of more than 2x. The electric field input magnitude was 1V/m but the field along the wire was
greater than 2V/m. However, we did not observe any optical modes within the nanowire itself.
Most of the light is guided at the sides of the nanowire with some light penetration into the

nanowire core. The highest field enhancement was at the Si/Ge heterojunction.
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Figure 28: (a) 2D plot of electric field along a bare Ge nanowire length (nanowire standing in Si
substrate surrounded by air). The input excitation is a plane wave with initial amplitude of 1V/m
and excited from the bottom side of the Si substrate. (b) ID plot of electric field along the
nanowire length.
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Figure 29: (a) 2D plot of electric field along a bare Ge nanowire length (hanowire standing in Si
substrate surrounded by air). The input excitation is a plane wave with initial amplitude of 1V/m
and excited from the bottom side of the Si substrate. (b) ID plot of electric field along the
nanowire length.

The simulation of the full device structure showed completely different field profile from the bare
Ge nanowire. The field profile showed some sharp peaks along the nanowire. This could be a result
of local resonances formed due to reflections from the Ni metal as well as cladding effect of the
aluminum oxide and silicon dioxide layers. However, we observed an overall field enhancement
up to the 200nm length of the nanowires. Beyond the 200nm region, most of the light was absorbed
in the contacts. This is consistent with the design of our detectors, where we expected no
contribution to photocurrent beyond the diffusion length region. In any case, in both simulations

the gain in the electric field enhancement is about 2 which is much lower than the experimentally
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observed gain of ~ 2000. From the simulation, we ruled out the possibility of the observed

photocurrent being mainly from the strong optical field enhancement around the nanowires.

3.6.4 Photocurrent enhancement as a result electron trapping
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Figure 30: (a) lustration of the band diagram of a core only Ge nanowire clearly showing the p-
type behavior due to Fermi level pining close to valance band at the surface. (b) Illustration of
light absorption creating electron-hole pairs (c) Schematic showing electron trapping at the
surface states and holes being pulled close to the surface due to the effect of field. (d) Complete
band diagram showing he p-n heterojunction.

The large current amplification gain effect was explained by a mechanism considering

surface trapping of photo-generated carriers, schematically shown in Fig. 30, due to the large

surface to volume ratio and the proximity of the surface to any region in the nanowire for such

small diameter nanowires.
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As explained in Sec.1.1, similar to ZnO nanowire photodetectors, in the Ge nanowire
photodetector after creating an electron-hole pair by an incident photon, the electron may be
trapped at the nanowire surface and stay there for a long time before it is finally recombined with
a hole. This is different from a conventional photoconductor where the generated minority carriers
(e.g. electrons in this case) quickly diffuses to the electrode. To maintain charge neutrality, hole
carriers are injected into the nanowire. Due to the long lifetime of un-trapped carriers (e.g.
estimated to be 33 seconds for the ZnO nanowire [33]) as compared to their transit time, this means
that equivalently electron-hole pairs are created during the lifetime of the trapped carriers, leading
to large current amplification factor shown in Eg. 36. From a different angle, the effect of trapped
electrons is equivalent to gating the p-type nanowire. The higher the number of surface states, the

stronger the gating effect is.

For our devices, the p-n junction between the Ge nanowire and the Si substrate adds an
extra advantage of very low dark current, compared with the ZnO nanowire photodetector case,
where a simple photoconductor structure was used leading to high dark currents. Under
illumination, the photoconductive gain introduced by the trapped electrons leads to high
photocurrent measured in our devices, which is more than 3 orders of magnitude higher than the
estimated photocurrent. It is important to note that our theoretical calculation was made assuming

a 100% quantum efficiency which was a worst case situation.

3.6.5 High dark current

A major figure of merit for photodetectors is the dark/leakage current. Ideally, we would
like to have devices with negligible dark current. This is important in order to improve the signal
to noise to ratio. Usually, it is desirable to have a photocurrent level that is at least ten times higher

than the dark current. Si devices are known to exhibit smaller dark current compared to Ge devices.
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This can be attributed to the larger bandgap in Si, and the difficulty of producing very high quality
Ge substrates. For Ge nanowire devices, we expect reduced leakage current compared to bulk Ge

devices because of the high quality of the nanowires.

Unfortunately, in our Ge nanowire devices, the measured leakage current of 2e-9A is still
several orders of magnitude higher than the expected range of 1e-14A to le-13A. To understand
the reason for this high leakage current, we used device simulator to simulate our device while
applying different physics parameters to see if we can reproduce similar results to what we
observed experimentally. From the simulation, we were able to produce band diagrams for

different bias conditions. Fig. 31b shows the band-diagram at relevant -1V bias condition.
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Figure 31: (a) I-V plot from the device simulation for Ge core only structure. (b) Band diagram
showing the narrow region from which tunneling could occur.

In the device simulation, we tried to reproduce the leakage current using different
mechanisms such as interface defects at the heterojunction and tunneling. The dark current
increased significantly to almost the same level observed in the actual device when tunneling effect

was included. However, comparing the I-V plot of the simulation to actual device I-V
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characteristics, it can be observed that tunneling effect started at a much lower reverse bias voltage
than the simulation shows. Understanding the cause of performance limiting effects such as

leakage will give us better insight on how to mitigate them in future devices.

3.6.6 Nanowire size dependent gain

At small nanowire diameter, the photoconductive gain of Ge nanowires has been shown to
be very high. Previous studies on similar nanowires have shown that photoconductive gain
increases with a decrease in nanowire diameter [63]. In ref[63], the photoconductive gain saturated
at lower power for the smaller nanowires (50nm and 60nm). This could the due to the filling of

available trap sites which caused excess electron-hole pairs to recombine.

a T T T b T T T L
g 102_ & - g ® e e d=50nm
g ® =0 @ o dfegonm
%) o Wy ¢ = 10' 00 :g® ..
~ . Jal = "
% P o o o [} ] a
o o > L o
§ o - T § o L g
10°- - 10°4 = = =°
ot ’§ . . .
-— e d=50nm
§ 4 ﬁ d=60nm -— - B
1073 « d=150nm 3 2
o » d=290nm a 4 o
108 107 10° 10° 10° 107 10° 10°
Absorbed Power/Volume (W/cm®) Absorbed Power/Volume (W/em®)

Figure 32: Plot of photoconductivity versus absorbed power density for Ge wires with different
diameter. (b) Plot of photoconductive gain versus absorbed power density. Reprinted with
permission from ref[63]. Copyright 2010 American Chemical Society.

For our single nanowire devices, the photoconductive gain was more than 1000, which is
about two orders of magnitude higher than the value shown in Figure 32. This high gain should be
expected because our nanowires are smaller than the wires used in the prior experiment. The effect

of surface states will be stronger for smaller wire geometries due to stronger interaction between

58



the surface states and photo generated charge carriers. Photoconductive gain has been shown to be

inversely proportional to nanowire diameter [63].

