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Chapter 1

Introduction

In the developments of the semiconductor industry over the last decade,
many efforts have been devoted to the themes “More-than-Moore” and
“Beyond-Moore” in a search for alternative logic building blocks and new
materials to enhance Si CMOS (Complementary Metal-Oxide Semiconductor)
IC (Integrated Circuit) technology [1]. Nevertheless, in the foreseeable future
purely Si CMOS will no doubt remain the dominant technology defining the
mainstream semiconductor industry. Therefore, it is a standing truth that it is
worthwhile investing in making new devices CMOS compatible. The work
presented in this thesis continues research on the recently developed PureB
photodiodes in an effort to increase their applicability and also compatibility
with CMOS. These photodiodes have become important for the detection of
low-penetration-depth photons and particles in Si, such as photons in the
ultraviolet range and low-energy electrons. Both these applications have already
been commercialized and interest from other application areas is continually
increasing from both inside and outside the field of semiconductors. In this
thesis the focus is on the basic ultrashallow junction that is formed by
depositing PureB [2] on Si and how it can be incorporated in CMOS-compatible
(photo)diodes either as a front-end or back-end module. The work includes
design, fabrication, characterization and modeling of new devices as well as
specially developed test structures.

To detect low-penetration-depth beams in Si, the photo-sensitive region of
the detector should be as close to the irradiated surface as possible. In principle,
Schottky diodes can form the shallowest photodiodes since the light-sensitive
depletion region extends right up to the metal-contacting of the silicon surface.
However, Schottky diodes are often an unattractive solution since the reverse
leakage current and surface recombination can be high. As an alternative,
diffused junctions can offer much lower dark currents but combining this with
an ultrashallow junction depth has proven to be challenging. The most common
technique used to form n*/p” ultrashallow junctions and contacts in the
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1.1 Si p-n Junction Photodetectors

semiconductor device fabrication industry is high-dose, low-energy As'/B*
(and/or BF,") ion implantation in combination with a high-temperature, short-
time rapid thermal annealing (RTA) process. However, transient enhanced
diffusion (TED) induced by the defects caused by implantation damage can
seriously affect the doping profile and the performance of the devices. The
defects can act as generation-recombination centers, particularly if those
situated within the depletion region are not annealed out, and this will increase
junction leakage current [3]. Other doping methods, for example during Si
epitaxy, have also been investigated but the combination of ultrashallow
junction depth with low dark current and robustness during irradiation has not
been successfully demonstrated for low-penetration-depth beams. In fact, recent
publications reviewing the properties and status of photodiode detectors for the
1 nm to 400 nm wavelength range, have concluded that PureB photodiodes
offer the only technology that combines high-sensitivity with high-robustness
over the whole spectral range [4, 5].

The Si p*-n ultrashallow junctions that can be fabricated with PureB
technology have excellent properties both electrically and optically. This
technology was developed in the Silicon Device Integration Group over the last
10 years. The term PureB refers to the pure boron layer that is the central
element in the technology. In short, this layer is deposited by chemical vapor
deposition (CVD) on a clean Si surface. Nanometer-thin pure boron layers can
be reliably formed at temperatures from 400 <€ to 700 <€ and at atmospheric or
reduced pressure. Subsequent in-situ drive-in and higher-temperature thermal
annealing are also possible but even without driving the boron dopants into the
Si it is possible use PureB as p*-regions to fabricate near-ideal, high-quality,
extremely ultrashallow p*-n junction photodiodes for which the saturation
current can be tuned from high Schottky-like levels to low deep-junction-like
levels [6]. Besides forming a p*-region at the silicon interface, the PureB layer
deposited on the Si surface can also be used as a robust front-entrance window
with a minimum of beam attenuation. All of these properties allow the shallow-
penetration photons/particles to reach the sensitive region of the diode and
generate a high response to the signal.

