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Abstract
Interdigitated Metal-Germanium-Metal photodiodes with A1 as the Schottky barrier metal were
fabricated using RF sputter deposition technique to deposit Ge. A variety of system parameters
including growth temperature, RF power, and plasma hydrogen concentration were investigated
for highest film quality and detector performance. Furthermore, modifications on the structure of
the interdigitated MSM (Metal-Semiconductor-Metal) detectors that involves different width and
spacing of electrodes, area size, as well as a novel design of semiconductor-on-metal for
reducing surface effects has been pursued.

The device with highest current ratio gave responsivity of 2mA/W and dark current of 11.6/xA at
5 volts for device area of 95/xm by 1 lO/xm. Highest responsivity achieved in this project was
2.5mA/W at 5 volts for device area of 100/im by lOOptm, however the dark current of this device
was 170/1 A, being the highest dark current among other samples.
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Chapterl
Introduction
1.1 Background
1.1.1 Optical communication
Optical communication frequencies accommodate an increase in bandwidth of five to six orders
of magnitude compared to RF frequencies. Optical communication in free space offers thousands
of communication channels for both voice and data transmission. Much of the technology to
meet the ultrawide bandwidth requirement has been developed for military and space
communication programs, including the fiber optic telecommunications systems.

NIR (Near Infrared) is most commonly used with reference to wavelength between 0.7 and 2.0
/xm. This part of IR is important in several applications, first among them are the optical
communications with transmission wavelength located at favourable 1.3, and 1.55 /xm that
correspond to lowest signal attenuation and lowest chromatic dispersion in optical fibers
respectively. 1.55 jum is widely used in optical transmission and this thesis focuses on
transmission at this wavelength.

Optoelectronic integrated circuits offer the fabrication of electronics and optoelectronics in the
same process that will considerably reduce interconnection and alignment problems, improving
reliability, yield, and compactness [1], Photodetectors are important optical electrical
components in optic-electronic systems and there has been a lot of research done on them in
order to monolithically integrate them with electronics. This work is focused on an MSM
integrated photodetector sensor that is commonly integrated in electronics for its ease of
1

fabrication. The original motivation of this thesis was to investigate IR photodetectors for
integration with Si and SOI MEMS micro-mirrors used in WSS (Wavelength Selective
Switches). When the power incident on the micro-mirror gets to high, it can deform or damage
surface of the micro-mirror. Therefore, existence of a photodetector was mandatory to monitor
the power incident on the mirror, preventing it to reach its damaging thresholds. This work
investigates an integrated photodetector with a fabrication process compatible with a MEMS
micro-mirror process. This involved investigation of different material and structures of MSM
detectors leading to different device performance and characteristics. Although this work focuses
on only fabricating the photodetector, integrating two photodetectors on the sides of the mirror is
thought to be the best possible approach for integrating a photodetector with the MEMS micromirror. In the next two sections, material choice and different photodetectors and their
applications will be discussed.

1.1.2 Materials for photodetectors
Photodetectors are made from different semiconductor materials such as Silicon, Germanium,
Indium-Gallium-Arsenide, and some other materials that are prominent materials used in
photodetectors. Each material has a characteristic bandgap energy Eg, which determines its lightabsorbing capabilities. Table 1.1 summarizes some of these materials with their cut-off
wavelength, bandgap energy, and operating bandwidth [2],

Type
Silicon
Gallium arsenide
Germanium
Indium gallium arsenide
Indium arsenide

EE(eV)
1.12
1.42
0.66
0.73-0.47
0.36

Ac(nm)
1100
875
1800
1700 - 2600
3400

Band
Visible
Visible
Near-infrared
Near-infrared
Near-infrared

Table 1.1- Important photodetector material at 300K [2]

2

The equation between bandgap energy (Eg) and cut-off wavelength (kc) is [2]:

Ac

_ 1.24 x 10 3 nm
~
Eg(ev)

That shows the smaller the bandgap is the higher the cutoff wavelength will be. From above
equation, it can be found that for 1550 nm light detection, the maximum allowed band gap is
0.8ev, meaning that for band-gaps higher than 0.8ev, a photon is not able to move electron
energy from valence band to conduction band and therefore there will not be any photocurrent
generated.

Figure 1.1 shows measured responsivity (9i) values of photodiodes with an absorption layer of
Si, Ge and InGaAs vs. the operating wavelength [3].

0.8
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0
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1.6

1-8

Figure 1.1 - Spectral response of different photodetector material [31

As can be seen, silicon is a poor detector in the range of 1300 and 1550nm. Ion implantation of
silicon [4], hydrogenating amorphous silicon, and SiGe heterojunctions are some of the
alternatives to improve silicon absorption for optical communication.
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SiGe heterojunction detector material is one approach to improve the performance of Silicon.
SiGe-based optoelectronics provides a compromise between material performance and
monolithic integration [1]. However the 4% lattice mismatch between Si and Ge in this material
generates a high density of dislocations that will reduce life time by acting as carrier
recombination and trapping states. SixGei-x layer is one of the solutions to the lattice mismatch
between Si and Ge. This layer adjusts lattice through compression (in the growth plane) and
tensile strain (along the normal) [1], However with the SixGei_x layer there will still be a
considerable amount of dislocation density that depends on Ge mole fraction. Using thin lightly
doped SiGe layers (lower than critical thickness1) can lead to unstrained Ge layers and therefore
no dislocation density will be presented in the film. However this will lead to low quantum
efficiency since for high light absorption, thick Ge layers are required. For example, with the
results of Ge mole fraction vs. Critical layer thickness from Bean's model [1], and Ge mole
fraction vs. Absorption coefficient [5], it can be found that for a Si8o%Ge2o% at 1.30/mi, critical
thickness is 200nm while absorbing 90% of light needs 1mm of Ge thickness. The use of pure
Ge on Si was first attempted by Luryi et al. [6], They first suggested using highly doped Ge layer
with the same conductivity as Silicon in order to minimize dark/leakage current (current
measured in the dark with no light illumination) and trapping states.

Ge is another promising material in optical communication because of its higher carrier mobility
and lower bandgap that leads to higher optical absorption and faster response. However it
produces higher leakage current due to the lower bandgap. Amorphous material like a-Si:H and
a-Ge:H are good material for photodetection since they have larger optical absorption compared
to crystalline Si and Ge. That is because in amorphous material the energy states within the
1

Critical thickness is the thickness where the strain due to lattice mismatch reaches a threshold and film relaxation
takes place

4

bandgap can capture lower energy photons and therefore increase the absorption coefficient
compared to crystalline material. However due to these states, life time of the carriers are lower
compared to crystalline material. Hydrogenation can help to increase life time of carriers by
reducing the energy states within the forbidden bandgap area. Hydrogenated amorphous
germanium is a natural candidate to substitute for hydrogenated amorphous silicon in
applications requiring a material with small optical gap, such as in tandem solar cells or infrared
detectors [7].

III-V compound semiconductors materials are another approach for photodetection. They show
excellent characteristics on speed and quantum efficiency of the photodetectors. InGaAs for
example is a widely used material for telecommunication at 1550 nm wavelength because of its
0.8ev bandgap, however these materials are not easily integrated with silicon and the process
associated with their fabrication is complex, highly precise, and expensive.

1.1.3 Review on Photodetectors
The fundamental purpose of any photodetector is to convert optical signals into electrical signals,
usually expressed as a photocurrent, which can be amplified, displayed and/or retransmitted.
Various types of photodetectors have been extensively studied for a long time, including
photoconductive, avalanche, Schottky barrier, p-n junction, p-i-n junction, phototransitive, and
metal-semiconductor-metal (MSM) photodetectors [8],

One advantage of the MSM-PD structure is its relative ease of fabrication. One difficulty that is
encountered in the fabrication of MSM-PDs for low-noise applications is that some of the

5

materials needed for photodetection have very small Schottky barrier heights with most metals,
as with conventional schottky diode-based detectors [9].

Sugeta et al. first proposed and demonstrated the MSM photodetector in 1979 [10], then other
MSM photodetectors were reported by Slayman and Figueroa [11], and by Wei et al in 1981
[12], Since then there have been attempts to improve the performance of the diode by dark
current reduction, speed and sensitivity optimization. Electrode asymmetry is considered as one
of the ways of reducing the dark current. In [13] MSM photodetectors of Au/Ti on p-type silicon
with two asymmetric electrodes have been reported. They show that by increasing the
asymmetry of the metal electrodes, the leakage current decreases. They are however working at
wavelength of 623nm and the results are not comparable to the detectors working at optical
communication wavelength of 1550 nm. The same group report on using different metal
electrodes in order to reduce the leakage current [14]. They have fabricated devices with
different metal electrodes of Ni-Ge-Ti, Ni-Si-Ti, and other metals on p-type Si substrate and ntype Ge substrate with doping density of 1015 and 1016cm"3 respectively. Devices with different
metal electrodes show lower leakage current; however this method needs one more mask and
adds to the fabrication processing. Antireflection coating [15] and surface passivation, are other
approaches to dark current reduction that help to passivate the surface, and reduce the surface
states using materials like oxide [16], SiC>2 [17], sulphur passivation [18], and polyimide
passivation [19]. Including a Schottky barrier enhancement layer in between the metal and active
layer is another approach for reducing the dark current of MSM photodetectors by increasing the
Schottky barrier height of the metal semiconductor junction. J. Oh et al. [20] has reported on an
amorphous Ge layer of 50 nm between Ag metal and an UHV-CVD deposited Ge on Si
substrate. They have shown than enhancing the amorphous layer decreases the dark current by
6

two orders of magnitude, being 7.5 fiA at 3 V. Their device has responsivity of 0.15A/W (QE of
14.3%) @ 1.3/mi, however the external quantum efficiency of their device falls down to 2.5%
based on their graphs and therefore leading to responsivity of about 0.031 AAV @ 1.550 fim.
Furthermore, UHV-CVD is an expensive deposition (trade-off with low price) process compared
to sputter deposition or evaporation deposition techniques which makes their device processing
more expensive. Dopant segregation was proposed for high performance schottky source/drain
MOSFETs by Kinoshita et al [21]. H. Zang and S J. Lee [22] have shown for the first time the
application of dopant segregation for dark current suppression, in metal-germanium-metal
photodetectors. They were able to reduce the dark current by 3 to 4 orders of magnitude by
dopant segregating the contact to have the dark current of 10"7 A and responsivity of 0.12A/W at
-lv @ 1.550 [xm. Having NiGe as the contact metal because of its low resistivity, two step Ge
growth [23][24], and also the dopant segregation, increases the complexity of the design. This
group also reports on the same device structure but with Sulfur co-implantation and segregation
[25],

In applications that high responsivity is needed, depending on the wavelength of operation, and
absorbing layer material, thickness of the absorbing layer to absorb most of the light can be so
high that it degrades speed of the device, and therefore the responsivity and speed of the MSMPDs can be in a sever trade-off. For example, when operating at 830nm, Si needs about 12/mi to
absorb all the light. Henry et al. [26] have proposed an MSM-PD with 5/xm silicon membrane.
The basic concept of their device is to ensure that the carriers are generated in high field region
while the back surface scatters the light within the membrane, causing light trapping. This device
has shown a 3dB bandwidth of 3GHz and responsivity of 0.17A/W at lOv @ 830/xm, however
the texture at the back surface complicates the design and increases the cost. Ho et al. [27] have
7

suggested a device based on the same concept as [26], but with trench electrodes that remove the
back side polish and etch. This device shows 3dB bandwidth of 2.2 GHz at 5v and responsivity
of 0.14A/W at 5V @ 790nm, however the metal electrodes (TiW-Au), can't be uniformly
deposited because of the vertical structure of the trench electrodes. Laih et al. [28] further
improved this design by having the electrodes to be in a V shape and therefore more uniform
metal layer deposition. However both of the former designs have one more mask because of the
trench electrodes.