3.6 Ge/Si core/shell nanowire array device

Next, we examined the optical response of Ge nanowires with a silicon shell. The Si shell
was added following the normal nanowire growth in the LPCVD furnace by flowing silane gas at
atemperature of 470°C for 2 minutes. The silane gas decomposes and Si is deposited at the sidewall
of the nanowires to form a radial Si shell. The shell thickness is about 3 to 4nm and is intrinsic
silicon. The addition of Si shell to Ge nanowires changes the electrical and optical characteristics
of the nanowires. The radial Si shell forms a quantum well with the Ge core because of the lower
bandgap of Ge compared to Si. The Si/Ge/Si hetero structure leads to the formation of a 1D hole
gas[64] which changes the electrical transport behavior of the material in terms of mobility and

electrical conductivity.
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Figure 33: (a) Schematic drawing of core/shell Ge/Si nanowire grown on n-type Si substrate. (b)
Band diagram for the core/shell hetero structure. (c) 1-V plot of core/shell nanowire in dark and
under laser illumination at 1.55um wavelength in log scale (d) 1-V plot of core/shell nanowire in
dark and under laser illumination at 1.55um wavelength in linear scale.

The core/shell nanowire array detectors were optically excited at 1.55um wavelength using
the same setup shown in Figure 18. From the photocurrent measurement shown in Figure 33c, the
photocurrent for the core/shell arrays was more than 50X higher than the measured current for Ge
core only array devices at similar optical intensity. The higher photocurrent could be related to the
increase in surface states as a result of the Si shell. With more electrons trapped at the surface
states, more holes are maintained in the nanowire and collected at the contact contributing to an
increased overall photocurrent. More quantitative study is needed to understand the full effect of

shell thickness on the photo response.

Next, we perform quantitative analysis on the measured photocurrent for the Ge/Si
core/shell nanowires, just like we did for the Ge core only nanowire. We begin with the measured

photocurrent and obtain the carrier generation rate. Because the core/shell device is made from
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arrays of nanowires (~20 nanowires in each array), we will multiple the area and volume of a single
nanowire by a factor of 20 in our calculations. The optical intensity for the measurement was

381W/cm?.
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From the calculations, the nanowires with shell show much better photocurrent response, with the
current amplification, responsivity and photoconductive gain all higher than the Ge core-only

nanowires.

3.6.1 High dark current in core/shell nanowire detector

Another important observation is the increase in the dark current. From Figure 33c, the
dark current increased by more than 3 orders of magnitude when compared to the Ge core only
device. To understand why this is the case, we referred to previous research done on ref[64]. The
addition of Si shell to Ge nanowires creates a quantum well structure as shown in Figure 33b and
essentially P+ dopes the Ge nanowire. The increases in the nanowire p-type doping concentration

was clearly observed from electrical characterizations of these core/shell nanowires in control
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experiments. The higher doping increased the tunneling current which we observe as leakage

current.

We performed device simulations to show that this indeed the case. We tried to simulate
the effect of the Si shell on the leakage current following the process we did for the Ge core only
device. From the simulation, we observed that the tunneling barrier between the Si/Ge
heterojunction interface was much narrower than the Ge core only case (Fig. 34b). This implies

that the tunneling current will increase significantly, as shown in Fig. 34a.
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Figure 34: (a) I-V plot showing single Ge nanowire with no shell (red line) and Si shell (blue line).
(b) Band diagram of the Ge core/shell nanowire device showing a very narrow barrier at reverse
bias of 1V.

A possible method of mitigating the leakage current while maintaining the high
photocurrent is by adding an intrinsic layer between the Si substrate and the core/shell nanowire.

This can be done by growing the nanowires, then adding a passivation layer such as aluminum
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oxide and performing a partial etch of the passivation to expose the upper region of the nanowire

for shell deposition.

A H B H C ﬂ D ﬁ
Figure 35: Schematic showing a possible method of creating a reduced doping region between the
Si substrate and core/shell nanowire to reduce tunneling current. (a) Ge core only nanowire is

grown. (b) Aluminum oxide is deposited. (c) Part of the aluminum oxide is etched away. (d) Si
shell is deposited.

3.7 p+Ge/p+Si/Au nanowire array device

Next, we fabricated and measured the nanowire grown on p+ Si substrate. The device
structure is based on the formation of Schottky barrier between the Ge nanowire and the Au top
contact. The purpose of this device is to test the optical response of Ge nanowire at longer
wavelengths. It can be recalled from the band structure of Ge that there is a bandgap of 0.29eV
between the split-off band and the degenerate Heavy Hole (HH) and Light Hole (LH) band. In this
experiment, our goal is to determine if there are intra band transitions of hole carriers between the

Split-off of band and the HH.

The Au/Ge junction has a barrier height of about 0.3eV from experimental measurements.
The low barrier allows electrons to gain enough energy to overcome the barrier and be injected
from the metal into Ge nanowire at mid infrared wavelengths (MIR). The combination of low
Schottky barrier height and the sub bandgap of Ge will lead to two non-competing processes that

positively contribute to the photocurrent at MIR range. The performance of this device at mid
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infrared region (MIR) such as 3um has not been tested successfully. As of the time of this writing,

MIR testing remains an ongoing research effort in our laboratory.

As a preliminary test, this device was excited at 1.55um to compare its performance with
the Ge core only and core/shell device. Using the same procedure as we did for Ge core only and

core/shell devices, we estimated the quantum efficiency and gain of this device.
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Figure 36: (a) Schematic drawing of p-Ge nanowire grown on p+ Si substrate. (b) I-V plot of p-
Ge nanowire in dark and under laser illumination at 1.55um wavelength. (b) Band diagram for the
p+/p Si/Ge heterojunction with no bias and under positive/negative bias. (d) Band diagram
showing the Schottky junction formed between p-Ge and Au top contact. Figures (c) and (d) are
Reprinted with permission from ref[52]. Copyright 2013 American Chemical Society.
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From our measurements at 1.55um, we observed a very high increase in photocurrent. The
photocurrent was 3 orders of magnitude higher than the measured photocurrent from the p-n
heterojunction array devices. The I-V plot shows a weakly rectifying diode which should be
expected in this case due to the low barrier height. The noise level is extremely high and this
reinforces our earlier suggestion that a good p-n junction is essential to maintain a very low dark
current in these devices. The possible explanation for the very high photocurrent could be due to
the device structure. For the heterojunction devices we examined earlier, most of the electric field
drops at the heterojunction as is evident from their band diagram and little field is dropped in the
Ge nanowire region where the majority of photo absorption occurs. In the absence of electric field,
the photo generated carriers move by diffusion which greatly reduces the number of these carriers

collected at the contacts as majority of the carriers will recombine before reaching the contacts.

For the p*-Ge/p* Si/Au device, we can treat this device as purely a photoconductor. The
reason is that the Schottky junction is weakly rectifying and almost Ohmic in nature as is observed
in the I-V plot in Figure 36b. This means that there is an electric field gradient along the entire
device. Under the force of this field, more carriers are driven to and collected at the contacts. At

the same time, amplification due to the trapping of electrons which provides the internal
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photoconductive gain is still present. The combination of efficient carrier collection and

amplification of carriers, leads to the high photocurrent observed in this device.

) — N

Figure 37: (a) Plot of the band diagram of p+Si/p+Ge/Au device at zero bias. (b) Repeat of the
plot of p+Si/p+Ge/Au under -1V bias. Note the Ge/Au contact is biased to —1V while the Si side
is grounded.

3.8 Hybrid Schottky Ge/Si heterojunction photodetector

Another structure that we investigated is a combination of a Schottky diode created from a simple
low doped n-type Si and nickel (Ni) electrode with embedded free standing Ge core only (p-Ge)
nanowires, as shown in Fig. 38a. The device structure for this case under discussion could be
considered as two photodiodes connected in parallel. We expected the leakage current of the
Schottky diode formed between the electrode and the Si substrate to be the limiting factor for the
hybrid device performance. By keeping the device area small for the Schottky diode and using a
clean Si interface, we were able to limit the dark current from the Schottky diode to less than 1nA.