PureB photodiodes are a particularly attractive solution for the detection of
low-penetration-depth beams in Si such as vacuum-UV (VUV) light and low-
energy electrons with energies smaller than 1 keV. The penetration depths in Si
are only a few nanometers so high sensitivity demands that the photosensitive
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1 Introduction

region extends close to the Si surface which is the case for PureB devices.
Besides high-sensitivity, the PureB diodes also offer low noise levels and high
stability. The sensitivity can be increased to single-photon/-electron counting
capability by designing single-photon avalanche diodes (SPADs). The diode
then operates well beyond the breakdown voltage and even a single photon or
electron can initiate an avalanche current. This thesis includes the development
of the first PureB Si SPADs. Up until this work, the focus was on mm-large
photodiodes, the contacting of which is not suitable for the micrometer-sized
photodiodes needed for SPAD operation. To preserve low noise combined with
high fill-factor for such small photodiodes, alternative post-PureB processing
steps were investigated and implemented.

With the goal of enabling a PureB process module that could be added to
fully-processed wafers from a CMOS foundry, this thesis work also included a
more detailed study of the properties of PureB deposition at low temperatures
down to 400 <. It was experimentally verified that 400 €€ PureB could be
deposited after metallization and still form diodes with a sensitivity equal to that
of the 700 <€ devices. This is quite surprising considering that the 400 <€
deposition is not able to dope the bulk Si. To get a better understanding of the
PureB-to-Si interface properties that might explain this behavior special test
structures were developed to study the current flows through the PureB region.
Beside different diode configurations, bipolar structures and sheet resistance test
structures to monitor the lateral conductance along the interface were also
designed and fabricated.

In the following sections of this introductory chapter, first an overview of
semiconductor photodetectors based on p-n junction photodiodes is provided
with focus on the fundamental operation principles, characteristics and specific
qualities of different photodiode technologies. Second, the fundamental limits
of detection for low-penetration-depth particles in Si, such as photons and low-
energy electrons, when using Si photodiodes are discussed. Lastly, an overview
is given of the status of PureB technology research in relationship to the
properties that enable the fabrication of p-n junction photodiodes with
outstanding performance.
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1.1  Si p-n Junction Photodetectors

Silicon p-n junctions are one of the most elementary building blocks in
semiconductor electronic devices such as diodes, transistors and light-emitting
diodes (LEDs). To form a p-n junction, a counter doping is created in the Si.
For example, a p-type doping can be created on an n-type Si layer by dopant
diffusion, ion implantation/annealing or by epitaxy.

A p-n diode is formed by contacting a p-n junction as schematically shown
in Fig. 1.1 along with the corresponding circuit symbol and typical I-V
characteristics. When there is no bias applied to the p-n diode, the band diagram
is as shown in Fig. 1.2(a). The p- and n-regions are joined together so that
electrons and holes can cross the junction to establish a thermal equilibrium
status with a depletion region (space charge region) providing band bending.
The built-in electric field over the depletion region will form a barrier to hold
back the majority holes and electrons inside p- and n-regions, respectively.
When under forward bias as in Fig. 1.2 (b), the applied forward bias will lower
of the barrier height and make the depletion region narrower so that holes in the
p-region can be injected across the depletion region into the n-region, diffuse
into the n-region and finally recombine with electrons there, and vice versa for
electrons in the n-region. As long as forward bias is applied, this injection and
diffusion process will continue, producing a diffusion current. When the p-n
diode is under reverse bias as in Fig. 1.2(c), the barrier height is increased and
the depletion region gets wider. The high electric field drives holes and
electrons into the p- and n-regions, respectively. Holes and electrons generated
inside the depletion region due to generation-recombination centers will also be
swept away to the p- and n-regions, causing a generation current. When the
applied reverse bias is high enough, the barrier width becomes so thin that the
holes and electrons can be injected through the depletion region, which is a
tunneling effect. If the reverse bias voltage keeps increasing further, at some
point, the device will break down and the reverse current will increase rapidly.
The generation process cannot only be induced by generation-recombination
centers, but also by a trigger from outside such as an incident photon or electron.
This induces extra current, i.e., photodetection is achieved with the p-n diode,
normally with the device under zero or reverse bias. A more detailed discussion
of the carrier transport processes in a diode under reverse biasing will be given
in Chapter 5 in connection with Fig. 5.4.
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(a) Current
]
+ - Forward
Breakdown
| | f Voltage
+ | | -
(b) Reverse (c)

Fig. 1.1. (a) Schematic cross section of a p-n diode, (b) corresponding circuit symbol
and (c) I-V characteristics.
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Fig. 1.2. Band diagram of a p-n junction under (a) zero bias, (b) forward bias and (c)
reverse bias. Carrier flows are indicated.