Metal-Germanium-Metal photodetectors are of interest because of Germanium's compatibility
with Si IC technology, higher mobility, and higher absorption coefficient at 1.550 [im as already
mentioned in the previous section. D.Buca et al. [29] have demonstrated two different M-Ge-M
designs. The first design is interdigitated Cr electodes on MBE deposited Sb doped Ge on
Si(lll)of high resistivity substrate. This design shows fast response of 12.5ps FWHM and
quantum efficiency of 7.5% @ 1.550/im (Responsivity of 0.094 A/W). However, the high
temperature involved in the cleaning process (800°C) places severe limitations on the integration
of the detector. Their second design is MSM detectors with plate capacitor electrodes. They
made a Cr/Ge/CoSi2 heterostructure device, with FWHM of 9.4 ps, but their QE dropped down
to 0.9% (91 = 0.011 A/W).

L. Colace et al. [30] have reported on MSM detectors based on epitaxial Ge /Si. Their device has
responsivity of 0.24A/W at lv @1.3/im, but the LP-CVD deposition process makes the process
more expensive. The same group have reported MSM photodetectors based on evaporated polyGe on Si [31]. This device shows responsivity of 16mA/W at 0.2 reverse bias@L32jU.rn. A
review of their works can be found in [32], A polycrystalline Ge on Si heterojunction
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photodetector has been also demonstrated by G. Masini [33] operating at 1.550 jttm with
responsivity of 5mA/W and dark current of ImA/cm . Poly-Ge was thermally evaporated at a
low temperature of 300°C which makes the device fully compatible with Si technology. MSM
photodetectors of polycrystalline silicon have been investigated by R. P. MacDonald et el. [34]
operating at 860nm. The bandwidth of 750MHz and responsivity of 0.13 AAV shows a good
performance of the device; however it cannot be compared to the devices operating at 1.550/xm
of optical communication wavelength. Recently K. W. Ang [35] have demonstrated an MSM Ge
detector on a silicon waveguide with a Si:C schottky barrier enhancement. Their device has
responsivity of 0.530AAV and dark current of 11.5nA at lv bias @ 1.550/xm. However high
temperature epitaxial growth and two step Ge deposition as well as the Si:C layer depositions
makes the process of the device quite complicated. L. Vivien et al. [36] have shown an
integrated MSM Ge photodetector in Si Rib waveguides with responsivity as high as 1 AAV,
150/xA at lv @1.550/xm. This high responsivity device shows higher dark current compared to
the conventional MSM detectors and is specific for applications that the detector is integrated in
the waveguide. Although the process steps are compatible with CMOS technology, there are too
many process steps that complicate the design.

1.2 Thesis contributions
This project investigates NIR photodetectors for integration with Silicon and SOI MEMS. This
requires Si process compatibility and low temperature processing. Sputtered Ge films are
deposited at low temperatures and lower cost, being the motivation for using this technique for Si
integration.

9

1.2.1 Metal-Germanium-Metal photodiodes
Germanium was investigated as the material of choice for MSM detector because of its higher
absorption and higher mobility, and compatibility with Si technology initially. Metalsemiconductor-metal detectors were chosen as the photodetector sensing structure because of
their ease of fabrication. Ge was sputter deposited, and it was found that a-Ge:H gave the lowest
leakage current between other samples. It is the first time to the authors knowledge that a-Ge:H
material is used as the sensing material for MSM-PD applications. Furthermore, a novel structure
of Semiconductor-on-metal rather than the conventional metal-on-semiconductor have been
introduced that reduces the leakage current density for more than a factor of 100. A sketch of the
new proposed MSM structure is shown in Figure 5.5.

1.3 Thesis outline
This thesis describes a Metal-Ge-metal photodetector with different material and design
modifications. Chapter 1 is an introduction on optoelectronics and integrated optics, as well as a
review on MSM detector material and structures. Chapter 2 is on material choice for MSM-PDs
including the governing theory of polycrystalline and amorphous semiconductors, while chapter
3 is an explanation of metal-semiconductor and MSM theory and their performance evaluation
and characterization. Chapter 4 and chapter 5 provide information about the process, fabrication,
characterization, and results of sputter deposited Ge films, and MSM detectors respectively.
Chapter 6 is the conclusion chapter that also explains the future work of this project.

10

Chapter 2
Material choice of MSM photodetectors
2.1 Active layer
Conventional high performance III-V semiconductors have been the material of choice for
photodetection applications. III-V compound materials however are not compatible with Sibased devices and are more expensive. Consequently group IV semiconductors have been
alternatives for many optoelectronic components. Si in general has been the material of choice
because of its lower cost and compatibility with Si ICs, but it lacks high absorption for long-haul
communication wavelength photodetectors. Ge is also of interest for photodetection because of
its lower bandgap, and higher mobility compared to Si, and compatibility with Si technology.
Different Si and Ge crystal structures show different electrical and optical properties. The
different properties of polycrystalline, single-crystalline, and amorphous Si and Ge can be related
to the band structure of these materials that will be discussed in the following sections.

2.1.1 Polycrystalline semiconductors
A polycrystalline thin film is composed of crystallites1 that are different in size and orientations.
This variation can be caused by different growth conditions. Crystallites are joined by grain
boundaries that are considered as defects in polycrystalline material. Polycrystalline material is
usually deposited by chemical vapor deposition at temperatures of about 625°C, giving an
average grain size of 70nm [37], However chemical vapor deposition is a complex and
1

Part of a solid-state material that has a structure of a single crystal
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potentially expensive deposition process and sputtering or evaporation are alternative simpler
processes. With sputtering however high quality crystalline thin films are not achievable and the
films are generally amorphous. It has been reported that making sputter deposited crystallized
Silicon is possible by introducing Al into Si [38]. Solid phase crystallization starting from
amorphous layers is another method that can be used to obtain polycrystalline films. However
this process is quite slow and requires about 20h at 600°C, but it can be reduced to a few minutes
by rapid thermal annealing or by laser recrystallization with the grain sizes varying from lOnm to
1/im [39],

2.1.1.1 Electrical and optical properties of polycrystalline semiconductors
Grain boundaries in poly crystalline thin films bring out different electrical characteristics for
polycrystalline thin films. The disordered atoms in grain boundaries can lead to dangling bonds
in the material. These dangling bonds will allow some states within the bandgap of the
semiconductor that are called traps in the bandgap. Electrons transferring in the thin film can get
trapped by these states and therefore the properties of the film may change [40]. The electrical
charge in the depletion regions forms a curved energy band as can be seen in Figure 2.1. This
charge causes a potential barrier qVB. VB is the barrier height and is equal to:

v

-

d

(2-1)

Where q is the electronic charge, Nd is the dopant density, e s is the permittivity of Silicon and Xd
is the width of the depletion region. When the polycrystalline film is lightly doped, most of the
carriers can get trapped in the grains.
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Ey

L

Figure 2.1- Schematic band diagram of the polycrystalline semiconductor with a periodic array of negatively
charged grain boundaries [39].

As the doping increases more carriers will get trapped in the grain boundary until the dopant
concentration reaches a critical value N* (N* = NT/L).

NT

is doping concentration, and L is

grain boundary width. The carriers that do not get trapped by these states lead to a neutral region
and cause the depletion region to shrink that is shown in Figure 2.2. As a result, with increasing
the doping concentration, the barrier height first increases and then decreases after reaching
NT[ 41],

qVB

Nr/L
Figure 2.2- The barrier height as a function of the dopant concentration for polysilicon [40]
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In addition to the parabolic depletion regions shown in Figure 2.1, the grain boundaries also
affect the movement of electrons. This is modelled as a high narrow potential in the grain
boundary that is shown in Figure 2.3.

Ec

F
Ey

^
Figure 2.3- Grain boundary barrier and parabolic barriers in polysilicon [40]

When polycrystalline semiconductor is lightly doped, the main blocking factor is the parabolic
potential; however a highly doped polycrystalline semiconductor is mainly blocked by grain
boundaries.

From the above discussion we can see that the grain boundaries increase the trapping states in
polycrystalline material, and therefore can reduce the life time and mobility of the carriers.
Optical properties of poly and single crystalline semiconductors are somehow different. Single
crystalline semiconductors tend to have lower optical absorption. This is because the grain
boundaries associated with the polycrystalline semiconductors can absorb lower energy light by
having states within the bandgap.
As discussed above, the grain boundaries in polycrystalline material influence electrical
properties and therefore it is necessary to reduce these trap densities associated with grain
boundaries. This can be done by either reducing the effect of grain boundaries or by completely
removing them. However since the grain boundaries increase the optical absorption, removing
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them may result in lower optical absorption [41]. Passivation can be done by annealing the
polycrystalline semiconductor in hydrogen, since hydrogen diffuses into the grain boundary and
reduces its effect on electronic and optical properties.

2.1.2 Amorphous material
The similarity of semiconductor bonds in crystalline and amorphous material of the same
semiconductor leads to a similar overall electronic structure. Amorphous and crystalline phases
of the same material tend to have comparable band gaps. The disorder of the atomic structure
however is the main feature that distinguishes amorphous from crystalline materials [42],

Careful observations of amorphous material show that they have more or less exponential tails
rather than perfectly sharp edges [43], Figure 2.4 shows how the abrupt conduction and valence
band are deviated to tails in amorphous materials.
i
»i

Figure 2.4- Schematic density of states distribution for an amorphous semiconductor showing the band tails
and defect states between the conduction and valence bands [43]
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The band tails are important properties of amorphous material since electronic transport occurs at
the band tails. The reason of having a tail rather than abrupt conduction and valence band
originates from the deviations in bond size or bond angle. Band gap states can also be seen in
band diagram of amorphous material. These states within the forbidden bandgap usually arise
from broken bonds or coordination defects1. Table 2.1 summarizes the structural disorder that
influences the electronic properties.

Structure
Bonding disorder

Electronic properties

(e.g. deviations in band size and angle)

Band tails, localization, scattering

Structural defects (e.g. broken bonds)

Electronic states in the band-gap

Alternative bonding configurations

Electronically induced metastable states

Table 2.1 - Features of atomic structure and the resulting electronic properties [42]

Metastable states are achieved by alternative bonding configurations; for example inducing H2
into the deposited film.

2.1.2.1 Transport in amorphous material
One of the important properties of amorphous material is their conductivity. Conductivity is a
macroscopic quantity that is an average property of carriers moving from site to site. There are
three main conduction mechanisms in amorphous materials:
1- Extended state2 conduction: Extended state conduction is thermal activation of carriers from
Ef to above the mobility edge.
2- Band tail conduction: Tunnelling transitions between localized states at elevated temperatures
(Normally there is no conduction in localized states at zero temperature).
1
2

Effect of having different number of bonds for atoms are called coordination effects
States in conduction edge (mobility edge) in amorphous materials
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3- Hopping conduction at Fermi energy: Conduction at the Fermi energy occurs when the density
of states is large enough for significant tunnelling of electrons. This conduction is rather week
and tends to dominate in low temperatures.
Illustration of these mechanisms is shown in Figure 2.5.

Figure 2.5-IlIustration of three main conduction mechanisms in amorphous material [44]

One of the basic studies of amorphous materials is the distinction between localized and
extended states and most of the experimental measurements of localized state distribution are
based on this property. At zero temperature, carriers in extended states are conducting, but in
localized states are not conducting [42]. Basic information on the carrier transport in a-Si:H is
obtained from the temperature dependence of the conductivity, but more insight into the
transport properties and the effect of localized states comes from work on time-resolved photoconductance [44], Figure 2.6 shows the linear and log scale time versus photoconductance of aSi:H at 210K. One can see from this figure that the photocurrent shows decay behaviour. To
interpret this, thermalization of carriers needs to be described. An excited electron or hole first
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loses energy by many transitions within the band, in which the energy loss is small but frequent
in each of these transitions. This process is referred to as thermalization. The thermalization rate
decreases as the electron moves into the localized band tail states.