This means that the dark current of the p-n heterojunction photodetector (< 10nA) becomes the
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limiting factor in our hybrid device performance. We estimated the dark current for the Schottky

device using the equation:
Iy = AA*TZeXp(%) (38)

Where A is the device area, A" is the effective Richardson constant and T is the temperature in

Kelvin.

From equation 23, using effective Richardson constant of 110 A cm™2K~2, device area of 10um
by 2um and temperature of 300K we calculated the maximum dark current to be 4pA. In reality,
dependent on surface quality, the leakage current is more than one order of magnitude higher than

the theoretical value as is the case with our device.
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Figure 38: (a) The device schematic with an indication of the multiple junctions formed between
the Ge nanowire and the Si substrate and between the Ni and Si substrate. (b) Shows the I-V plot
of the hybrid Ge/Ni/Si device in dark and under 1.55um laser excitation. (c) Shows the I-V plot of
the Ni/Si schottky device in dark and under 1.55um laser excitation.
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The measurement of our reference Schottky diode sample based on the Ni electrode on the Si
substrate without the nanowire showed a dark current of less than 100pA. Though this dark current
level is higher than the estimated value by several orders of magnitude, it is still within the level
that allows us to observe any reasonable photocurrent generated from either the Schottky structure
or the p-n heterojunction structure. Note the photocurrent in the Si based Schottky diode is small
(~ InA) compared to the Ge nanowire based photodetector discussed earlier, despite the much
large volume of the Si substrate, and confirming our hypothesis that light absorption in the Si

substrate is negligible at 1.55um.

With embedding of Ge nanowires together with the Schottky junction, the photocurrent
increased by 3 orders of magnitude (1nA to 6uA). The dark current also increased by a similar
ratio as the photocurrent. We attribute the increase in dark current to be as a result of a very short

p-n heterojunction due to the close proximity of the Ge contact to the junction.

The main reason we investigated this structure is due to the ease of fabrication which makes
it attractive for future integration with existing CMOS structures. Of recent, there has been strong
interest in Schottky based detectors due to the extra flexibility of choosing the wavelength
detection range of such devices by simply using a metal of appropriate work function with respect
to the semiconductor. By adding Ge to the Schottky detector, we have shown that this structure
significantly improves the photocurrent detection at 1.55um. The only disadvantage of the hybrid
device is the device to device variation due to interface quality. This variation is an undesirable

property of Schottky junctions.
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3.9 Nanowire solar cell

Lastly, we tested the Si/Ge core/shell device for potential solar cell applications. We
expected good solar cell performance due to the unique structure of the nanowires that allowed us
to maximize the exposed area. Secondly, we expected a larger spectral response due to a small
bandgap of Ge. Essentially, Si/Ge solar cell should be able to respond from the visible spectrum
up to 2um wavelength which corresponds to the indirect bandgap of Ge. The combined effect of
Ge core and Si shell which will both act as absorption layers in the solar cell device and the
previously observed gain in small dimension nanowires was the main attraction to investigate this

device.

To fabricate the solar cell structure, core/shell nanowires were grown in a 5um wide and
3.6mm long patterned trenches on a (111) Si substrate. The growth was followed by regular
nanowire fabrication as described in section 3.4. Outside the trench area was covered with 120nm
Ni layer to prevent additional substrate absorption. To make Ohmic contact around the nanowires,
we deposited 15nm of Ni by sputtering. It is important to note that the light reaching the nanowires
and the p-n heterojunction (Si/Ge junction) area is less than 5% of incident light because some of
the light will be reflected and the thin Ni layer absorbs light very strongly. This does not imply
that if all the light was transmitted, the device performance will scale accordingly since we expect

the device performance to saturate at some point.
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Figure 39: 1-V plot of Si/Ge core/shell nanowire array solar cell. The device shows a short circuit
current of 2.66e-4A, open circuit voltage of 0.3V and a fill factor of 30%.

After testing the nanowire-based solar cell and analyzing the collected data, we calculated
the efficiency of the solar cell to be about 17.7%. The open circuit voltage was 0.3V and short
circuit was 2.66e-4A. While this results are only moderate if compared with the solar cell
performance of the crystalline Si, it is noteworthy that no optimizations were attempted on this
initial study. For instance, we can improve the performance of the device by replacing the Ni
electrode with a transparent electrode such as Indium Tin Oxide (ITO). Also, addition of an anti-
reflective coating which is a standard practice for most solar cell devices could further improve
the device performance. More detailed investigations of Ge nanowire solar cell was not performed

because that was not the focus of our research.
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3.10 Effect of Substrate Absorption

3.10.1 Substrate Shielding

To reduce substrate absorption, the optical measurements were conducted at a wavelength
of 1.55um which is transparent to silicon. This enabled us to use backside laser excitation through
the silicon substrate to pump the Germanium nanowires. Never the less, we still carried out detailed
control experiments to check if substrate absorption contributed in any way to the photocurrent
results that were earlier reported. It is expected that prime-grade silicon substrates used in our
study should be transparent at 1.55um due to silicon bandgap at 1.12eV which corresponds to
1.1um minimum absorption wavelength. With the presence of defects, some of which are mid
bandgap defects, most materials could potentially absorb photons with energy less than their
bandgap. Such absorptions are very weak when compared to inter band absorptions. However,
considering the very large volume ratio of the substrate and the nanowire, the effect of substrate

adsorption needs to be unambiguously eliminated.

To determine the effect of any substrate absorption, the backside of the substrate was
shielded with an optically thick gold layer. A 50um by 50um opening was created to enable laser
excitation at the active device regions only. This was done by patterning the backside of the
substrate. Alignment marks were placed at the top side of the substrate and photoresist was spun
at the backside of the substrate. Using an Infrared (IR) camera available on the lithographic tool,

we performed backside alignment to create the openings at the device active areas.

The devices showed no noticeable change in photocurrent after shielding, as shown in Fig.
40a, for unshielded control devices with illumination area of 282743um? and shielded devices with

openings of 50um x 50um. However, due to the added processing steps in making the back shield,
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the majority of the devices were degraded as a result of the experiment. This degradation can be
observed from the increase in dark current after the shielding process. The damage to the nanowires

could be minimized by decreasing the number of process steps needed to shield the sample.
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Figure 40: (a) I-V plot of arrays of nanowire photodetector excited at 1.55um with and without the
optical back shield with a beam size of 300um diameter. (b) IR image of a back shielded device
showing a 50um by 50um opening through which optical excitation of the active region of the
device is carried out. The rest of the substrate is completely shielded and should not have any
photon absorption.

3.10.2 Schottky diode structure

Another method we used to determine the effect of substrate absorption was to fabricate a
Schottky diode structure with a Schottky barrier higher than 0.8eV. The reason for choosing high
Schottky barrier is to prevent electrons from gaining enough energy to cross the barrier and
contribute to photocurrent. To achieve this goal we choose platinum metal which has a Schottky
barrier of 0.9eV with n-type silicon. We also used an n-type substrate with very low doping of
10*cm™3. The low doping allowed us to have very long diffusion lengths of almost 1mm in the
silicon substrate. This meant any photo generated carriers within the substrate will have a higher

chance of being collected at the contacts.
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Figure 41: a) I-V plot of Si/Pt Schottky diode in dark and under photo excitation at 1.55um. b) A
schematic showing Si/Pt Schottky diode structure. c) Schematic showing band bending due to the
formation of Schottky junction and possible carrier absorption mechanisms.