1.1.1  p(i)n photodiodes

A photodiode responds to light by generating current. The junctions can be
used with either a p—n or p-i-n structure. When a photon with sufficient energy
strikes the diode, it generates an electron-hole pair as illustrated in Fig. 1.3. The
electron and hole will be swept into the n- and p-regions by the electric field in
the depletion region thus creating a generation current. This mechanism is also
known as the inner photoelectric effect. If the generation rate G, of electron-
hole pairs is constant, the light-induced current density J_ can be defined as:

J_=eGW (1.1)
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where e is the elementary charge and W is the width of depletion region. The
generation rate G_ as a function of x, the distance into the material from the
surface, can be expressed as [7]:

G, (X)=D,aexp(—ax) (1.2)
where @, is the incident photon flux at the surface, o is the absorption
coefficient.

When a photon strikes the diode, if an electron-hole pair is generated inside
the depletion region or within about one diffusion length from the edge of
depletion region, it can contribute to the light-induced current. With a p-i-n
photodiode as shown in Fig. 1.4, an intrinsic region is formed between the p-
and n-regions. When the device is under reverse or even zero bias, the intrinsic
region can be fully depleted which means that the depletion region can be made
much wider. In this way the detection probability is increased and a higher
light-induced current density J, results.

P —>

Ev

Fig. 1.3. Hlustration of electron-hole pair generation induced by an incident photon.

man =

Fig. 1.4. Schematic cross section of a p-i-n photodiode.

1.1.2 Avalanche photodiodes

A photodiode is normally under zero bias or small reverse bias, but if higher
sensitivity is needed, it can be further reverse biased to increase the electric field.
When the localized electric field is large enough, about 10° V/cm [8], the
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generated electrons and/or holes acquire sufficient energy to ionize other atoms
and generate new electron-hole pairs. These newly generated electrons and/or
holes can continue this process as shown in Fig. 1.5, and thus the impact-
ionization process becomes an avalanche-multiplication process. The
photodiode then works as an avalanche photodiode (APD), a highly-sensitive
photodiode that has been widely used in many applications such as in Laser
Detection and Ranging (LADAR) systems and range finding, free-space optical
communication, optical time domain reflectometry and confocal microscopy.

The avalanche photodiode has a current gain introduced by the avalanche
multiplication factor M, which has been empirically defined as [9]:

m 13
1_[\4{} (1.3)
VBD

where Vj is the reverse applied voltage, Vgp is the breakdown voltage and m is a
constant depending on the material and temperature. In general, the higher the
reverse bias, the higher the multiplication factor. Typical values of the
multiplication factor are at least 100 for Si avalanche photodiodes [10].

-

E
«— =

S

Fig. 1.5. Impact ionization process in a reverse biased p-n junction.

1.1.3 Single-photon avalanche diodes

If very high gain (10° to 10°) and sensitivity is needed, some avalanche
photodiodes can be reverse biased even further, beyond the breakdown voltage,
without introducing an avalanche-multiplication process. In this working region,
the device is so sensitive that an avalanche breakdown can be triggered by the
electron-hole pairs generated by just one single photon. Therefore this kind of
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avalanche photodiode is also called a single-photon avalanche diode (SPAD).
Since the working mechanism is similar to that of a Geiger-Muller counter [11],
the SPAD operation mode is also called Geiger-mode, and a SPAD is also
known as a Geiger-mode APD or G-APD.

In Fig. 1.6 the basic circuit is shown for operating the SPAD in Geiger-
mode with passive quenching and passive recharge via a ballast resistor Rq. The
device is biased above breakdown (Vgp) by a voltage known as the excess bias
(Ves) so that the operating voltage is |Vop| = |Vep| + Ves. With the resulting high
electrical field, an avalanche event can be triggered by an incoming photon or
an internal mechanism.