In Figure 2.6 (a), after thermalization of the hot, excited carriers, the photo-generated electrons
occupy localized states, with only a few carriers being in extended states. Although in this
situation the electron energy is much higher than in thermal equilibrium, further thermalization is
slowed down due to the long thermalization time for localized states [44],

Time (10~6 s)

(a)

Time (s)

p)
Figure 2.6 -Time resolved photoconductance of a-Si:H (a) Linear scale (b) Log-log sale [44]

Figure 2.6 (b), shows that the decay is following two laws of t a _ 1 and t _ a _ 1 where a is called
the dispersion parameter. In the initial stage the total carrier density remains constant since
recombination and extraction occur at later stages. When the electrons are extracted from the
film, the total amount of carriers decrease and the decay turns into t ~ a _ 1 [44]. In other words,
the power law transient photo-response seen by amorphous material is due to a process called
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multiple trapping (MT) that current monitors the shallow high mobility states, while the decay of
current is due to trapping of carriers in deeper states in the band tails [43].

2.1.2.2 Hydrogenation effects
The concept of hydrogenation of amorphous semiconductors was first established by Harvard
group1, preparing rf diode sputtered semiconductors in 1974 [45]. They sputtered Ge in an argonhydrogen atmosphere to make a-Ge:H films and investigated the effect of hydrogenation in a-Ge
films. Their following works showed that hydrogenation decreases dark current and increases
photocurrent because of saturating dangling bonds associated with amorphous sputtered Ge
films.

Hydrogen, with its single electron and its small covalent radius, can be used to compensate
individual dangling bonds on the void surface of amorphous Ge, and the variation of the
electronic properties with hydrogen coverage can be determined. Thus, density of electronic
states of fully bonded but hydrogenated amorphous Ge, which near the gap will resemble that of
fully coordinated material, can in principal be established [46]. Annealing or using high
temperature deposition are other traditional approaches for minimizing the number of dangling
bonds but these approaches in addition to changing the void structure of Ge may change network
structure and also it is not easy to determine if all the dangling bonds are removed above a
certain temperature. Therefore hydrogenation has numerous advantages over the traditional
approaches. However H2 can break or remove weak semiconductor bonds particularly during
thin film growth.

1

A group at Harvard Univ., Cambridge, MA, USA.
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2.2 Contact metal
Different metals have different work functions due to their crystal orientation and material
characteristics. According to Schottky-Mott theory, the barrier height between the metal and
semiconductor is sensitive to metal work functions. However there is little support from the
experimental results of metal work function having a great effect on barrier height. Schottky
barrier heights are usually determined by the semiconductor and have rather a weak dependence
on metal. Mayburg G. et al. [47] have determined Schottky barrier height of thirty six metals on
n-GaAs. They found no linear relationship between the metal work function and Schottky barrier
height as is suggested by Schottky-Mott theory. They found that the linear relationship between
metal and semiconductor does not apply to all metal categories, rather to the metals with higher
melting points. The influence of metal work functions of Mg, In, Al, and Pd on properties of
metal/a-SiC:H Schottky diode is investigated [48]. Their results show that Pd and Al have low
leakage currents compared to Mg and In. C. K Tan et al. [49] have also shown linear dependence
of metal/p-GaN Schottky barrier height on the metal work function. The investigated metals are
Zr, Ti, Cr, and Pt.
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Chapter3
Theoretical concepts of MSM photodetectors
3.1 Metal-Semiconductor junction
The metal-semiconductor junction is a key structure required for the operation of any
semiconductor device, since electrical contact to external components is essential. While the
Ohmic contact is most commonly used, a rectifying or Schottky contact has interesting properties
making it useful for photodetection.

A metal-semiconductor Schottky junction is developed to have faster response compared to p-n
or p-i-n junctions, since in a p-n junction the switching speed is controlled by recombination of
minority injected carriers and is of the order of a few microseconds, while in the Schottky diode,
it is controlled by the thermalization of hot injected electrons across the barrier and the speed is
of the order of a few picoseconds. Furthermore, Schottky diode's simple fabrication makes it a
good candidate for many applications. When a specific metal is deposited on a specific
semiconductor, a metal-semiconductor junction is formed but it might be either an Ohmic
contact or a Schottky contact. These two categories are discussed in the following sections.

3.1.1 Schottky contact
The Schottky contact is of interest for use in electronics mainly due to faster responses compared
to the p-n diodes. By faster response it is meant that the switching from conducting mode to nonconducting mode is faster. This rectifying contact is formed by attaching a metal conductor to a
lightly doped semiconductor, which is a basis of a Schottky diode [50].
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Analysis of an ideal Schottky diode can start with an energy band diagram. The energy band
diagram of metal and semiconductor before contact is shown in Figure 3.1 for an n-type
semiconductor.
Vacuum tevel

n-Semioonductor

Figure 3.1-Energy band diagram before contact [41]

To explain this diagram a few parameters need to be described:

Vacuum level: Vacuum level energy is the energy of an electron outside solid.
Work function (0): Amount of energy required to take an electron from Fermi level to outside of
solid.
Electron affinity (x): Required energy to move an electron from bottom conduction band to
outside of the semiconductor.
Consider the situation in which work function of metal is higher than that of semiconductor.
When metal and semiconductor are brought together, it will be a system with a unique Fermi
level in thermal equilibrium. Fermi level pinning is caused by redistribution of charges
throughout system thermal equilibrium which forms the barrier. Figure 3.2 shows the system in
thermal equilibrium.
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Vacuum level
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Figure 3.2- Energy band diagram after contact [41].

To have an equilibrium state horizontal line Fermi level, the material with higher Fermi level
should contribute electrons to the material with lower Fermi level. Therefore in this case (® m >
®s) electrons flow from conduction band of semiconductor to the metal and they create a
depletion region.
There are a few parameters in Figure 3.2 that needs to be defined:
Barrier height = q0 b = q(0 m - xs)
1
Built in potential barrier = Vbi = VD = 0 b — - (EF — E c )

(3.1)
(3.2)

Where q is electron charge, EF is Fermi level, and E c is conduction band energy state.
Forward bias condition: If a positive voltage is applied to metal with respect to semiconductor,
the metal to semiconductor potential barrier height decreases and this will allow more easy flow
of electrons into the metal.
Reverse bias condition: If a negative voltage is applied to metal with respect to semiconductor,
the metal to semiconductor potential barrier height increases and electrons will need more
potential in order to flow over the barrier height.
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It should be noted that in an ideal case, the barrier height from metal to semiconductor does not
change as the bias voltage changes, and this is the barrier height for electrons moving from
semiconductor to metal that changes by applying different bias voltages.
The energy band diagrams of forward and reverse bias conditions are shown in Figure 3.3.
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qVbi+qV
qV

(b)

Figure 3.3 - Ideal energy band diagrams of (a) Forward (b) Reverse bias [41]

These diagrams clearly show the barrier height modification with applied bias voltage. In the
next section, current transport process through the barrier will be discussed.
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3.1.2 Current transport process
Current transport in Metal-semiconductor contacts is due mainly to majority carriers as opposed
to a p-n junction where the minority carriers are the main carriers. There are four current
processes in a Metal-Semiconductor contact when forward biased [51]:

1- Transport of electrons from semiconductor to metal, which is the main current transport in a
Metal-Semiconductor contact.
2- Quantum-mechanical tunnelling of electrons through the barrier (important for heavily doped
semiconductors and the main current transport in Ohmic contacts).
3- Recombination in the space-charge region.
4- Hole injection from the metal to the semiconductor (equivalent to the recombination in the
neutral region).
In addition to the above main current transport mechanisms, there may be edge leakage currents
due to high electric field at the contact periphery or at the interface, due to traps at the
interface[51].
To describe the current transport of electrons over the potential barrier, Thermionic Emission
Theory and Diffusion Theory are derived which describe transport of electrons over the potential
barrier. Thermionic Emission Theory is applicable to high-mobility semiconductors while
Diffusion Theory is applicable to low-mobility semiconductors. Current density expression of
both of the theories are similar, however, the saturation current density is different. Saturation
current density for diffusion theory varies more rapidly with the voltage but is less sensitive to
temperature compared with the saturation current density of thermionic emission theory.
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Thermionic Emission-Diffusion Theory is a synthesis of both of the above theories that is
derived from the boundary condition of a thermionic recombination velocity near the metalsemiconductor interface. Therefore an expression for current transport of Thermionic EmissionDiffusion Theory better describes current transportation compared with the above two distinct
theories.
The current transport expression for Thermionic-Emission Theory taking into account the
tunnelling current is:
/ = l0(eQV/nkT - l)

(3-3>

Where n is the ideality factor and is equal to 1 in an ideal case, V is the applied bias voltage, k is
Boltzmann constant and is equal to 1.38xl0 23 J/K, and q is the electron charge.
I0 is the saturation current density and is equal to:

,C=A-T^>

(3 4)

'

As can be seen the saturation current depends on the size of barrier height for electron injection
from the metal into semiconductor, and is unaffected by the bias voltage. A** is the effective
Richardson constant, T is the temperature, and 0Bn is the metal to semiconductor barrier height.
This expression is under forward bias condition. When V is positive and greater than a few kT/q,
the exponential term is much greater than unity. The current thus increases with forward bias
voltage. When V is negative (reverse bias), the exponential term approaches zero and the current
density is -I0 [3].
Ideally the reverse current density -I0 should be constant, however, when the M-S contact is
biased by a voltage V, there is an external field applied to the contact. Although this field is not
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constant with distance, the value at the surface can be used as a good approximation. This
external field lowers the work function of a metal by qA0 which is called image-force lowering.
The reduction of the surface work function of metal makes it easy for an electron in the metal to
overcome the barrier and move to the semiconductor side, and thus gives rise to a higher
thermionic-emission-diffusion current [41]. Therefore the reverse saturation current density is
modified to be:
( qj-0B+m\
kT
I0 = A**T2e\
>

(3.5)

Where;

«

=

(3.6)

£ is the maximum electric field that occurs at x = 0 and is equal to s = J2Q£Nd (V + Vbi ~
where ND is the doping density, Vbi is the intrinsic barrier of the diode, and V is the applied
voltage.
If the barrier height is sufficiently smaller than the bandgap so that the generation-recombination
current is small in comparison with the Schottky emission current, then the reverse current will
increase gradually with the reverse bias as given in the equation above. Edge leakage current
however is the most dominant current for Schottky diodes. To eliminate this effect, metalsemiconductor diodes can be fabricated using a diffused guard ring [52].
Since the current transport process is closely related to depletion layer, therefore depletion layer
characteristics like its width, capacitance, are illustrated in the next following sections.
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3.1.3 Depletion layer characteristic
3.1.3.1 Width and electric field

Assuming an abrupt junction, where the charge density in the depletion layer for 0 < x < xn is
qND, and for x > xn , ND = 0 and also £5 = 0. The expressions for depletion layer width and
electric field are as follows:
(3.7)

Where; the — term arises from the contribution of the majority-carrier distribution tail (electrons
Q
in n side).
(3.8)
Where; sm is the maximum field strength that occurs at x = 0 which is presented in the previous
section too.

3.1.3.2 Junction capacitance

The space charge Qsc per unit area of the semiconductor and the depletion layer capacitance C
per unit are given by the following equations:

C
Qsc = qNDW

= J 2 q €

s

N

D

{ y

b i

- V ~ )

cm2

(3.9)

(3.10)
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Equation
(3.10) can be rearranged as:

1 _ 2(vbi - V C2

kT/q)

(3.11)

qesND

d(V C 2) _
dV

2
qesND

(3.12)

(3.13)

By plotting

qz versus V, a straight line should be obtained when having a constant Nd in

depletion layer. This method can be used to find doping profile [51].