Results obtained from such a Schottky diode are shown in Fig. 41. Considering the results
from the Si/Pt Schottky device, the photocurrent generated by both the silicon substrate and
possible defect sites within the Schottky barrier was still two orders of magnitude lower than what
we observed in our Ge photodetector devices. This experiment helped us to draw a very useful
conclusion that the photocurrent measured from the Si/Ge heterojunction device is due to

absorption in the Ge nanowire even in single nanowire devices.

73



3.11 Photodetector device performance

Table 1: Performance comparison for photodetetectors based on various material systems

Material Responsivity Bandwidth Dark Current Photodetector Year Reference
(AIW) (GH2z) (nA) Structure
InGaAs 1.1@1550nm - 10~ @0 0.5V p-i-n 2010 [65]
InGaAs 0.17@1550nm 9 25@ -1V p-i-n 2012 [66]
InGaAs 0.96 @ 1550nm 4 0.015 @ 5V MSM 1992 [67]
InGaAs >0.4 @ 1520-1630nm - 0.27 @ 1V MSM 2014 [68]
InGaAs - 120 0.34 @ 5V APD 2013 [69]
InGaAs 0.69 @ 1310nm 270 - APD 2014 [70]
Ge 1.08 @ 1550nm 7.2 0.06 @ 0.1V p-i-n 2007 [71]
Ge 0.56 @ 1550nm - 1.08 @ 1V p-i-n 2013 [72]
Ge 0.53 @ 1550nm - 0.0115 @ 1V MSM 2008 [73]
Ge 1.76 @ 1550nm 11 412 @ 5V MSM 2013 [74]
Ge 5.88 @ 1310nm 340 10 @ 25V APD 2009 [75]
Ge 0.75 @ 1550nm 30 0.184 @ 1V APD 2013 [76]
Si 0.5-10 @ 1100-1700nm 35 <0.5 @ 60V MBA 2009 [77]
Si 4.7 @ 1550nm 2 - MBA 2013 [78]
Si 0.036 @ 1575nm - - SSA 2008 [79]
Si 0.00025 @ 1550nm - 0.0025 @ -15V SSA 2009 [80]
Si 0.15 @ 1550nm 1.46 12E-6 @ 5V IPE 2008 [81]
Si 0.00008 @ 1550nm >170 0.1 @5V IPE 2010 [82]
HgCdTe - 7 1.325 @ 63.7V APD 1997 [83]
HgCdTe 13.1 @ 1550nm >100 0.066 @ 77.7V APD 2002 [84]
Graphene 0.0005 @ 1550nm >100 1.2 @ 4V MSM 2009 [85]
Graphene 1E+7 @ 1450nm 1 - Hybrid graphene-QD 2012 [86]
Graphene 0.4-1 @ <1000nm 500 <0.1 @ 5V Vertical p-n junction 2014 [87]
CNT 0.9-1.8 @ 500-1800nm - - Bolometer p-n diode 2011 [88]
CNT 0.02-0.64 @ 400- 0.031 - CNT/C60 2009 [89]
1500nm Heterojunction
QD 2700 @ visible-1300nm 2E-8 0.7mA/cm™% @ Photoconductor 2006 [90]
100v

QD 0.2 @ visible-1600nm 1E-3 <0.1nA/cm ™2 Photodiode 2009 [91]
Plasmons 1.081 @ 1550nm 15.6 05@ 1V Plasmonic electrode 2010 [92]
Plasmons 0.0133 @ 1310nm - 0.013 @ 0.1V Plasmonic electrode 2011 [35]
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Plasmons 0.049 @ 1550nm 270 <0.1@ 1V Plasmonic antenna 2012 [93]
Plasmons 0.1 @ 700nm - - MIM 2011 [94]

Reprinted with permission from ref[58], Copyright 2015, Walter de Gruyter GmbH

Comparing the values in table 1 with our Ge core only single nanowire photodetector, our device
outperformed all the Ge detectors listed on the table in terms of responsivity. The highest
responsivity reported for Ge devices in the table is 4.7A/W which is about 5 times smaller than
our reported responsivity of 25A/W. For the our P*-Si/P*-Ge/Au device, the responsivity of
539A/W is more than 100 times higher than the highest reported responsivity for Ge devices on
the table. Higher responsivities was reported for Graphene at 107 for 1450nm wavelength and for
quantum dot (QD) at 2700 for visible-1300nm. Considering the dimensions of our nanowires and
the ease of integration to already existing platforms, the nanowire photodetector we demonstrated

in this research could play a major role for future applications.

3.11 Summary

In this chapter, we discussed the Ge nanowire photodetector fabrication on (111) Si
substrate. The Ge core with no shell, the Ge/Si core/shell and the hybrid Schottky/Ge core devices
were fabricated and tested. The photodetectors were fabricated in lithographically defined trenches
on the Si substrate in order to control the nanowire density and location. By changing the trench
width, we controlled the nanowire density within the trench (the wider the trench, the higher the
nanowire density). We also discussed the optical measurement setup for the nanowire
photodetector. Confocal microscopy was employed in the measurement setup to align the active

area of the photodetector to the NIR laser beam and device was excited from the Si substrate side.
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Following the successful fabrication of the three devices, each device was optically excited
to determine the photocurrent response. The photocurrent data for the Ge core and core/shell
devices were further characterized to determine the current gain, quantum efficiency and
responsivity of each of the devices. The current gain, external quantum efficiency and responsivity
for the Ge core device was 2000, 20.26 and 25.3A/W. For the Ge/Si core/shell photodetector, the
current gain, external quantum efficiency and responsivity was 3800, 25.4 and 31A/W. The
photodetectors showed very good response to low frequency (10 KHz) modulated laser excitation.
The core/shell photodetector device was tested for solar cell performance and it showed an

efficiency of 17%.

In order to understand the mechanism responsible for the very high current gain and high
responsivity, we stimulated our nanowire structure to check for optical field enhancement around
the standing nanowires. The simulation showed electric field enhancement by a factor of 2 around
the nanowires. This field enhancement could not account for the high current gain observed in the
photodetector device. Based on the high photoconductive gain observed in ZnO and Ge nanowires
from previous studies [33][57], we attributed the high current gain in our photodetector devices to
electron trapping at the surface states and subsequent long lifetime of holes within the nanowire

structure.

We also observed higher reverse current in core/shell devices when compared to none shell
devices. This higher reverse current was due to increased tunneling current as the tunneling barrier
at the Si/Ge heterojunction decreased due to higher Ge nanowire doping as a result of the shell

structure.
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Chapter 4

Multi-level memristive optical modulator/encoder
4.1 Introduction

In section 1.2.4 we introduced the concept of using memristors to modulate an optical
channel. Memristors are non-volatile memories that rely on the manipulation of ions to achieve
different resistance states. In so-called CB-RAM memristors, the movement of metal ions within
the active region of the device leads to changes in the resistance state of the device. Low resistance
state corresponds to the formation of a metal filament while high resistive state corresponds to the
retraction of the filament in the active layer. The major advantage of using memristors for optical
applications is the ability to fabricate memristors at the nanoscale and the ability to control optical

properties in a nonvolatile fashion.