When the operation voltage is above the breakdown voltage, as shown in
Fig. 1.7, the electric field is very high, the device is very sensitive and ready to
response to any trigger from the outside or inside. When a light signal comes,
the incident photons will trigger an avalanche breakdown. To stop the avalanche
a passive gquenching circuit can be used where the high avalanche current is
passed through Rgq, creating a voltage drop over the resistor that brings the
voltage across the diode below breakdown. This stops the avalanching and the
diode biasing is restored to the initial values, and a new incoming photon can be
detected. This cycle takes an average time known as the dead time. The
avalanche pulses are sensed using a comparator with an appropriate threshold
voltage Vy, thus converting the Geiger pulses into digital signals for photon
counting. An oscilloscope image of the Geiger pulse is shown in Fig. 1.8 when
the output is connected to an oscilloscope.

7§ Comparator

Vop — 4
— Vour

Ra

Vin

Fig. 1.6. Electronic circuit schematic of a SPAD with passive quenching and passive
recharge.
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Fig. 1.7. Reverse |-V characteristics of APD operation and SPAD operation with a
working cycle in Geiger-mode.
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Fig. 1.8. An oscilloscope image of a Geiger pulse.

When a photodiode works below the breakdown voltage, the total current
through the photodiode is the sum of the dark current (current that is generated
in the absence of light) and the photocurrent, so the dark current must be
minimized to maximize the sensitivity of the device [12]. When the device is
biased above the breakdown voltage and works in Geiger-mode, the counts
induced by internal mechanisms in the absence of light must be suppressed as
much as possible and they should not surpass the counts induced by the incident
signal. To achieve a good situation in this respect it is desirable to have
photodiodes with as few as possible defects. In this thesis, the design and
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fabrication of near-ideal, defect-free PureB photodiodes and very low-noise-
level single-photon avalanche diodes will be studied and discussed.

1.2 Detection of Low-Penetration-Depth Irradiation
Beams in Si

To detect a signal radiated on a Si surface, the radiation should, for the first,
have sufficient energy to be absorbed in Si and generate an electron-hole pair.
Otherwise, if the energy is too low, the radiation will see Si as transparent and
go through it. Secondly, the radiation has to arrive within about one diffusion
length away from the edge of the depletion region, from where the generated
electrons or holes outside the depletion region can be swept to the depletion
region and collected by the cathode or anode. Last but not least, the response to
the radiation should be large enough to be distinguished from noise sources.

To detect irradiation in Si for which the penetration depth is only a few
nanometers to tens of nanometers, the depleted region of the junction that
detects the radiation should be located close to the Si surface, for the first, to
maximize the collectable electron-hole pairs that are induced by the incident
radiation. Secondly, a junction close to the surface can significantly increase the
percentage of electron-hole pairs generated in the depletion region, which will
benefit to the response time since the carriers can be collected more quickly.
Moreover, the high electric field that extends from the metallurgical junction
can separate the electron-hole pairs generated in this diffused area more
efficiently. In this thesis, work has been performed to enhance the capabilities
of Si-based photodiode detectors for detection of photons in the ultraviolet
wavelength range and low-energy electrons with energy below 1 keV, the
penetration depth (attenuation length) of which is only a few nanometers in Si.

1.2.1 UV light detection

In recent years, there has been a significant interest in the development and
fabrication of highly-sensitive robust ultraviolet (UV) detectors in the
wavelength range of 10 ~ 400 nm, especially in the vacuum UV (VUV)
wavelength range from 10 to 200 nm. This has been mainly driven by the
development of advanced lithography systems that employ these UV detectors
to sense and monitor position and beam intensity. Nowadays, high-volume

10
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lithography systems are using 193 nm ArF beams to reach the 10-nm CMOS
technology node with immersion wafer-scanner technology, and in the future,
systems using extreme UV light (EUV, 13.5 nm in wavelength) are under
development to be introduced in mass production from the 7-nm technology
node. Besides advanced lithography systems, UV light is also being used in
many other fields such as disinfection, DNA sequencing, drug discovery, and
medical imaging of cells [13].