3.1.4 Ohmic contact
An Ohmic contact follows ohm's law and the current can flow in both of the directions and the
junction does not have a rectifying behaviour. An Ohmic contact can be formed by depositing a
metal conductor to a heavily doped semiconductor, however if the semiconductor is lightly
doped, it becomes a Schottky contact. Ideal metal-semiconductor contacts are Ohmic when the
charge induced in the semiconductor in aligning the Fermi levels is provided by majority
carriers. For example, in the ®m < <DS (n-type) the Fermi levels are aligned at equilibrium by
transferring electrons from the metal to the semiconductor. This raises the semiconductor
electron energies (lowers the electrostatic potential) relative to the metal at equilibrium. In this
case the barrier to electron flow between the metal and the semiconductor is small and easily
overcome by a small voltage. Similarly the case <Dm > <DS (p-type) results in easy hole flow across
the junction [53].
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Contact resistance Rc can be determined for a contact and is an important figure of merit for
Ohmic contacts. Rc can be determined by finding derivative of current density (J) with respect to
voltage when evaluated at zero bias voltage [51]:

(3i4)

MIL

For metal contacts with lower doping concentrations, the thermionic-emission current dominates
the current transport, and therefore contact resistance expression will be [51]:
k

q0B-A0

(3.15)

Where A* is the effective Richardson constant for thermionic emission theory neglecting the
effects of optical phonon scattering and quantum mechanical reflection. For contacts with higher
doping, the tunnelling effect dominates and contact resistance is derived to be [51]:

Rc = exp

2Je s m* <pBn
h

(3-16)

V^D

Where 0 B n = q0B - A0
Where m* is the effective mass of semiconductor, and h is plank's constant. This equation shows
that in the tunnelling range the specific contact resistance depends strongly on doping
concentration.

3.2 MSM theory
MSM photodiodes are mostly in the form of interdigitated electrodes on top of active layer.
Figure bellow shows the MSM configuration from top and cross section views.
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Metal electrodes

Active layer

Substrate

Figure 3.4- Top and cross section view of MSM interdigitated photodiodes

Light absorption occurs in the area between the electrodes which is the active layer of the
photodetector. Full description of the theoretical behaviour of the MSM structure is treated by
Sze [54],

3.2.1 Dark current
According to Sze [54] , an MSM detector consists of two back to back Schottky diodes. Figure
bellow shows the energy band diagram of the MSM detector at thermal equilibrium where 4>nl
and (pn2 are barrier heights of the two schottky contacts, Vdi and Vd2 are the built in potentials
respectively, and L is the spacing between electrodes. A symmetrical MSM structure forms when
0m

=

4>ni > and the area of electrodes is equal.
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Figure 3.5- (a) Schematic diagram (b) Energy band diagram of MSM structure [54]

When a negative bias is applied to contact 1 with respect to contact 2, contact 1 is reverse biased
and contact 2 is forward biased. The applied voltage is shared between the two contacts: v = vl
+ v2, where vl and v2 represent the voltage drop across the contacts. Since contact 2 is reverse
biased, its depletion region is wider than contact 1, and most of the voltage drop will be across
contact 2. This is shown in Figure 3.6. As the bias voltage increases, depletion width of the
contacts increases. VRT, which is called reach- through voltage is a point that the depletion
widths of the contacts reach to each other and therefore wl+w2 = L. Further increase of the
voltage to a point that w2 = 0 and electric field of contact 2 is zero, is the condition that is called
flat-band voltage (VFB)- Applying higher voltages is limited by avalanche break down of the
MSM structure. Figure 3.7 better illustrates all the above conditions.
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Figure 3.6 - Potential profile of MSM detector after applying a bias voltage [54]

(a)
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(C)

Figure 3.7-(a) Condition of reach-through voltage (b) Flat band condition (c) V>Vfb [54]

Dark current characteristic of an MSM structure can be different depending on 0 n l and (pp2.
Therefore the material of the activation layer and metal, deposition process, and structure of the
device can make different characteristics of the MSM diode.
Two cases of I-V characteristics where; Jni » JP2 and Jni « JP2 are discussed and other I-Y
characteristic may fall between these two cases depending on their barrier heights for electrons
and holes.
In a simple Metal-Semiconductor contact, there is only one type of carrier that corresponds to
dark current of the contact. However in MSM structure thermionic emission of both electrons
and holes contribute to dark current characteristic of the detector. Assuming the first case where
Jni « JP2, under an applied bias voltage, one of the diodes is forward biased and the other one is
reverse biased. If a low negative voltage is applied to contact No. 1 with respect to contact No. 2
(contact 1 reversed biased, and contact 2 forward biased), the thermionic emission current is due
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to transfer of electrons from contact 1 to contact 2. There is also thermionic emission of holes
from contact 2 to 1 but in case of Jni « JP2this current is small at low voltages. When the voltage
reached reach-through voltage, the depletion layers of the contacts reach to each other, and this is
the point that thermionic emission of holes from contact 2 starts to increase and total current
starts to increase quickly after reaching VRT. Further increase of the voltage to VFB, will reduce
the rate of increasing current due to barrier lowering effect. Eventually the avalanche break down
will occur and the schottky contact will fail.
Now if Jni » Jp2 (4>P2 is high) the hole current will always be smaller than electron current, so
that the total current is almost equal to electron current and contact 2 will act like an Ohmic
contact with no injection. As the voltage increases, eventually the break down will occur at
which the current will rapidly increase. Figure 3.8 shows current versus bias voltage of both of
the cases [54].

Si M S M STRUCTURE
* n f » 0.85 V
TOTAL

CURRENT

VlVOUTSt
Figure 3.8-Theoretical I-V characteristics for a Si symmetric MSM with ND= 4x1016 cm-3 and L=12um at
300°k where Case (1) : 4>nl = 0.85V and 4>p2 = 0.2v ; Case (2): c|>nl = 0.85V and <J>p2 = l v [54]
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Figure 3.8 has a log-log scale in order to show a broader range of voltage response.
MSM detectors with low dark current are most desirable detectors for optical communication
systems because a higher dark current would cause difficulty in light signal detection. To
decrease the dark current there is a trade-off between the electron injection at reverse-bias
contact and hole injection at forward bias contact. At low bias voltages the main source of dark
current is from electron transportation and in higher voltages hole current is the main source of
current transportation. Therefore for dark current reduction, both electron and hole current
should be decreased. The lowest dark current is achieved when q0n = q0p = Eg/2. This is
normally the rule to choose the appropriate electrode metal for MSM detector [41].

3.2.2 Barrier height / Saturation current / Quality factor
Barrier height can be found from the following equation [55]:

(3.17)
Where I0 is the saturation current and is equal to:
I0 = A**ST2 exp(— q<p/kT)

(3.18)

k is Boltzman's constant, T is the absolute temperature in Kalvin, q is the electronic charge,
A**A is the Richardson constant, and S is the contact area.
Therefore to find barrier height of an MSM detector saturation current should be found. As
mentioned before, equation bellow is the conventional equation for thermionic emission of
carriers in MSM detectors[55]:
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/ = I0 e x p ( q V / n k T ) . (1 - exp(- qV/kT))

(3.19)

Where n is the quality factor of the MSM photodiode.
Note that this equation includes the effect of barrier height lowering due to electric field,
tunneling effects, and carrier recombination in the space-charge region of Metal-semiconductor
contact, by adding exp (qV/kT)
exp(— qV/nkT)).

to the more conventional equation of:

/ = / 0 .( 1 —

The difference between these two equations vanishes when v > 3kT/q [55],

The above equation can be rearranged as follows:
/ex v W / m
=
( e x p ( q V / k T ) - 1)

l M / n k T )

(3-20)

Iex qV k
That shows that the plot
of Ln f,
^ ^p
\ versus V is just
linear and the slope
r
J
r of the line is
\(exp(qV/kT)-l)J

equal to q/nkT,

from where the quality factor of the Schottky diode can be calculated.

Furthermore, intercept point of the linear line at V=0 axis gives out saturation current.

3.2.3 Responsivity
Responsivity is a figure of merit for detectors that describes how efficiently the light is converted
into current which is defined as:

<3 21)

"o

-

Iphis the photocurrent and P 0 is the incident power on the sensor area. Responsivity is very easy
to measure and many have stated the performance of their device in A/w and therefore it is a
good criteria in a sense that it is easy to compare the results with other works. However it does
not include dark current effects and it might not be the best case for showing the performance of
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the photodiode and therefore along with responsivity, many indicate the dark current of
photodiode.
Quantum efficiency is another figure to show the performance of a photodiode and is defined as
the ratio of the number of electrons generated by the detector to the number of photons incident
on the detector.
^ ^ ( i - J O V r ^ C

1

" * ) ^

(3 22)

'

R is the reflectivity at the air-semiconductor interface and reducing R enhances the performance
of photodiode. r]i is the internal quantum efficiency and is equal to rfr = (1 — e~ad), describing
the collected photocurrent to the number of photons in the active layer, which depends on
absorption coefficient a, and the length of the absorbing layer d.
For the geometry shown in Figure 3.4, the detector is generally illuminated from the top surface.
In this configuration, the metal electrodes block a fraction of the light from entering the
semiconductor and thus reduce the maximum achievable external quantum efficiency by a factor
associated with the "fill factor" of the electrodes, given by:
w
r =

(3.23)

s + w
Where s is the spacing between adjacent electrodes and w is the width of the electrodes.
Quantum efficiency however is not easy to calculate and therefore making it not the best figure
of merit for photodiodes.
Since the quantum efficiency ?7ecompares the incident photon flux to the collected photocurrent,
it can be defined as:
_ Iph/q
Ve

~ Pjh^

Where v is the frequency of the incident light.
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(3-24)

3.2.4 Capacitance
As outlined, one of the advantages of the interdigitated MSM is its low capacitance per unit area.
Typical photolithographically defined devices have electrode fingers widths of ~ 1 [im and
interdigital spacings of 1-3/zm [56]. In the Carleton University microfabrication laboratory the
smallest practical size using in-house mask making is 2.5ptm.

A theoretical model based on conformal mapping technique demonstrated that the capacitance of
an interdigitated electrode can be determined as [57]:
C = 0.226iVL£o(£s + 1)(6.5t72 + 1.08r? + 2.37)

(3.25)

Where N = L/2(t + £>)is number of finger pairs and rj = D/(t + D) is finger to period ratio. D
is finger width and t is the spacing. This equation shows that reducing the aperture of the PD and
number of interdigitated contact pairs could reduce the capacitance of the device. The figure
bellow shows the capacitance of interdigitated electrodes with different gap size [56].

t|im spacing MSM
2|«n spacing MSM

3»jm spacing MSM

0L

0
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20

49

60

1

1

90

100

Skte Length f pm
Figure 3.9-Capacitance versus side length of MSM and pin Photodetectors [56]
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Generally, increasing the gap between diode fingers decreases the capacitance; however transit
time of carriers and detector response increases.
Capacitance of the junctions changes with the bias voltage applied. In the next section,
capacitance will be described as a function of bias voltage.