In this research we have expanded on the work done in ref[44] by demonstrating a
multilevel modulating/encoding device based on the asymmetric properties of multiple memristors
embedded in a photonic crystal. By the word multi-level, this implies that we can have multiple
electrical signals modulating the same optical channel and producing discreet optical signals for
each of the possible electrical modulating states. Consider a situation where multiple electrical
signals need to be encoded into an optical channel for long haul data transfer. Currently, system
designers will rely on multiplexers/de-multiplexers to encode/decode multiple electrical signal
channels. For high speed systems, it will be difficult to realize signal encoding/decoding using

multiplexers because of their slow speed of operation [95]
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Figure 42: Schematic showing the encoding of multiple digital signal channels into optical signals.
The encoder is used to directly drive the laser diode producing optically modulated signal.

Sometimes it is also possible to combine electrical signals with the use of a summing
amplifier before encoding into an optical channel. In this case, multiple electrical signals are
connected to the inverting/non-inverting input of the amplifier and the output will be the sum of
the input signal amplitudes plus an amplifier gain that is dependent on the ratio of the resistors.
This method could offer some flexibility in terms of speed compared to the signal multiplexing.

However, it is difficult to uniquely distinguish the individual state of each signal after summing.

The optical modulating/encoding device we have demonstrated is able to encode multiple
electrical signals into the same optical channel. For every possible combination of the electrical
signals to be encoded into optical signal, there is only one optical level that corresponds to that
combination. The device could be used to implement a digital signal summer, a multiplexer and
an electrical to optical encoder all at an instant without the complex electrical circuitry needed to

achieve any of the three name devices.
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Figure 43: A circuit implementation of a signal summer using an inverting amplifier. The output
of the amplifier is the sum of V1, V2 and V3 plus an amplifying factor determined by R¢/R.

Revisiting the earlier explanation of modulators from chapter one, to modulate light, a
reversible change in the intensity or phase of the optical signal is needed [96]. In some modulators,
a change in intensity is achieved by free carrier scattering or absorption of the incoming optical
signal [42], [97]-[100]. Usually a p-n junction is created within the optical channel and
electron/hole carriers are either injected or extracted from the junction. The surplus or deficiency
of carriers cause a change in both the absorption coefficient and refractive index of the channel
material [101]. Since Si is the semiconductor of choice for fabricating electrical devices, it is
important to implement Si based modulation for integration with already existing platforms. The
major drawback for the free carrier absorption mechanism in silicon is that it is very weak at the
optical communication wavelength of 1.55um. This means that the absorbing channel has to be
several hundreds of micron to a few millimeters long to cause a significant change to the amplitude

or phase of the input beam.
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The multilevel optical encoder/modulator we demonstrated consists of two memristors.
The operation of the memristor is based on the formation of a silver based filament which
represents the low resistance state and the annihilation of such filament which represents the high
resistance state[101]-[103]. In our device, these filaments are formed on top of the optical channel.
The injected silver ions, which eventually deionize to form silver clusters, serve as extinction
centers for the incoming photons, schematically shown in Fig. 44. By further embedding the
memristive device in a photonic crystal waveguide, we utilize the local resonances formed within
the waveguide to create unique asymmetric extinction centers created by the formation/elimination

of the filaments in the memristor devices.

Electrical signal

=2/ \2 Yo

Modulated optical

output Optical input

Ag filament —

Figure 44: Schematic showing a modulating/encoding optical device that operates with multiple
electrical input signals. For each combination of the input electrical signals, a discreet optical state
IS outputted.

What we refer to as asymmetric behavior is that different memristive states with the same
number of filaments will have different optical output level if the filaments occur at different
locations within the optical channel. This explains why the “01” state, with the first memristor off
and the second memristor on, produces an optical output that is different from the “10” state. The

asymmetry created within the system allows multiple filaments to interact with the incoming
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photons and a discreet output signal generated for each state of all possible combinations. For our
demonstration, we fabricated two memristors along the optical path and the state of these two
devices are (00, 01, 10 and 11). Here, (00) state represents no filament formation, (01) state
represents first filament formed and second filament unformed, (10) state represents second
filament formed and first filament erased and (11) state represents both filaments formed. The
addition of photonic crystal waveguide helps to decouple the signal for each state into unique

optical signal level.

4.2 Modulator/encoder simulation

Before fabrication and testing of the multilevel modulating device, we ran 2D and 3D
simulations to determine optimal design parameters such as length of the filament, thickness of
the waveguide needed to support a fundamental optical mode and the input coupler. For the
materials, we used a combination of heavily doped poly silicon (poly-Si) and intrinsic amorphous
silicon (a-Si) to form our device layers. We used the refractive index of 0.14+11.4i from ref[104]
for the silver filament and the electrode during the simulation. The heavily doped p-type (Boron
doped) silicon was used as an Ohmic contact to the devices while the a-Si layer served as the active
layer for memristor switching. Electrically, the a-Si layer and poly-Si layer are distinct due to the
difference in doping concentration as well as the atomic orientation. Optically, by considering that
the indices of a-Si (n=3.5) and poly-Si (n=3.44) are closely matched, these two layers can be
treated as the same for optical considerations. Therefore both the a-Si and poly-Si layers are part
of the waveguide layer. It is important to note that the heavily doped poly-Si will increase the
optical absorption along the waveguide but to mitigate these loses we kept the length of the

waveguide to a few millimeters.
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4.2.1 Grating coupler design

The poly-Si layer was chosen to be 70nm and the a-Si layer to be 50nm to allow successful
memristor operations. Due to the thickness of our structure (120nm), we could not efficiently
couple light into the waveguide through butt coupling. The size mismatch between our waveguide
and the input single mode fiber is also too large to achieve any reasonable light coupling between
the former and the later. In order to improve the coupling efficiency, we opted to use a grating

coupler.

The use of grating coupling for light input into the device served as a coupler and filter. As
will be explained in detail in the proceeding sections of this chapter, our device makes use of
photonic crystal (triangular lattice type) waveguide structure which guides only a particular type
of linearly polarized light. The grating coupler acts as a filter by coupling only the TM polarized
light into the waveguide. Using the grating as a filter eliminated the strict requirement of
maintaining a particular polarization into the waveguide. By simply adjusting a polarization
controller, we can monitor the output coupled light until a maximum is reached, which indicates

that the light is almost perfectly polarized in the direction required by the grating coupler.
Next, we stimulated the grating coupling into the photonic crystal waveguide using the
equation:
mg = Neff — Ncladding SIN(O) (39)
Where

A is the wavelength of the coupled light source, a is the pitch of the grating coupler, m is
the refractive order with integer values of 1 or greater, nys is the effective index of the

waveguide and 0 is the incident angle of the coupled light.
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From equation 38, we were able to design a grating coupler with a pitch of 1um, duty cycle of
0.66, 0 of 13.2°, thickness of 0.12um and a coupling efficiency of 25% using a commercial-grade
simulator based on the finite-difference time-domain [105]. The optimization was done using a 2D

coupler design. The maximum coupling efficiency dropped to 10% when simulated in 3D.
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Figure 45: (a) Schematic of grating coupler. (b) 2D simulation of 2D grating coupler. (c) Output
transmission versus wavelength of 2D grating coupler.
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4.2.2 Photonic crystal simulation

Similarly, the photonic crystal was designed for a planar 3D triangular lattice. Choosing a
lattice constant (a) of 0.5um, hole radius of 0.3a (0.15um) and a slab thickness of 0.6a (0.3um), we
simulated one unit cell of the triangular lattice, applying Bloch boundary conditions assuming
lattice periodicity from Bloch theory. The band structure of the photonic crystal was determined
by plotting the angular frequency as a function of wave vector (k) for the frequencies of interest
using the software from ref[105]. After careful optimization to minimize slab thickness while
maintaining a bandgap at 1.55um wavelength, an optimal design for the photonic crystal was
achieved. We were able to design a photonic crystal waveguide with a lattice constant of 0.5um,
etched hole radium of 0.11um and thickness of 0.12um with a bandgap at 1.55um wavelength. We
have skipped the detailed explanation of the physics of photonic crystals in this thesis because
such information are well explained in different texts such as ref[15]. The reader may reference
those texts for more in depth understanding of such physics. We are primarily concerned with the
experimental and simulation results of the photonic crystals due to the nanoscale requirements of

our design.
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Figure 46: Band structure of a photonic crystal with a lattice constant of 0.5um, etched hole radius
of 0.11um and a slab thickness of 0.12um.