UV light generally has a lower penetration-depth in Si than visible light
(390 to 700 nm in wavelength) as shown in Fig. 1.9. For the deep UV (DUV)
light around the 100 ~ 300 nm wavelength range, the penetration in Si is only a
few nanometers. It goes down to an attenuation length of ~ 5 nm for the
important lithography wavelength of 193 nm and a minimum of ~ 3 nm is
reached at wavelengths around 280 nm. To detect this low-penetration-depth
light in Si, the photosensitive region has to be really close to the surface to
enable an efficient collection of generated electron-hole pairs.

For many applications in the UV range, the detectors have to work in a
harsh environment where the radiation-sensitive area is exposed to high photon
flux doses. They should also withstand the in-situ cleaning steps used to prevent
the degradation caused by the surface and bulk contamination. Therefore,
besides a junction close to the surface, a Si p-n detector is also required to have
high ruggedness and long-term stability [14]. All in all, a robust Si device with
shallow junctions, high responsivity and uniformity, low noise and excellent
reliability is highly desirable.

11
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Fig. 1.9. Attenuation length in Si as a function of wavelength. The data is taken from
[15, 16]

1.2.2 Low-energy electrons detection

Low-energy particle detection has been used in many fields such as electron
microscopy, space plasma physics, etc. [17, 18, 19, 20, 21]. Especially the
detection of low-energy electrons in electron microscopy has received much
attention in recent years, initially due to the requirements of the semiconductor
industry that demanded atomic-scale imaging of nm-sized structures. When
electrons with sufficient energy impinge upon a solid surface, a series of
phenomena occur that may lead to emission of different types of particles as
show in Fig. 1.10: elastically and inelastically backscattered electrons (BSE),
excitons, phonons, plasmon excitations, photoelectrons, Auger recombination of
holes left by photoelectrons, fluorescence recombination and the so-called
secondary electrons. Many of these phenomena carry information on the
topographical and compositional properties of the impinged matter. The
detection of backscattered electrons induced by elastic interaction as exploited
in Scanning Electron Microscopy (SEM) systems is one of the main topics of
this thesis.

12
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Fig. 1.10. Possible interactions of electrons in matter [22].

Beam energy is a differentiating parameter in SEM imaging. Information on
the properties of the bulk of a specimen can be revealed by irradiation with high
electron energies while with energies below 1 keV that give nm shallow
penetration-depths in solid materials, information is gathered from the surface
of the specimen. In many fields, nano-technological trends demand imaging of
feature sizes in the nm range, which makes Low-Voltage Scanning Electron
Microscopy (LVSEM) a preferred tool for nanometer-scale inspection. It can
provide atomic-scale resolution of the specimen surface due to the short
interaction range of electrons in matter, and suppresses charging effects that for
higher voltages obscure the imaging of non-conducting materials such as those
often used in semiconductor device fabrication [23].

The detection of low-energy electrons with Si photodiodes is challenging.
The penetration depth of electrons goes from a few tens of nm around 1 keV
down to around one nm at 100 eV as shown in Fig. 1.11. Therefore, the
photosensitive region must extend almost right up to the Si surface and it cannot
be covered by any extra layers that are much thicker than a nm since any extra
thickness will result in energy loss of the incident electrons. PureB photodiodes
that can fulfill these requirements will be shown and discussed in this thesis.

13
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Fig. 1.11. Electron range in silicon. Ryc is from Monte Carlo simulations, Rx_, is from
the Kanaya and Okayama range, Rz is from the Everhart-Hoff universal curve
calculation, and Rg is from the extrapolated Gruen range [24].