3.2.4.1 Capacitance vs. Bias voltage
Having two contacts, leads to having two capacitances in series due to each contact for V < VRT.
Therefore total capacitance would be [52]:

=

CXC2

(3.26)

Ci + C 2

Where

q£sND

Ct =
N

N

27)

2(Vi + VD1)
q£sN

C2 =

(3

°
2(VD2-V2)

(3.28)

By increasing the voltage most of the voltage drop will be across contact 1 and the capacitance
is: =
N

1
f q E s N °\ [
= ] . From this equation, the capacitance has a maximum point, and
2
](.v+vD)+jvZ

by increasing the voltage the zero-bias capacitance increases until it reaches its maximum and
then starts to decrease with higher voltages applied.
For V > VRT , semiconductor is completely depleted and the capacitance per unit area is equal to
C = Sg/L .
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Figure 3.10 shows capacitance versus bias voltage applied to MSM-PD [52].

Figure 3.10- Capacitance voltage characteristics of MSM detector [54]

3.2.5 Detectivity
A "figure-of-merit" for infrared detectors is D * (deestar), whereby detectors of differing area
can be compared. It is related to the noise equivalent power (NEP) in watts, the lowest power a
detector can detect at a signal-to-noise ratio of 1 as

£>*(/,/, 5 ) = (AB)^2/NEP

(3-29)

Where; A is the detector area. The optical bandwidth B (often taken to be 1 Hz), frequency of
signal modulation (f), and operating wavelength (1) must be stated [2],

Detectivity is a good figure to show the overall performance of the photodiode, but not many of
the papers state the performance in detectivity making it hard for comparing the results with
other works.
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Generally many works tend to show the performance of the photodetectors by the responsivity
value and saturation current of the device as already mentioned. However some works report the
performance of their device in detectivity or more commonly quantum efficiency in order to
show a broader range of device characteristics in one value. Here in this work the results are
presented by responsivity value.
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Chapter4
Material investigation, fabrication, and characterization
4.1 Choice of sputter deposition
Sputter deposition is a physical vapour deposition technique that the films are deposited
atomically by means of ionic species. There are several sputtering systems for the purpose of
thin-film deposition. Among these sputtering systems, the basic model is the dc diode sputtering
system, and the other systems are improvements on the dc diode sputtering system. The dc diode
sputtering system is composed of a pair of planar electrodes that one of the electrodes is a cold
cathode and the other is an anode. Target material is on the top surface, and the substrate is
placed on the anode. After the plasma is formed (usually with a spark), Ionized gas atoms strike
the cathode and cause emission of atoms from the target material. The emitted atoms collide
with the gas molecules and eventually condense on the substrate [58].

RF Magnetron sputtering system is another system for sputtering that is used to deposit Ge thin
films in this project because of the availability in Carleton university microfabrication
laboratory. Figure 4.1 shows a typical RF sputtering system. In RF sputtering systems, the DC
power is replaced by an RF power and the metal target is replaced by an insulator. Magnetron
sputtering systems have the plasma to be formed with presence of a magnetic field.

The main reason of focusing on sputter deposition in this project is that it is a low temperature
deposition technique, with lower cost, suitable for integration with optical MEMS applications
that was the initial motivation of this thesis project. However, the film qualities are usually lower
comparing with deposition techniques like UHV-CVD that are more expensive.
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Figure 4.1 - Example of an RF sputtering system [58]

Although germanium has been deposited by vacuum evaporation and sputtering techniques, the
films usually show p-type conductivity, even though the source materials were heavily doped
with n-type impurities. Some authors attributed this result to impurities, while others considered
it to be due to imperfection in the crystalline structure of the films and surface states [59], bulk
properties of Ge [60], or in the case of silicon, contamination of the structural defects [61].

Crystalline Ge deposited thin films are of interest because of their lower defects and therefore
lower leakage current. Some works have investigated the effect of deposition temperature of
crystalline structure of Ge films that will be discussed in detail in the next section. Furthermore,
film thickness and hydrogenated amorphous films are studied in this project. Next section is a
review on the sputtered Ge films that were the starting point of this project, and the
characterization of the films is followed by the next section.

4.2 Review of sputtered Ge thin films
K. B. Sundarm et al. [62] have looked at RF sputtered Ge thin films at different deposition
powers. This paper has reported a technique to produce both n and p type doping with different
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concentrations between 10 15 — 10 18 carrier/cm3

.They basically change the input power level

and get different doping concentrations. Furthermore, they show how the sheet resistivity and
carrier mobility changes by changing input power level. The following table shows the
deposition conditions of their experiment for a glass substrate:

Vacuum
pressure
3xl0~ 6
Torr

Ar pressure
2-3mTorr

RF
frequency
13.65 MHz

Input
power
25 to 100
w

Deposition
duration
1 to2Hr

Temperature
500°c

Ge
source
Bismuth
(n-type)

Table 4.1- Deposition conditions of samples prepared in [62]

They found that at higher sputtering powers, the films show p-type conductivity, and as the
power level is reduced, resistivity increases. At around 40W the films have highest resistivity,
and further decreasing the power, the films show n-type conductivity and sudden decrease in
resistivity.
They state that the general p-type conductivity observed in the films is attributed to the
crystalline defects, and by decreasing the power level, deposition growth rate decreases hence
crystalline defects reduces and lower p-type carriers will be observed.
In addition, they changed the pressure of Ar gas to see how the range of conversion from p to n
type changes. According to their results, as the pressure increases the conversion from n to p
occurs at higher deposition rates increases. Table bellow is the summary of their work:
Ar gas pressure

p to n type conversion power level

2m Torr
2.5 mTorr
3 mTorr

40-50W
50-60W
Always n-type (up to 100W)

Table 4.2- Ar pressure vs. p to n conversion power [62]
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In this project, Ge thin films were deposited at different RF power levels in order see if the same
characteristics are achieved.
Y. Yang et al. [63] have characterized crystal structure of magnetron sputter deposited thin films
by X-ray and Raman spectroscopy. They have shown that the films grown at temperatures
bellow 350°C and above 450°C are amorphous. Their Xray results show that the best growth
temperature for Ge deposition is 400°C. Here in this project, crystal structure of the films has
been characterized with Xray diffraction at two different temperatures of 250°C and 450°C and
the results are presented in the following section.
Electrical properties (carrier concentration and mobility) of sputtered Ge films with different film
thickness was investigated and measured in different temperatures in [64], Their results show
that carrier concentration rapidly decreased with distance from the interface and became
approximately constant beyond a film thickness of about 3 /xm. In this project, the samples have
thickness of about 2/xm to have a reasonable carrier concentration and mobility.

Hydrogenated amorphous films were also looked at in this project. Min H., has characterized
sputtered Ge at different Hydrogen concentrations with ESR1 experiment [65]. ESR is one of the
few experiments that give information on the structure of defects, g-value is a term in this
experiment that is utilized to find out how the local configuration of defects changes. A free
electron has a g-value of 2.0023 and when it is surrounded with other materials, this value shifts
because of spin-orbit coupling to the other electron states [42]. The g-shift contains detailed
information about the local bonding structure of the defects. Defect states near the valence band
tend to have the largest g-shifts because the coupling to valence band is greater than to

1

Electron Spin Resonance

conduction band. In Min H. work [65], they have determined the relation between hydrogen
concentration and g-value. According to their results, as the hydrogen concentration increases, gvalue decreases which show changing of dangling bond structure. This could also mean that as
the hydrogen concentration increases, the defect states energies are more likely near conduction
band and therefore optical response increases. They suggest that decrease of g-value is because
B.2 atoms increase the flexibility of the network structure and reduce dangling bonds of the film.
The best quality of a-Ge:H films with respect to Urbach energy1 have also been obtained at low
argon pressure and low dc power at 147°C substrate temperature [66]. Based on this results Ge
films with different hydrogen concentration in plasma gas were sputtered and characterized with
resistivity measurements and optical response (resistivity measurement is done only on a 5%H2
concentration in order to compare hydrogenated and non-hydrogenated film resistivities, and
higher H2 concentrations will be characterized based on optical response in chapter5).

4.3 System parameters and characterization of sputter deposited Ge films
Samples with different RF power, temperature, and hydrogen concentration were sputter
deposited in Varian sputtering system at microfabrication laboratory of Carleton University,
referring to the above works. System parameters are all summarized in Table 4.3. In all the cases
the Ar pressure in the vacuum is about 4mT.

1

One of the standard measures of electronic disorder in amorphous semiconductors and is determined by drawing a
tangent to the absorption spectrum. In other words it is a measure of largest conduction and valence band edge
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Sample
No.
1

Sub /Dep.
temperature
Silica/250°c

RF
power
200w

2

Silicon/450°c

200w

3

Silicon/450°c

200w

5

Silicon/450°c

200w

8

Silicon/450°c

lOOw

9

Silicon/450°c

lOOw

10

Silicon/450°c

40w

11

Silicon/450°c

40w

Flow rate
Ar
@24 seem
Ar
@25 seem
Ar
@25 seem
5%H2Ar
@25 seem
Ar
@25 seem
Ar
@25 seem
5%H2Ar
@25 seem
Ar
@25 seem

Deposition
duration
16 min

Thickness
1/xm

-

16 min

2(im

-

16 min

2[im

-

16 min

2jum

-

30 min

2/xm

-

30 min

2/xm

80 min

2/iim

80 min

2fim

Comments

H2 annealed in furnace
for 10 mints at 400°C

Rapid
Thermal
Annealed at 700°c for
10 seconds

Table 4.3- Samples deposited under different system parameters

Silica is a glass and the reason for using silica in the first sample was to more easily identifying
Ge, since Silicon and Germanium have similar appearance but are still distinguishable. Sample 2
is deposited on cleaned Si wafer, but all other samples are deposited on gate-oxide Silicon
wafers. In the following two sections, the characterization results of the films based on X-Ray
diffraction and film resistivity is demonstrated.

4.3.1 X-ray diffraction
Effect of deposition temperature on crystal structure was determined with X-Ray diffraction
method on samples 1 and 2 with different deposition temperature. Crystal structure of Ge film
was investigated using X-ray measurements in Carleton University at department of chemistry.
Figure 4.2 shows the X-ray diffraction spectroscopy of the two samples. The peaks in this figure
show some crystalline structures in both of the films that contribute to Ge(lll), Ge(400), and the
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substrate Si(004). There is however other peaks in the film that might be due to defect network
within the film.

oo

4500
4000
3500

s-

3000

S
e

2500

•250c
450c

2000

3 .,1500
1000
500

0
10

20

30

40

50

60

70

80

90

100

2*Theta
Figure 4.2- Xray diffraction results of sample 1 (250°C) and sample 2 (450°C)

As can be seen, both the 250°C and 450°C samples show some crystalline evidence in the film;
however the intensity at these peaks is not so high that these films are considered to be
amorphous rather than crystal. Y. Yang et al. [63] found that there is an optimum sputtering
deposition temperature for Ge films (400°C). They suggest the reason is that at lower growth
temperature, the slowdown of the surface migration makes the deposited atoms frozen thus
preventing their crystallization. On the other hand, Ge islanding that occurs at high deposition
temperatures make the surface of the Ge corrugated. In this work, since generally at higher
temperatures thin films show better overall qualities (closer to bulk), deposition temperature was
kept at 450°C.
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4.3.2 Resistivity
Effect of different power (200W, 100W, and 40W), hydrogen concentration (0%, and 5%), H2
annealing, and rapid thermal annealing on resistivity of the film is investigated by 4point probe
measurements. Sheet resistivity was calculated with Van der Pauw law (Rs = 4.532
square) using y- found from the 4 point probe measurements. Table 4.4 shows all the resistivity
results for the samples. A quick description is also included for easier following and complete
system parameters can be found in Table 4.3.

Sample number
3
5
8
9
10
11

Quick
description
200W RF
200W RF,
Hydrogenated
100W RF
100W RF,
H2 annealed
40W RF,
Hydrogenated
40W RF, RTA

Resistivity
Q/square
7M
42M
5M
5M
1M
In kQ range

Table 4.4-Resistivity of different samples

As can be seen, resistivity of sample 5 is the highest and therefore it shows that existence of
hydrogen atoms in the plasma (and therefore its incorporation in Ge films) has a strong effect in
properties of the sputtered Ge. Defects in the sputtered film can be a source of dark current.
Hydrogen forms H-Ge bond with dangling bonds in sputtered Ge thin film and therefore reduces
the amount of defects, leading to higher film resistance.