The band structure simulation result showed that the photonic crystal has a very narrow
bandgap at 1.55um. We observed that the band structure narrowed as the slab thickness was
reduced. We had to adjust other parameters such as the etched hole radius in order to maintain a
reasonable bandgap at the wavelength of interest. Next, we created the photonic crystal waveguide
by creating a defeat line within the photonic crystal. This was done by removing a row of etched
holes from the photonic crystal. Further simulation of the waveguide showed very good guidance

of the linearly polarized light, as shown in Fig. 47b.
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Figure 47: (a) SEM image of fabricated Si photonic crystal waveguide. The left side is the input
of the waveguide (0.5um wide). (b) Simulation image of the same photonic crystal waveguide.
The fundamental mode is clearly well confined to the waveguide path.
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4.3 Modulator/encoder fabrication

I
5,0kV 7.5mm L-x24.0k SRR 5.0k 7.5mm L-x36.0k 12/10/2015

5.0kV 7.5mm L-x5.00k 12/10/2015

Figure 48: (a) SEM image after photonic crystal waveguide and memristor fabrication (waveguide
input from right). (b) SEM image after the addition of external contacts. (¢) Zoomed out image of
the full fabricated device. (d) Zoomed out image showing the grating coupler and the output
waveguide.

The device fabrication started with the deposition of 70nm thick heavily doped (p-type)
poly silicon layer on top of a 2um thermally grown oxide layer on a silicon substrate. The
deposition was carried out in a LPCVD chamber at 590°C. The layer had a resistivity of 0.01Q.cm.
On top of the poly silicon layer, we deposited a 50nm intrinsic amorphous silicon (a-Si) layer
(SiH4:He =5 sccm:45 scem at 260 °C, 1.75 Torr). Using electron beam lithography (JEOL), we
defined the photonic crystal waveguide with hole sizes of 220nm diameter together with the

grating coupler (grating period of Zum and 66% duty cycle) and the input/output waveguides. Next
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we etched the defined pattern using reactive ion etching (RIE) and using the underlying 2um oxide
as etch stop. Oxygen plasma treatment was used to remove left-over carbon deposits from the etch
step. We defined the top electrode along the photonic crystal waveguide using E-beam lithography
and deposited 50nm of silver capped with 30nm of Palladium followed by a lift-off process. A
10nm of aluminum oxide was deposited using atomic layer deposition (ALD) as an insulating layer
for the external contacts. Three more lithography steps were carried out to expose the top and
bottom electrodes. Finally, 90nm of palladium was deposited followed by lift-off process to make

the external contacts.

The final structure included the addition of two silver electrodes at the lattice sites within
the waveguide, separated by two lattice constants. The purpose of these electrodes is to inject the
Ag ions into the waveguide to enable memristor operations by applying an electrical bias to the
electrodes, and to move the Ag nanoparticles to either enhance or annihilate the modulating

filament.

4.4 Modulator physics

Next, we examine the physics responsible for the optical modulation observed in our
device. For simplicity, we assume that the injected Ag ions de-ionized to form completely
spherical Ag clusters (nanoparticles). In our device, the Ag clusters serve as extinction centers for
the incoming optical beam[106]. The extinction factor accounts for both scattering and absorption
of the incident optical beam by the Ag clusters [106]. Without the contribution from the
nanoparticle extinction centers, there is still a strong coupling between the Ag electrodes and the
optical beam in the form of surface Plasmon Polaritons (SPPs) and this coupling accounts for the
strong optical attenuation experienced before filament formation in the waveguide. The
combination of steady state coupling to the electrodes and the electrically controlled extinction
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from the nanoparticles is responsible for the observed device characteristics. Following the work
done in refs[106], [107], we can examine the electromagnetic field (quasi-static near field)
coupling in the form of SPPs on the surface of Ag spherical nanoparticles. The quasi-static
approximation assumes in-phase oscillations for the entire surface of the spherical nanoparticles
and is valid for particle sizes far smaller than the metal’s skin depth which is the case for the Ag
nanoparticles simulated in our device[106]. With the assumed quasi-static approximation we can

write the electric field in terms of the potential which must satisfy the Laplace equation:
E=-Vod (40)
Vo =0 (41)
Where
V is the gradient, @ is the potential and E is the electric field.

For a spherical nanoparticle, we can rewrite the Laplace equation and its solutions in spherical

coordinates as follows:

1 62+_96(26)+6(_06> d)((p,r,e)_o 2
sinf dg? S \" ar) T e \°" 59 r2sind (42)

®(p,7,0) = Z kij ®(0.7,60) (43)
7

Applying the boundary conditions and enforcing the continuity requirements of the normal and

tangential electric fields, the potential and the electric field inside (®4, E;) and outside (®,, E,)

the spherical nanoparticles can be determined and we have stated them below based on ref [106]:

3¢,

&, = —E, (rcosf) ———
1 ol )81 + 2¢,

(44)
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From Equation 47, it is evident that the first term represents the scattered electric field and that the
field inside the nanoparticle is uniformly distributed[106]. The strong field confinement within the
surface induces a radiative dipole from which scattering cross-section could be determined[106].
Again, the equation for polarizability, scattering and absorption cross-section are stated below

from ref.[106]:

_ 3 81 ((l)) - s2
a(w) = 4me,a ) T 25, (48)
k4
Oscattering = FS(ZJ |O(((1))|2 (49)
k
Oahs = E—Im(a(oo)) (50)

Where

a(w) is the polarizability, o, IS the scattering cross-section and o, is the absorption

cross-section.

Some notable observations from the scattering and absorption equations is the strong
dependence on the surrounding material as well as the size of the particle. Absorption is the

dominant extinction factor for small particles while scattering dominates for larger particles.
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Scattering is enhanced for particles surrounded by a high refractive index as the scattering cross-
section scales by the fourth power of the wave vector of the surrounding medium. Beyond the
scattering and absorption by the nanoparticles, it is important to note the effect of light coupling
between the nanoparticles close to the electrodes into surface SPP waves on the electrode
surface[108]-[110]. Nanoparticles acting like strong coupling centers to the electrodes have been

shown in many previous studies[111].

4.5 Simulation results of full modulator/encoder

4.5.1 Nanoparticle absorption

To analyze the effects of the nanoparticles on light propagation in the waveguide, we ran
a simulation to show field coupling around 5nm nanoparticle injected from a silver electrode
within the photonic crystal waveguide. The plot of the field along a cross section in the XZ

direction is shown in Fig. 49 for the number of particles ranging from 1 to 1000.