1.3  Outline of the thesis

This thesis focuses on the detection of shallow-penetrating beams in Si with
photodiodes based on PureB technology. The work is devoted to achieving
high-quality, low-noise-level CMOS-compatible Si photodiodes. With this
purpose, several characterization techniques were developed to investigate the
properties of the fabricated devices. The basic structure of this thesis is as
follows:

In Chapter 2, the basic process flows for fabricating PureB photodiodes and
vertical pnp transistors with PureB emitters are introduced. The main methods
used to influence the dark current, series resistance, and capacitance of the
diodes are reviewed and illustrated by examples of some of the mme-large
detectors developed in earlier PureB projects. These were all made with 700 <C
PureB deposition while in the present project focus was also placed on 400 <C
deposition. The electrical behavior of the two is compared in this chapter in the
low-voltage regime where all the early photodiodes were operated. In contrast,
for APDs and SPADs operation takes place in the vicinity of breakdown. To
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optimize the performance of these devices, the electrical characterization of the
existing 700 <C photodiodes was extended to the high-voltage, reverse-bias
range including breakdown behavior.

In Chapter 3, two test structures are introduced to give a tool for quickly
evaluating whether an effective counter-doping of the surface has been achieved.
They are straightforward both with respect to the required processing and the
applied measurement technique. Only the diode itself and a contact to the
substrate needs to be processed and the electrical measurements are limited to
simple 1-V characterization of a lateral bipolar structure that gives information
on the individual electron and hole current flows. The method is particularly
handy for fast-turnaround-time experiments during the development of
ultrashallow junctions or ohmic contacts. In the following chapters it is used to
gain information on diodes fabricated with low-temperature deposition of B and
Ga.

In Chapter 4, another property of the PureB layer, the conductance along
the PureB-on-Si interface, is studied by designing and fabricating sheet
resistance (Rsy) structures for measuring the as-deposited layers. The design
and measurement considerations are treated in detail and with the purpose of
achieving a quick turnaround tool for in-line monitoring, a simple layout with 2
masks was implemented. The accuracy and reliability of simple Van der Pauw
structures was validated by also designing and measuring sets of ring-shaped
structures. Moreover, a physical model is proposed to explain why the 400 <C
PureB junctions behave like conventional p*-n junctions and the effect of
various post-processing steps is studied and found to readily influence the Rsy
of the low-temperature depositions.

In Chapter 5, the capabilities of PureB photodiodes are shown to be
enhanced by the design and fabrication of PureB SPADs. The fabrication
considerations for realizing high-quality, low-noise-level PureB SPADs are
discussed in detail and the processing performed directly above the PureB layer
is evaluated for two techniques for contacting the p*-anode. A process for
fabricating PureB SPADs with near-ideal electrical characteristics was achieved.

In Chapter 6, the fabricated PureB SPADs are characterized, the devices
display low-noise levels and good optical response was measured for ultraviolet
light down to 270 nm in wavelength. The PureB SPADs are also characterized
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for exposure to low-energy electrons down to 200 eV that have a penetration
depth of less than 5 nm in Si.

In Chapter 7, a new PureB-based technology, pure-gallium-boron (PureGaB)
technology, is proposed and studied. Photodiodes with PureGaB anodes are
fabricated and characterized. They show good electrical characteristics and high
response to the ultraviolet and low-energy electrons which is very similar to the
behavior of PureB photodiodes.

Finally Chapter 8 summarizes the main conclusions of the work in this
thesis and provides recommendations for the future work.
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Chapter 2

Photodiodes made in PureB Technology

In this chapter we take a closer look at the fundamentals of PureB
technology and how it is integrated in photodiode detectors. A considerable
amount of past work has been devoted to this subject and this is reviewed in
Section 2.1 on PureB deposition and Section 2.2 on device design and
fabrication. In both sections, emphasis is placed on the details that are important
for the results achieved in this thesis work. Besides the light-entrance windows
made with PureB, four elements play an important role for the functioning of
the specific detector application: leakage current, series resistance, capacitance,
and isolation between photodiodes. Each of these aspects will be treated in
relationship to the photodiode fabrication process. In the last sub-section 2.2.5,
examples are given of detectors that were fabricated in the past, particularly
with the aim of illustrating the process flexibility. Throughout the whole section
comments are made on the possible integration of the process and detectors in
CMOS.

Section 2.3 is devoted to investigations made in the context of this thesis
project to further the understanding of the electrical properties of PureB diodes.
One focus of the research was the development and understanding of diodes
formed by PureB depositions at 400 €. The initial experiments are presented in
sub-section 2.3.1 to underline the properties that needed to be understood, i.e.,
why equally low saturation-currents and low series-resistance were regularly
found for both 400 €€ and 700 <€ photodiodes.