As can be seen in Table 4.4, even though sample at 40W RF power was deposited in 5%
hydrogen (sample 10), it had quite lower resistivity compared to the sample deposited at 200W
without hydrogenation (sample 3). Reducing the power based on [62] however did not seem to
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decrease the amount of defects and the reason might be that at lower powers the deposition rate
decreases and therefore the plasma gas atoms may land on the target and therefore increase the
defects in the film. Rapid thermal annealing of Ge at 700°C for 10 seconds was expected to make
better crystalline structure of the film, however many parts of the film were corrugated and the
film resistivity was so low that it was hard to measure the exact resistivity number. The reason
might be that the annealing temperature was high for Ge so that it destroyed the film.

Resistivity results of sample 8 and sample 9, that had same system parameters except sample 9
was hydrogen annealed at 400°C, shows that the annealing did not affect the resistivity of the
films base on Table 4.4. The reason might be that the annealing temperature was lower than
deposition temperature and it did not make too much difference in the quality of the films.

4.4 Conclusion
In this chapter, films with different system parameters were fabricated and characterized. It was
found that deposition temperature of 250°C, and 450°C show some crystalline evidence in the
XRD spectra, however they are likely to be amorphous because the intensity of the peaks are not
too high and sharp. The samples were deposited with 450°C since generally higher growth
temperatures show better crystalline structures.

Moreover, RF power of 200W, and hydrogenation of the films showed higher film resistivity
because of better film quality at higher powers and lower defect density of hydrogenated films
due to hydrogen incorporation in the films.
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Chapter5
MSM photodetector fabrication and characterization
5.1 Fabrication
MSM structures with metal dot electrodes and interdigitated electrodes with different Ge
hydrogen concentration and device design were fabricated in this project. After a section on
substrate preparation, fabrication of the samples with different metal electrode structures (dots,
interdigitated electrodes) is presented along with the all the lithography steps. Characterization is
based on dark current and photoresponsivity of the detectors, and these characteristics are
summarized in two main tables in each section for all the samples.

5.1.1 Substrate preparation; oxide on Si
Depositing Ge directly on top of Si substrate showed that the current passes through Ge-Si
junction, and therefore shows Ge-Si junction characteristics rather than metal-Ge characteristics.
That is because resistivity of Ge layer is higher than Si and current tends to avoid passing
through Ge. To avoid this, wafers covered with lOOnm gate-oxide layer were used acting as an
insulator between the Ge active layer and Si substrate. The samples were kept in vacuum before
any lithography, however Ge reacts with air and its surface oxidizes. This oxide layer is usually
removed by the water used in lithography processing steps.

5.1.2 C-Vdots
The MSM photodetectors were first tried using the CV dot shadow masks of the Balzer
evaporator in microfabrication laboratory of Carleton University for faster processing. 500nm Al
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metal dots of 1.8mm radius were evaporated on all of the samples that are mentioned in previous
chapter for characterizing their metal-semiconductor diode. Figure 5.1 shows the picture of dots
with the probes on them. In addition, Titanium was evaporated on Ge with same deposition
conditions (as sample 3) to see how different metals change device characteristics.

Figure 5.1- Picture of the CV dots with the probes on each dot

Since all the deposited samples were amorphous, a 2 inch single crystalline n-type Ge(100):Sb
wafer of .005-.02 Ohms/cm sheet resistivity was also used as active layer in order to compare
crystalline and amorphous properties. The wafer was cleaved into a few pieces, and then 500nm
Al metal was evaporated on one of the pieces (sample 6), and 200nmAu was evaporated one of
the other pieces (sample 7) to verify device junction characteristics of crystalline Ge. Sample
descriptions are all summarized in Table 5.1.
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5.1.3 Interdigitated MSM structures
The main aim of this project was to fabricate MSM interdigitated electrodes and the dots were
used for faster processing in the beginning of the project. This section illustrates different MSM
structures and their fabrication process.

5.1.3.1 Metal on semiconductor
The first MSM structure was electrodes with 2.5/mi width and spacing and area of lOOxlOO/xm2
attached to probe pads of 50 by 50/xm with 19 interdigitated electrodes patterned on Ge active
layer. The mask was already designed by R. Macdonald [67] and was also used by J. Liu in [41].
Figure 5.2 shows the fabricated top view of the device.

Figure 5.2- Photographs of 2.5 /im width and spacing MSM photodetectors

After depositing Ge, the interdigitated electrodes were patterned by lift-off lithography. For clean
lift off processing, the LOR film should be thicker than the metal layer. The spinning speed of
the LOR3A was 3000 rpm for duration of 30 seconds which creates a rough resist layer of
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330nm. The LOR3A was then baked at 175°C for 5 minutes. The next resist layer was image
resist (S1811), which was coated at 4000rpm for 30 seconds giving a thickness of about 1.1/im.
The wafer was then baked for 1 minute at 100 °C and exposed for 22 seconds with mask no.
CU184-02, and then developed in MF321 for 1.5 minutes. The wafers were then transferred into
a Technics Planar Etch II plasma etcher to clean away any remaining photoresist before metal
deposition. The plasma etch was performed for a total of 1 minute in

at a pressure of 0.3 Torr

and a power of 100W. Al was then evaporated with a base pressure of 8xl0"6 Torr. Thickness of
Al was 200nm that was thinner than LOR thickness of 330nm. LOR was then removed with
microposit remover 1165. The 1165 LOR remover removes the LOR with the layers on top and
therefore only Al layer being in contact with the substrate surface will remain after removing
LOR. 1165 was put in two tanks, and wafers stayed in each tank for around 30 minutes.
Ultrasonic vibration was used to help improve the lift off efficiency. Figure 5.3 shows the cross
section of this MSM detector.

Metal electrodes

Pads

t
Gate oxide
Si

Figure 5.3- Cross section of the MSM interdigitated electrode (Metal above Ge)
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As can be seen this structure is similar to conventional MSM where metal is on Ge layer, as
opposed to the next section's design where metal is beneath active layer for leakage current
reduction purposes.

5.1.3.2 Semiconductor on metal
Due to the surface-oriented device structure, basic performance parameters of MSM detectors
are expected to be critically dependent on the surface electronic conditions. Previous
investigations on GaAs MSM detectors, for example, indicate that typical performance
degrading effects such as low-frequency photocurrent gain and excessive leakage current are
likely to be caused by surface traps [68]. Furthermore the origin of leaky characteristics of
Schottky diodes on p-GaN is suggested to be due to surface layer which gives rise to tunnelling
current across the Schottky barrier [69]. C. T. Lee et all [16] have suggested that oxidation of
GaAs MSM-PDs will reduce the leakage current by reduction of surface states that will also help
to decrease the probability of surface breakdown. In this project, in order to reduce surface
effects of the Ge active layer and reduce leakage current, a new structure is suggested. In this
design the metal electrodes are on the surface of substrate, and Ge active layer is deposited on
top of metal electrodes. In this case the metal electrodes are in touch with the bottom surface of
Ge that should be smoother and cleaner than a thick Ge film, and expectations are dark current
reduction by reducing surface effects. To have Ge on top of metal electrodes, a window was
opened on the electrode pads for probing purposes. Therefore for this structure 2 masks were
designed. CU294-A1 and CU294-A2 are the mask numbers for metal electrodes and MSM active
layer patterning respectively. Figure 5.4 shows the designed mask using L-Edit. As can be seen
there are two different dimensions of interdigitated electrodes. The smaller structure is 5fim
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width and spacing interdigitated electrodes with area size of 95(imx l 1 Ojam, while the larger
structure is lOjim width and spacing interdigitated electrodes with area size of 195(im><190jim.
Furthermore, in order to compare the results to the previous metal dot results, 100 |j,m diameter
dots were included in the design on top side of the mask. Moreover, there is an ohmic metal
electrode ring around the mask (The reason it is ohmic is that this ring has a large area of contact
with the semiconductor and therefore it draws a lot of leakage current so that the device most
likely has ohmic characteristics). This ohmic ring along with the dots on the right top corner was
originally designed to have an ohmic junction for finding forward bias characteristics of a
Schottky diode. The dots on the right top corner are surrounded with metal and gaps of 2ja, 4|i
and 8|i in between. Gaps with different sizes were considered to see how the junction
characteristics changes. Expectations were to see higher leakage current for lower gaps.

Figure 5.4- Mask design of second structure
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Fabrication lithography process was pattern and etch rather than lift off, because in this design
Ge is on top of Al metal and lift off patterning Al may cause damage to the Ge film.

500nm Al metal was evaporated on 1-10Q sheet resistance Si wafers with 0.1 jum thick gate
oxide layers. The HMDS adhesion layer was spin coated with spin speed of 4000 rpm for 30
seconds. Then after 1 minute soft bake at 100°C, S1811 was spin coated with 4000 rpm for 30
seconds and it was soft baked for 1 minute at 100°C. The wafer was then exposed for 25 seconds
and then developed in MF321 for 1 minute. The sample was then hard baked at 125°C for 3
minutes. For removing the residual photoresist, the sample was put in plasma etcher for 1 minute
at a power of lOOw and

pressure of 0.3 Torr. To etch away Al, phosphoric acid was used and

it usually took about 2 minute to etch it completely. The sample was rinsed for about 10 minutes
for making sure there is no phosphoric acid left. Finally to remove the photoresist the sample
was put in plasma preen microwave for 5+5+5 minutes.

After the Al electrodes were patterned, the Ge active layer was sputter deposited in Varian
sputter deposition system. The lithography steps are the same as Al patterning steps, however the
etchant of Ge is different than that of Al. After several tries on finding an etchant and etching
period for Ge, it was etched with fresh polyetch for 75 seconds. Etching Ge was the most critical
process step in fabricating the sample since polyetch etches Al too, and it was important to find
an optimum etching time which would etch Ge away but not the AL underneath. 75 second
etching time is for a fresh polyetch and it can be longer for used polyetch. Figure 5.5 and Figure
5.6 show the cross section of this design and top view of the fabricated device respectively.
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Figure 5.6 - Picture of the fabricated sensors on the same chip

Sample 13, 15, and 16 were fabricated with the same fabrication process and deposition
conditions. Sample 13 and 15 were exactly the same and it was to make sure we get the same
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results with the same deposition conditions. To find different hydrogen concentration effects in
the film, sample 17, 19 and 21 were deposited with 15%, 25%, and 10% hydrogen gas diluted in
Ar plasma gas respectively. Table 5.1 shows the summary of all of the samples' descriptions.
However; for simplicity reasons, other system parameters such as RF power is not included in
this table which can be found in Table 4.3.

Sample
no

MSM
structure

Metal
location

Metal

Substrate

Ge dep. Gas Location Comment
on chuck
& flow rate

3

Dots

Above Ge

Al

Gate oxide Si

Ar

Center

-

4

Dots

Above Ge

Ti

Gate oxide Si

Ar

Center

-

5

Dots

Above Ge

Al

Gate oxide Si

5%H2/Ar

Center

-

6

Dots

Above Ge

C

Single cryst.