1 nanoparticle 10 nanoparticles
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120 122 124 128 128 130 120 122 124 126 128 130
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Figure 49: 2D plots of field coupling around 5nm particles embedded in a photonic crystal
waveguide. The number of nanoparticles range from 1 to 1000.
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From the 2D plots shown in Figure 49, the nanoparticles show very strong coupling effect as
expected. The coupling to the individual nanoparticles increases as more particles are injected into
the waveguide. This could be due to antenna effect from the other particles where
radiating/scattered field from nearby nanoparticle enhance the absorption of its neighbors. From
the discussion in the previous section, scattering is enhanced when a particle is surrounded by a
high refractive index material. This can explain why the field profile around individual
nanoparticles is stronger when surrounded by other nanoparticles. It is interesting to observe that
starting from 10 nanoparticles, a noticeable effect is seen in the field profile around the

nanoparticles.

4.5.2 Effect of filament size on modulator response

We continue with our device study by simulating the effect of filament/electrode diameter
on the transmitted power through the waveguide. Figure 50a shows the different possible memory
states “00”, “01”, “10” and “11” for our device. As previously stated, a “zero” represents no active
filament and a “one” represents an active filament. For this simulation, the memristors were
separated by two lattice constants (2a) from each other. For simplicity and faster simulation, we
used Ag cones to represent the filaments. A more realistic simulation was further carried out using
5nm silver nanoparticles as the filament and the results of the two simulations showed reasonable

agreement.

Starting with a 100nm filament diameter (Figure 50b) we simulated the four possible
memory states. At this filament diameter, there was very small separation between the transmitted
optical powers for the four states. The effects increases as the diameter of the filament increases,

and in the case of 300nm filament diameter, the “00” state showed clear separation from the other
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three states while the “01”, “10” and “11” states remained close to each other as can be observed
in Figure 50d. Increasing the filament size to 400nm and 500nm showed very small separation
between the states. The optical response for the 400nm and 500nm was one order of magnitude
lower than the 100nm, 300nm and 300nm. The 200nm filament diameter had the most distinct
separation between the different memory states (Figure 50c). The case of the 200nm filament could
be explained as a result of enhanced coupling between the optical waves travelling along the
waveguide, the filament and the top electrode since the electrode and filament sizes match the
radius of the etched hole of the photonic crystal. We based our design on the 200nm filament size

since it had the most desirable optical response compared to the other sizes.
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Figure 50: (a) Device schematic showing how the filament size is controlled by the diameter of
the silver electrodes. The spacing indicated as “a” corresponds to one lattice length of the photonic
crystal. (b)-(f) Plots of the simulated transmitted light through the modulator with respect to
wavelength for each of the possible states using a 200nm, 200nm, 300nm, 400nm and 500nm
filament sizes.

4.5.3 Effect of filament separation on modulator response

Furthermore, we simulated the effect of the location of the filaments along the waveguide
by integer multiples of the lattice constant (1a, 2a) and also by non-integer multiples of the lattice
constant (1.5a, 2.5a). We observed that the optical output patterns were similar when the two
filaments are at identical lattice points. The plots in Figure 51 clearly shows that Figures 51a and
51c show similar patterns while Figures 51b and 51d show similar patterns. This observation could
be very useful to future design engineers because specific modulating response could be attained

by choosing the location of the electrodes that form the filaments.

The reason for different optical output patterns when the filament is placed at half lattice
points versus full lattice points is due to the different interference patterns at these locations.
Mostly uniform local resonance points are formed along the photonic crystal waveguide and these

resonances repeat at equal distances from each other. When filaments are placed at points such as
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half lattice points or full lattice points away from each other, the light scattering patterns will be

similar. This explains the uniformity seen in Figure 51.
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Figure 51: (a), (b), (c) and (d) Plots of transmitted power for different device states (00, 01, 10 and
11) for a filament separation of 1 to 2.5 lattice constant. The 01 and 10 are almost completely
coupled for the la separation but shows stronger decoupling for the 2a separation. 1la and 2a
separations have similar response and the same for 1.5a and 2.5a separations.
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4.5.4 Effect of photonic crystal waveguide on state decoupling

Reconsidering Figure 50c, the “01” and “10” states are structurally identical with one
filament and two electrodes each. Yet, the optical outputs are different. We tried to explain this
observation by carrying out further simulations with a rectangular waveguide. We observed that
without the photonic crystal waveguide, the optical output of the “01” and “10” states are almost
completely indistinguishable. However, in a photonic crystal waveguide, they become completed
decoupled at certain wavelengths. One possible explanation is that the filament interactions within
the photonic crystal could be considered as an additional defect within the photonic crystal
waveguide and the location of such defect creates special extinction centers that are unique to only
that location. Previous works have intentionally created such asymmetric properties in photonic
crystal waveguide by adding special defects within the crystal, thereby breaking the spatial
symmetry of the structure[100]. The simulated device with and without the photonic crystal

waveguide is shown in Figure 52.
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Figure 52: (a) Schematic of the photo crystal waveguide based device. (b) Schematic of the planar
rectangular waveguide simulated device. (c) Plot of transmitted power versus wavelength for the
photonic crystal waveguide based memristive modulator/encoder. (d) Plot of transmitted power
versus wavelength for a rectangular waveguide based modulator/encoder.

4.7 Electrical and optical measurement

Electrical measurements on the devices were performed using the Keithley 4200
semiconductor characterization equipment. The memristor filaments were formed by sweeping the
voltage from OV to 9V while keeping the current compliance to about 0.5uA. To erase the devices,
the bias voltage was swept from 0V to -3V. Both the forming and erasing steps may require
multiple sweeps. Using the maximum switching voltage of 9V from figure 54 and measured
current of 0.5uA, the switching power of the memristors is about 4.5uW. The optical measurement
was performed by coupling light from a 1.55um single wavelength laser into a single mode fiber.
A polarizing plate was used to linearly polarize the beam in the single mode fiber and the output
was coupled through a quarter wave plate into a polarization maintaining fiber terminated by a
collimator. The collimated linearly polarized light was incident on the grating coupler of our device

at an angle of 13° which is our optimal angle for light coupling into the grating.
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Figure 53: (a)-(d) Plot of measure optical output after each set and reset cycle of the memristor.
The measured optical output was converted to current output by the photodetector and measured
as voltage levels on the oscilloscope.

The light output from the device was measured to be 7.5uW which corresponds to a
measured voltage of 0.072V on the oscilloscope before filament formation. Following the initial
optical output, we formed the memristors to the “01” state and measured the optical output again,
the voltage dropped to 0.045V. The same procedure was used to measure the “11”, “10” and “00”
states. The results are summarized in Figure 53. Figures 54a and 54c¢ show the forming of the first
and second memristors while Figures 54b and 54d shows the erasing of the first and second
memristor to return the two memristor devices back to “00” state (both filaments erased). The
memristor 1-V plots show clear hysteresis and abrupt resistance changes as expected[101], [103],

[112], [113]. The measured optical output showed different measured optical intensities based on
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the active filaments of the memristors. However, the separation between the “01” and “10” states
were not as large theoretically predicted. After both filaments were erased, the optical output
increased but never returned to the pre-forming level. The reason for this observation could be
because some of the Ag nanoclusters were not completely extracted out of the optical channel, as

has been observed in similar memristor devices [102].
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Figure 54: (a) and (c) I-V plot of filament formation for the Memristor which signifies the “01”
and “10” state. They show clear hysteresis. (b) I-V plot showing the erase of the two memristor
devices.
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4.8 Summary

In this chapter we have covered the simulation, physics, fabrication and testing of
memristor based optical modulator/encoder. We studied the scattering effect of Ag nanoclusters
injected into a-Si photonic crystal waveguide. Among important observations are the enhancement
of optical absorption/scattering as the number of nanoclusters increases and the effect of filament
separation on optical output patterns. We also observed enhance scattering/absorption as the

filament size matches the diameter of the etched holes of the photonic crystal.