A second focus of the thesis is the development of VUV-sensitive SPADs
in PureB technology. With this in mind, in sub-section 2.3.2, the basic
knowledge of the electrical properties of PureB diodes was extended to features
related to the breakdown voltage. Since the breakdown voltage is very often
determined by the depletion of the Si/SiO, region at the perimeter of the anode,
different methods of designing this perimeter and the window for PureB
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2.1 PureB Deposition

deposition were studied, including the implementation of guard rings, as
discussed in sub-section 2.3.2.

2.1 PureB Deposition

The pure boron layers are deposited on silicon by exposing the Si surface to
diborane B,Hg gas at temperatures from 400 € to 700 <€ and at either
atmospheric or reduced pressure in commercial chemical-vapor deposition
(CVD) equipment for Si/SiGe epitaxy, the ASM Epsilon single wafer epi
reactor. Quite a number of reactions occur between the carrier gas H,, the
precursor gas diborane and the Si, the deposition mechanisms are illustrated in
Fig. 2.1. The resulting chemical reaction is:

B,H; (9) —2B(s)+3H,(g) (2.1)

¢ S
N/

O si @B e H

Fig. 2.1. Doping reaction model for Si surface exposure to B,Hs dopant gas (after [4,
25]).

To form an ultrashallow junction, a few nanometer of amorphous boron (a-
B) is deposited. An example of such a layer formed by 10-min deposition at 700
€ and atmospheric pressure is shown in the high-resolution transmission
electron microscopy (HRTEM) image of Fig. 2.2, where the segregation of B
atoms in an amorphous layer is visible. At the interface with the Si, a mixing of
the Si and B in a region about 1 nm thick is also discerned [26]. At 700 <, bulk
doping of the Si will also occur up to the solid solubility of 210" cm™ [27].

Diodes fabricated with PureB technology showed remarkably similar
electrical properties for all depositions from 400 <€ to 700 <€. While some bulk
doping of the Si occurs at 700 <€, as the temperature is reduced to 400 <€ this is
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2 Photodiodes with PureB Technology

no longer possible. Nevertheless, extremely shallow junctions can be formed
that behave as p*-n junctions and despite the junction depth of a few nanometer
they can have a saturation current as low as that of conventional deep junctions.
One of the goals of this thesis was to understand the properties of the boron-to-
Si interface that make this possible. Among other things, the test structures
described in Chapter 4 were developed to determine the sheet resistance along

this interface.
(b)
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Fig. 2.2. () HRTEM image and (b) SIMS profile (O," primary ion beam at 1 keV) of an
as-deposited B-layer formed on (100) Si surfaces at 700 <€ after a 10-min B,Hs
exposure [3]. A layer of PVD a-Si has been deposited at room temperature prior to the

analytical characterization.

90 100

The PureB layer itself has very high resistivity, in the kQ-cm range [28]. In
applications where the Si device is contacted vertically through the PureB layer,
excess series resistance can be avoided by limiting the layer thickness to below
3 nm which is the tunneling limit. The accuracy with which the layer can be
deposited allows such a thickness to be reliably reproduced across the wafer and
from wafer to wafer. In large-area photodiode applications the lateral sheet
resistance can give a significant contribution to the series resistance. Therefore,
there was interest in reducing the resistivity of the PureB. Previous experiments
have led to the suggestion that an impurity doping of the PureB layer could be
the origin of large variations in the resistivity. Some of the experiments
described in Chapter 7 with Ga deposition were originally meant to investigate
whether an alloy with a metal like Ga could serve to bring the resistivity down
to values in the tens of Q-cm range.
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Fig. 2.3. Schematic process flow for fabrication of PureB diodes.