NA

Center

Ge
7

Dots

Above Ge

Au

8
9
10
11
12

Dots
Dots
Dots
Dots
Interdigitated
electrodes
Interdigitated
electrodes
Interdigitated
electrodes
Interdigitated
electrodes
Interdigitated
electrodes

Above
Above
Above
Above
Above

Ge
Ge
Ge
Ge
Ge

13
14
15
17

NA

Center

Al
Al
Al
Al
Al

Single cryst.
Ge
Gate oxide Si
Gate oxide Si
Gate oxide Si
Gate oxide Si
Gate oxide Si

Ar
Ar
5%H2/Ar
Ar
5%H2/Ar

Center
Center
Center
Center
Side

Under Ge

Al

Gate oxide Si

5%H2/Ar

Side

-

Under Ge

Al

Gate oxide Si

5%H2/Ar

Center

-

Under Ge

Al

Gate oxide Si

5%H2/Ar

Side

-

Under Ge

Al

Gate oxide Si

25%H 2 /Ar@27
,7sccm
Ar@18.7sccm
25%H2/Ar@
25 seem

Side

15% H 2

Center

25% H 2

Side

25% H 2

Side

10% H 2

18

Interdigitated
electrodes

Under Ge

Al

Gate oxide Si

19

Interdigitated
electrodes

Under Ge

Al

Gate oxide Si

21

Interdigitated
electrodes

Under Ge

Al

Gate oxide Si

25%H2/Ar@
25sccm
25%H2/Ar@
29
seem
Ar@12.5sccm

Table 5.1 - Photodetector sample descriptions
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-

-

-

-

-

Note that system parameters of sample 9-11 are mentioned in previous chapter, and all of the
other samples have same system parameters as sample 3.

5.2

Characterization

5.2.1 Dark current
Dark current measurements were done in order to find the Schottky characteristics of the
junctions and leakage current of the detectors. This measurement was taken with Hewlett
Packard 4155 A Semiconductor parameter analyzer at Carleton University.

5.2.1.1 C-Vdots
Two probes were landed on each dot to measure I-V characteristics of the device as is shown in
Figure 5.1. Dark current measurement of samples 3, 4, 5, 8, 9, and 10 are shown in bellow.

1.00E-05

Sample 9
Sample S
.

—

15

Sample S
Sample 4
Sample 3
Sample 10

-1.Q-0E-05

Bias voltage

Figure 5.7- I-V characteristics of Sample 3, 4 , 5 , 8 , 9 , and 10
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As can be seen all the above samples show ohmic I-V characteristics. That is because all the
samples have the 1.8mm radius dots as the contact metal structure which are quite big in size and
therefore they draw a lot of leakage current and the junction is more likely to be ohmic rather
than schottky. As it is already discussed in previous chapter, sample 5 has the lowest leakage
current and therefore hydrogenating Ge was found to help reducing the leakage current. The
reason is that hydrogen forms Ge-H with dangling bonds or weak bonds and therefore reducing
the amount of defects in the film, leading to lower dark current. In order to see a Schottky
diode's characteristics rather than an MSM detector, a dot (Schottky diode) was probed with the
ohmic ring to verify diode characteristics. However since the window opened on the dots for
probing reasons was too little, it was not easy to get a clear response out of it, but unexpectantly
a symmetric response in I-V characteristics was seen while a non symmetric response was
expected.

5.2.1.2 Metal electrode effects
Figure 5.8 shows the I-V results of Al (Sample 6), and Au (Sample 7) on Single crystalline Ge
wafer. As can be seen, Al is found to show lower leakage current which makes it a better metal
electrode candidate compared to Au. That might be because the work function of Al with c-Ge
leads to higher barrier height and therefore lower leakage current.

The single crystalline Ge with the metal dots shows non-ohmic characteristics, however the I-V
behaviour is not similar to an ideal diode. As can be seen, the current does not saturate and it
keeps increasing with the bias voltage. The reason is that the doping concentration of c-Ge wafer
is relatively high. This experiment was done on this rather higher doped Ge wafer because of the
availability and timing issues. Although the Ge wafer has crystalline structure, but the leakage
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current has increased to a large amount compared to the sputter deposited a-Ge. That might be
because of the high doping of Ge wafer (.005-.02 ohms/cm), and the leakage current might
decrease at lower doping levels. The future work here is to compare dark current and
photocurrent characteristics of a-Ge:H with lower doped single crystalline Ge, and poly
crystalline Ge, to more precisely investigate material characteristics.

0.04

Sample 6
Sample 7
-6

-0.04
Bias voltage
Figure 5.8- I-V Characteristics of metal on Single crystalline Ge samples

The reverse bias characteristics of the back to back schottky contacts can be evaluated by ideality
factor(«) and reverse leakage current (ID) of the junction [55]. As previously mentioned in
chapter 3, plot of Ln (^exp(qvJkT)-i)) v e r s u s ^ ' s J u s t a linear line and the slope of the line is
equal to q/nkT, from where the quality factor of the Schottky diode can be calculated. This plot
is shown in Figure 5.9 for sample 6. Extrapolation of the plot at V=0 gives out saturation current
[55],
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From above quality factor is found to be 1.14 that is not close to ideal (1.03 [55]), and the
saturation current is Ln(/o)~ — 2.5 -> Io = 82mA , and from equation (3.17) the barrier height
is found to be:
1.38 x 1 0 - 2 3 x 293
•
1.6 X 10~ 19

/26.4 x n x (1.8 x 10 - 3 ) 2 x 293 2 \
X l n
(
827TFM
j=

0.143./

As can be seen, the barrier height is too low which causes a lot of leakage current draw. I-V
characteristic of the device shows a soft break down of the barrier height, and therefore the
current starts to increase and it never saturates. For that reason, the barrier heights of the samples
with similar characteristic will be calculated based on the current at 5 volts.
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5.2.1.3 Interdigitated electrodes
So far the I-V characteristics of the MSM detectors with metal dots were discussed. I-V
characteristics of the interdigitated electrodes that are the main structure of MSM detectors in
this project are discussed in this section.

All the interdigitated MSM-PDs showed similar I-V curves, however the leakage current and
barrier height of each sample was different. Sample 13's I-V curves are shown in Figure 5.10.

Figure 5.10- Sample 13 interdigitated electrode I-V characteristics for 5u, and lOu width/spacing electrodes

This figure shows that the 1 Ofim width/spacing interdigitated electrodes have higher leakage
current than 5(j,m width/spacing structure. This is because the device has almost twice area as the
5(im width/spacing structure leading to higher leakage current. Furthermore, this figure shows
that the I-V characteristics of the junctions have deviated from the ideal I-V characteristics.
According to Li M. [70], this is because of a soft break down shown in the I-V characteristics
that might be due to large amount of interface states within the film leading to an increase the
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leakage current. Figure 5.11 and Figure 5.12 show the MSM I-V characteristics of their work.
They report on Si based MSM diodes operating at 800nm, enhancing a-Si:H layer on c-Si, as
well as SiC>2 passivation layer to help reducing the dark current. They have designed 50um width
and spacing as well as 4u width and spacing interdigitated electrodes. Figure 5.11 (a) and (b)
shows dark and photo current I-V characteristics of 50u width and spacing device, and Figure
5.12 (a) and (b) shows dark current and photocurrent I-V characteristics of 4u width and spacing
device without a-Si:H layer.
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66

Figure 5.12- I-V characteristics of Si0 2 /n-Si MSM photodiode with Pd metallization and 4u width and
spacing (a)Dark current at different temperatures (b) photocurrent at 227°k [70]

As can be seen they are having similar MSM detector behaviour with the results from this work.

Since the samples with MSM interdigitated electrodes show similar dark current characteristics,
only sample 13's I-V curves are shown and the ideality factor, and leakage current of all other
samples are summarized in Table 5.2.

Wafer No.

12
13
15
17
19
21
13
15
17
19
21

Dimension(w/s)

Area size

2.5/2.5 fim
5/5 (j,m
5/5 (j,m
5/5 (Am
5/5 |im
5/5 |j,m
10/10 |um
10/10 jim
10/10 nm
10/10 nm
10/10 nm

(nm) 2
100x100
95x110
95x110
95x110
95x110
95x110
190x195
190x195
190x195
190x195
190x195

Number
of
electrodes
19
10
10
10
10
10
10
10
10
10
10

Current @ 5v

n

-170 nA
-0.7 nA
-0.58 nA
-7.96 nA
-11.6 nA
-7.72 nA
-1.9 nA
-2.18 nA
-17 nA
-28.4 nA
-15.7 nA

1.1815
1.1739
1.1480
1.1680
1.16
1.1638
1.1938
1.1651
1.1520
1.1616
1.1635

Table 5.2- Ideality factor and dark current of the interdigitated MSM photodetectors
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Acp(ev)

-

0.26
0.26
0.194
0.185
0.2
0.25
0.25
0.195
0.18
0.2

As can be seen from table above, with the new device design of Ge on metal electrodes, the
current density has reduced from 17 nAAjnm)2 (sample 12) to 0.064 nA/(jnm)2 (sample 13).
Therefore this new design has lead to dark current reduction by a large amount. M. Shahin et al.
[71] has reported on dark I-V characteristics of n+ LP-CVD deposited a-Si:H with Pt metal
schottky contact. I-V characteristic show higher leakage current diodes compared to the
sputtered a-Ge:H MSMs that are fabricated in this project.

Ideality factor of the diodes is not close to ideal that is 1.03. Ideality factors bellow 1.1 are
usually considered good schottky contacts [72], Higher ideality factor means the tunnelling
current is increasing and it will be more dominant [51]. The reason might be because of high
amount of defects within the film, surface recombination, and thermally activated electron-hole
pairs that significantly affect Schottky barriers. However these values show better schottky
characteristics than Au on RF sputtered a-Ge:H film having ideality factor equal to 2 [73]. Figure
5.13 shows the leakage current versus barrier height of the above samples.
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Figure 5.13 - Barrier height VS leakage current of devices with same electrode area size (95/tmxllO/tm)
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The barrier heights are generally low. Schottky contacts grown on bulk Ge (111) show barrier
height of 0.44ev for sputtered Au [74]. As it was already discussed in section 5.2.1.2, barrier
height is calculated by finding saturation current from the

versus V plot by

intercepting the straight line to v = 0 , and fitting it into expression (3.17), which is
kT

A* ST2

(p = —In (
). However, since the current never saturates in the I-V curves of the samples
Q
lo
(which is due to the soft breaking down of the junction), it was not possible to make an
=

extrapolation to v = 0 , and therefore the In

0°)

was

taken at 5 volts. It

should be noted that in the entire barrier height calculations, A* is 26.4 [50], with the temperature
being 293K.

As can be seen, sample 13 and 15 have the same barrier height since these samples were
fabricated with the same process to make sure the results are not different. Furthermore, barrier
heights of the same sample but different electrode size are similar that shows the leakage current
density of these devices are the same. Sample 15, sample 21, sample 17, and sample 19 have
hydrogen concentrations of 5%, 10%, 15%, and 20%, and barrier heights of 0.26, 0.2, 0.194, and
0.185ev respectively. This shows that as the hydrogen concentration increases, saturation current
increases, meaning the barrier height has decreased. The reason of saturation current increase is
discussed in the next section. Exact electrode area of sample 12 was not known, and therefore
barrier height could not be calculated.

5.2.1.4 Hydrogenation effects
Hydrogen plays an important role in reducing dark current. As it was seen in the previous
sections, increasing H2 concentration from zero to 5% in the plasma reduces the dark current. In
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order for more dark current reduction, higher amount of H2 was used to deposit Ge. Figure 5.14
shows the different hydrogen concentrations and the leakage currents.
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Figure 5.14- Dark current at different hydrogen concentrations

This figure shows that more hydrogenation of the films had opposite effect and the dark current
increased. That might be because H2 lowers the amount of defects, leading to higher lifetime of
carriers that are sources of dark current (e.g. thermally activated carriers), and therefore
increasing the amount of dark current. From the above results it can be seen that there is an
optimum hydrogen concentration for minimum leakage current and this amount was 5%
between these samples.