From the fabricated device, we observed clear variation of the output optical signal as the
filament was formed. The different states “00”, “01”, “10” and “11” were distinguishable.
However, the separation between the “01” and “10” states were not as strong as was predicted by
the simulation. Also, the device optical output never returned to the pre-filament formation level
after multiple filament erase. This implies that some of the nanoclusters were not completely

extracted out of the a-Si during the erase stage.
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Chapter S

Conclusion and future work
In this research work, we have demonstrated that Ge nanowires grown on Si substrate can
be used to fabricate efficient, nanoscale and CMOS compatible photodetectors with very high
current gain and low dark current. Our single nanowire (20nm diameter) photodetector has the
highest reported responsivity of any Ge single nanowire detector of similar dimension to the best
of my knowledge. We have exploited the effect of surface state on small dimensional structures to
achieve very high gain in our detectors. We have shown that our device photocurrent is scalable

by the number of active nanowires in the device.

We have also shown that multilevel optical modulator/encoder could be implemented at
the device level without the need for complex circuitry. By embedding memristors into a photonic
crystal waveguide, it possible to create an asymmetrical device that allows for the decoupling of
two coupled optical states, thereby creating an opportunity for future device applications. From
the simulation results presented in this thesis, the optical characteristics of a memristive
modulator/optical memory readout could be tuned to produce a desired output by simply choosing
the location and separation between the memristors along the photonic crystal waveguide. Most
importantly, because of the small device dimensions and the low temperature fabrication, this type
of optical modulating device could be fabricated from CMOS process for applications in such

areas as optical interconnects.
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5.1 Nanowire photodetector summary

We fabricated and tested different device structures for Ge nanowire photodetector in the
course of our research. Starting with the single nanowire Ge core only device, we were able to
demonstrate that efficient photodetectors could be built at scales comparable to current transistor
sizes. The most important aspect of the single nanowire device is the possibility of integrating it
with other electronic circuits down to the transistor level. Ge is already being used in transistor
fabrication and is a well understand material, therefore integration of detectors should be easier to
achieve. Another interesting aspect of the single nanowire device is that it outperforms most
traditional Ge detectors at 1.55um wavelength. At responsivity of 25A/W, our Ge single nanowire

devices can compete favorably with detectors built from exotic materials such as graphene.

Next, we fabricated and tested the Ge/Si core shell device. This device showed enhanced
photocurrent about ten times larger than the Ge core only array device. The addition of shell around
the Ge nanowire changed the photo detection characteristics of the nanowire. The creation of more
surface states from addition of Si shell enhanced the electron trapping effect in the Ge nanowire
which led to an increase in the number of free hole carriers with longer lifetime. This increased
the performance of the photodetector as is evident in the higher responsivity of 31A/W. However,
the increased doping of the nanowires as a result of the Si shell increased the dark current due to
tunneling effect at the nanowire/Si substrate heterojunction. We proposed the creation of reduced
doping layer at the nanowire/Si heterojunction interface by removing the shell close to junction.

We expect this added layer to reduce the leakage current due to tunneling.

Furthermore, we fabricated the P*-Si/P*-Ge/Au (core/shell/Schottky) structure. The
reason for this device was to investigate the photo response of Ge nanowire at mid infrared (MIR)
frequency range. While the MIR work is still in progress, testing at 1.55um wavelength showed
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that this detector has very high photocurrent as well as very high leakage current. The responsivity
for this device was extremely high at 539A/W. Due to the very weak Schottky junction at the
Ge/Au interface and the biasing condition of this detector, there is a strong field gradient within
the entire structure. This made the collection of photo generated carriers more efficient and resulted
in the high photocurrent measured from this device. The weak Schottky junction makes this device

very leaky and reduces the performance of the detector.

We fabricated and tested the Schottky/Ge hybrid device. Considering the recent
demonstration of nanoscale Schottky photodetectors[35], we decided to test the effect of adding
Ge nanowires to Schottky photodetectors. The structure was the simplest photodetector we
fabricated. We grew Ge nanowires and deposited Ni on top of the nanowires to form both Si/Ge
heterojunction and Schottky (Si/Ni) junction. The device structure could be considered as two
diodes connected in parallel. What we observed was an increase in photocurrent of close to three
orders of magnitude higher than what was measured in the Schottky diode detector. The dark
current also increased but the observed photocurrent was more than 3x higher than the dark current.

Further optimization could improve the performance of this device.

Lastly, we conducted some experiments to check the contribution of residual absorption in
Si substrate to the photocurrent we observed in our devices. First, we built shielded devices where
the Si substrate was covered with a thick metal, leaving a small opening for light to pass through.
We noticed no change in the performance of the devices before and after the shield was placed.
We also built a Schottky diode with platinum metal which forms a barrier of 0.9eV with Si. The
metal layer was made thin enough to allow some light to reach the Schottky junction. With the
Schottky barrier height higher than the photon energy, any carriers generated must be from the Si

substrate and can be extracted by the junction field. The photocurrent from Si absorption was two
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orders of magnitude lower than the photocurrent measured in our devices. From these experiments,
we conclusively ruled out any significant contribution of the Si substrate to the measured

photocurrent.

5.2 Future work

5.2.1 Site controlled nanowire growth

Site controlled Ge nanowire growth without a buffer layer has not been successfully
demonstrated. Developing a repeatable site control process that achieves a reasonable nanowire
growth yield will be very important not only for integration but also for device engineering in
general. For instance, design engineers could easily determine how many nanowires are needed to

achieve a particular current level and what the cost is in terms of device area.

We will describe how site controlled nanowire growth can be achieved using the
capabilities within an educational research facility. The process could be modified to meet industry
fabrication standards. Starting with a clean (111) Si substrate, 10nm of aluminum oxide is
deposited as a masking layer. This layer is patterned to create 200nm diameter circular features.
The underlying aluminum oxide is wet etched. The proceeding layer is aligned to the previous
layer and patterned with 30nm diameter circular features. Using the evaporator and after
subsequent BHF dip to remove native oxide, 2nm of Au film is deposited followed by a lift-off.
The final result will be patterned 30nm diameter disks that is 2nm thick. Nanowires are grown
from the patterned Au film in a CVD chamber. The process flow described is similar to the method

used to grow site controlled nanowires in 111-V semiconductors.
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5.2.2 Ge nanowire modulator

Another interesting work that can be adapted from our current photodetector process is to
use the Ge nanowire as a modulator instead of a detector. Considering the large change in the
refractive index and absorption coefficient of Ge due to presence of free carries, Ge nanowires
grown on Si waveguide will have stronger modulation effect when compared to Si. This is because
the absorption coefficient of Ge is already more than two orders of magnitude higher than that of
Si at 1.55um wavelength. By injection and extraction of free carriers into the Ge/Si heterojunction
by forward/reverse biasing the junction, we might be able to achieve stronger modulation within

the silicon waveguide.

Unlike our current photodetector structure, larger Ge nanowires (greater than 100nm
diameter) will be required to provide the required absorption volume for reasonable modulation.
As a reference to the importance of the proposal here, Si modulators based on free carrier
absorption require very long channel in millimeter scale to achieve reasonable light attenuation at
1.55um. For Ge based modulator, this length scale is reduced to about 50um[114] for up to 90%

light absorption.
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