5.2.2 Photoresponse
Photoresponse measurements were taken at Carleton University using a continuous wave laser
diode operating at 1505 nm which provides a good indication of performance at 1.550(j,m of
communication wavelength. Figure 5.15 shows the set up for optical response measurement. The
laser output power from the end of the single-mode fiber was around 2.8mW. The DC current
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output versus bias voltage was monitored with Hewlett Packard 4155A Semiconductor
parameter analyzer. A glass capillary was attached to the end of fiber and the optical fiber was
held with a probe for positioning purposes. Only the MSM interdigitated photodetector sensors
were characterized for their photoresponsivity.

Figure 5.15- Optical response measurement set up
_

,

,

r

In order to find the responsivity, the ratio of

Beam
Detector

area
area

was found for finding the amount of

power incident on the detector area. The fiber was about 2 millimetres higher than the surface of
the chip during the measurements and the beam diameter at 2 mm was found to be about 500/xm;
however diameter of the beam right out of the capillary was measured to be 100/xm (Numerical
aperture NA = 0.10).
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5.2.2.1 Metal on semiconductor
Time response of the sensor at 5v bias was measured with the parameter analyzer. The voltage
applied on the photodetector was 5v all the time during the measurement and behaviour of dark
and photo current with time were investigated. There is an initial transient in the current and a
drift during the measurement, however this is a small fraction of the total current and may be
related to transient characteristics of the 4145 SPA. The fiber was aligned on the chip so that the
highest photoresponse was achieved.

Figure 5.16 shows the results for sample 12.

Time (s|

Figure 5.16 - Transient response of sample 12

The pulse shows response of the detector to the 1505/im laser diode with input power of about
2.8mW. As can be seen, initially the power was off, but when the laser diode turned on, the
current increased, and when again the power was turned off, current decreased to its initial value.
That is because the photons generate electron and hole pairs which contribute to higher current.
Iphoto

which is the difference between the total photo-current and the dark current is 350nA,

leading to a photoresponse of:
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sample 12

I photo
—p~

=

Beam area
*

D e t e c t o r

n x (250utri) 2
IQOum X lOOum

350nA

a r e a

X

=

=
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Since the IR beam area was larger than detector area, responsivity is multiplied by the ratio of
beam area/detector area.

Responsivity can also be measured by doing a laser diode power sweep and the slope giving the
responsivity, but we confined the measurements to the above tests.

5.2.2.2 Semiconductor on metal
Figure 5.17 shows the response of the 10 ixm width/spacing MSM electrodes of sample 15,21,
17, and 19.
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Figure 5.17- Photoresponse of sample 15(a), 21(b), 17(c), and 19(d)
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80

Iphoto

and photo-responsivity values for the

2.5

/xm width/spacing,

5

/xm width/spacing, and

10

jam width/spacing MSM-PDs are summarized in Table 5.3.
Sample
no.
12
15
21
17
19
15
21
17
19

%h2

5%

5%
10%
15%
25%
5%
10%
15%
25%

Electrode
width/Spacing
2.5
5
5
5
5
10
10
10
10

Area

fcark

Iphoto

(Mm) 2

100x100
95x110
95x110
95x110
95x110
190x195
190x195
190x195
190x195

170uA
0.58uA
7.72uA
7.96uA
11.6uA
2.18uA
15.7uA
17uA
28.4uA

350nA
None
20nA
40nA
300nA
7nA
80nA
120nA
600nA

Photoresponse
(mA/w)
2.5
0
0.1342
0.26842
2
0.013
0.15
0.227
1.1

Iphotc/lDark

(xlO 3 )
2.05
0
2.6
5.03
26
3.2
5.1
7.06
21.1

Table 5.3- Photoresponse of the sensors with different hydrogen concentration

As can be seen from the above table, sample 12 has the highest photoresponse; however it has
the highest dark current among other samples. J. Liu [41] has worked on polysilicon MSM
detectors having responsivity value of 0.3 mA/W which has 4 times less photoresponse, but the
leakage current is quite lower (40 jaA at lOv) compared to this device (170/xA at 5v). Although
sample 12 has the highest photoresponse, but its high leakage current reduces its performance.
The performance is somehow shown by current ratio in the last column of Table 5.3. This ratio
shows that the best current ratio belongs to sample 19 with detectors of 5jnm width/spacing
electrodes. As can be seen, the leakage current is 11.6/xA and photoresponse for this device is
2mA/W. The reason of dark current reduction is that since this new structure has the
semiconductor to be on top of metal electrodes, the surface effects of the semiconductor are
removed, and therefore leading to lower leakage current.
While higher photoresponsivity was expected in semiconductor on metal samples because of no
light reflection and blocking by electrodes at the surface of semiconductors, this device shows
lower photoresponse. This might be due to two different reasons. First one is that both sample 12
and sample 15, have device area of about 100jam x lOOjum, but sample 12 has 19 interdigitated

electrodes of 2.5/zm width/spacing, while sample 15 has only 10 interdigitated electrodes of 5/xm
width/spacing. Having lower spacing between the electrodes, but more number of electrodes will
increase the probability of photo-carrier collection by the electrodes (since the photo-carriers will
be generated in the higher electric field) while higher spacing between the electrodes with fewer
number of interdigitated electrodes increases the probability of photo-carrier recombination. The
second reason is that in sample 15, the thickness of the Ge active layer might be high (in this
case it is 2ju,m), so that some photo-generated carriers recombine before reaching to the bottom
metal electrodes. The film thickness of Ge to absorb 90% of light is calculated to be 0.1/xm
from x =

ln

where a is the absorption coefficient of Ge. Therefore, many photo-generated

might recombine since the absorption length is very lower than film thickness.
Therefore to improve this structure in the future, reducing finger width and spacing (with the
same area size), and also reducing the thickness of the active layer will help overall better
performance of the detector. Samples with higher hydrogen concentrations show higher
photoresponse because of hydrogen incorporation in the film. This effect is discussed in the next
section.
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5.2.2.3 Hydrogenation effects
Figure 5.18 shows the photocurrent versus hydrogen concentration of the samples.
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Figure 5.18-Photocurrent at different hydrogen concentrations

As can be seen, as the hydrogen concentration increases, photocurrent also increases. That is
because H2 forms Ge-H bonds with dangling bonds and with the defects, and therefore decreases
the amount of defects which leads to lower trapping of photo-carriers and therefore higher
photocurrent. However the percentage of hydrogen concentrated in the films is not the same as
plasma gas, and the films should be characterized in order to find out the percentage of H2 within
the film. FTIR measurements can help identifying the peaks on the IR spectrum and then
deriving the hydrogen concentration from the IR spectra results [75].

Deposition temperature of 450°C is considered a high temperature for H2, since hydrogen atoms
will not easily make Ge-H bonds with Ge atoms at this high temperature. It has been reported
that at high temperatures of 450°C, almost no hydrogen will remain in the amorphous silicon
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[42], Therefore the performance of these devices may be improved by reducing the temperature
to lower degrees.

5.3 Conclusion
Different MSM structures were fabricated and characterized for their dark current and
photoresponsivity. Metal-on-semiconductor MSM interdigitated electrode (sample 12) with
device area of lOO/tmxlOO/im showed highest responsivity of 2.5 mA/W at 5volts. This was the
highest photoresponse achieved between other detectors; however this device showed highest
dark current of 170/M. amongst other devices, reducing the device performance. Semiconductoron-metal structures, on the other hand, showed lower dark currents due to surface effect
reduction of the semiconductor. Highest photoresponsivity achieved with this structure is
2mA/W at 5volts that belongs to highest hydrogen concentration sample with device area of
95/mixllO|Um and 5/xm width/spacing metal electrodes. Dark current of this device was as low
as 1 l.6[iA, showing overall better performance compared to metal-on- semiconductor structure.
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Chapter 6
Conclusion and recommendations
6.1 Conclusion
This thesis describes research on RF sputtered germanium-based MSM detectors as well as their
design, fabrication, and characterization. Different Ge films were deposited with different system
parameters and they were characterized based on crystal structure and resistivity of the films. It
was found that RF power of 200W gave highest resistivity between films prepared with 100W
and 40W RF powers since there were lower amount of defects involved in the films, leading to
lower dark current. Furthermore, films deposited under and 450°C and 250°C showed rather
amorphous crystalline structure based on XRD spectra. Temperature of 450°C was chosen as the
deposition temperature for all other samples because generally higher deposition temperatures
show better crystalline structure.

Amorphous germanium hydrogenated films were also investigated in this thesis. It was shown
that hydrogenation of films increases photoresponse since hydrogen reduces the amount of
localized states and therefore life time of the carriers increases. Hydrogen concentrations of 0%,
5%, 10%, 15%, and 25% in the plasma also showed that 5% hydrogenated film had lowest
leakage current among the 4 other samples. That is because at 0% H2 there are too many defects
within the film and these defects increase the amount of leakage current. While hydrogen
decreases the amount of defects by making Ge-H with dangling bonds, higher concentrations can
increase life time of dark current carriers (for example thermally generated carriers). In this
work, within the same MSM structure, 25% H2 deposited films with area of 95/xm by 110/xm
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showed highest photoresponse of 2mA/W and leakage current of 11.6/xA at 5 volts. 5% H2 films
showed lowest leakage current of 0.58 juA at 5 volts for device area of 95jiim by 110/rni,
however this device showed no photoresponse.

It was also shown that surface states affect the characteristics of metal-semiconductor junction
by depositing semiconductor on metal, opposing conventional metal-on-semiconductor MSM
designs. This design helped reducing surface effects of the semiconductor and therefore the
leakage current from 170/xA for device area of 100/un by 100/iin (sample 12) to 0 . 5 A for
device area of 95jiim by 110/xm at 5v (Sample 15). Since the electrodes are beneath Ge, there is
no light reflection by the metal electrodes at the surface of semiconductor and the photoresponse
is expected to be increasing in this design. However, photoresponsivity unexpectedly decreases.
Photoresponse reduction might be because of two reasons. First, the generated electron-hole
pairs near the surface are more probable to recombine until they are collected by the electrodes
underneath Ge, and second, having more electrodes within the same device area increases the
probability of carrier collection by the electrodes (2.5/mi width/spacing (sample 12) compared to
5jum width/spacing (sample 15) within lOOum by lOOum area). Since the interdigitated
electrodes did not have the same width and spacing (but the same area), it was unclear whether
lower responsivity was due to thickness of Ge layer or width and spacing of the electrodes.
Performance of the devices was also shown by ratio of Iphotc/lDark- The highest IPhotc/lDark belongs
to sample 19 with 5/xm width/spacing, showing hydrogenation and surface effect reduction has
helped overall better performance of the device.

Having different device area of 95/imxl 10/xm and 190pimxl95/xm showed that higher device
area has higher photocurrent (300nA, 600nA respectively), but the leakage current is also high
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(11.6/xA, 28.4/xA respectively). The increase in photo-current and dark current was almost about
twice as much in detectors with 190ju,m by 195jum area size.

6.2 Recommendations and future work
Further insight into material characterization is needed by having samples with more variety of
deposition temperatures in order to find the best growing temperature. Having more samples
with different hydrogen concentration and characterizing them for defect density will help better
understanding of how hydrogen affects dark current and photocurrent characteristics.

Interdigitated MSMs can be investigated with more metal choices to find best possible metals for
a-Ge:H films. Devices with better performance can be achieved by having smaller interdigitated
electrode width/spacing (2.5jU,m/2.5jnm in Carleton University fabrication laboratory), with the
semiconductor-on-metal design. Higher performances can also be investigated by utilizing
barrier height enhancement layer or interdigitated electrodes with different anode and cathode
metals electrodes.

Finally integrating the photodetector with a MEMS micromirror, the original motivation behind
this project, is an important future step in this project.
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