The basic process flow used to fabricate all the PureB diodes investigated in
this thesis is shown in Fig. 2.3. The starting wafer is n-type Czochralski (100) 1-
10 Q-cm Si substrates. In some cases a thick, 10 pm or more, n’-Si epitaxial
layer is grown on the n-type starting wafer to lower the diode capacitance [29].
A thermal oxide is grown, either 30-nm or 300-nm thick, through which
heavily-doped p* guard rings are optionally implanted and annealed in argon
gas at 950 <€ for 20 min. The wafers with 30-nm oxide are then covered with
300-nm LPCVD TEOS oxide. The anode window is opened in the oxide and
treated with a 0.55% HF-dip to remove native oxide after which Marangoni-
drying is performed to provide a clean and oxide-free Si surface. This is
essential for a defect-free PureB deposition [30]. Deposition is performed at
temperatures from 400 € - 700 <. In-situ drive-in/annealing is also possible

20



2 Photodiodes with PureB Technology

right after the deposition process in the same reactor without breaking the
vacuum.

For contacting the anode, a 675-nm pure Al is sputtered at 350 <C and the
back of the wafer is also sputtered with Al to form the cathode contact. After
anode interconnect patterning, the entrance windows to the photosensitive areas
are opened first by plasma etching the Al back to 100 — 200 nm. This thin Al
layer is then removed by wet etching in HF 0.55% for 3 to 5 min, selectively to
the PureB layer. Lastly, a 400 <C alloy step in forming gas is performed to
passivate the Si/SiO, interface at the perimeter of the diodes, thus reducing
perimeter leakage.

To further investigate the properties of PureB diodes, conventional vertical
pnp bipolar transistors were fabricated with PureB diodes as emitters as shown
in Fig. 2.4. To simplify the fabrication process, the p-type Si substrate is used as
the collector, the base region is formed by an n-type implantation (P*, 1.5x10"
cm? at 180 keV and 110" cm™? at 60 keV) to a level of 1<10"" ¢cm™ and
contacted through n* implantation plugs (P*, 5x10" cm? at 60 keV). The
emitter is formed by a PureB deposition. With this structure, the hole and
electron currents can be measured separately, for example, by measuring the
Gummel plot, i.e., the base current Iz and collector current I as a function of
base-emitter voltage Vge. In principle, the Gummel number of a doping region
governs the injection of minority carriers into that region from an adjacent
region of opposite doping [26]. The Gummel number is proportional to the total
doping of the region. In the simple case of uniform doping and no bandgap
variations this is expressed by

G, < N, W, (2.2)
and

G, < N, -W, (2.3)
where G, and G, are the Gummel numbers for p- and n- regions, N, and W, are
the impurity concentration and junction width of the p-region, and Np and W,
are the impurity concentration and junction width of the n-region. The hole

injection (e.g. from p-emitter to n-base) current density J, and electron injection
(e.g. from n-base to p-emitter) current density J, can be expressed as [31, 32]:
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2.2 Photodiode Design and Fabrication

2
3, z—%{exp(qV/kT)—l} (2.4)

and qn2

J, z—G—"J{exp(qV/kT)—l} (2.5)
p

where q is the electronic charge, njq is the intrinsic carrier concentration, V is the

applied voltage, k is Boltzmann’s constant and T is the temperature. From

equations 2.4 and 2.5 we can see that the higher the Gummel number is, the

lower the injection current will be. For a pnp bipolar transistor as shown in Fig.

2.4, Ice<J, and lg=<J,, thus the collector current Ic gives information on the

injection of holes into the base from the emitter and the base current Iz on how

efficient the emitter is in suppressing the injection of electrons.

Emitter Base

Ve )| ——
I ————- B "
le p-Si

Collector

Fig. 2.4. Schematic cross-sections showing how the vertical pnp bipolar transistors were
fabricated.

2.2  Photodiode Design and Fabrication

2.2.1  Series resistance

For high speed detection applications, it is important to achieve a low
series-resistance and low capacitance of the individual devices. The pure boron
layer itself has very high resistivity, therefore, the sheet resistance depends on
the conductivity created at the interface with the Si. For a 700 <€ deposition of a
2-nm-thick PureB layer the sheet resistance is determined by the doping of the
bulk Si at this temperature. This gives a sheet resistance of about 10 kQ/sq [26].
This is so high that the series resistance of large area photodiodes can become a
limitation. There are several ways to lower the sheet resistance. With an in-situ
annealing process at higher temperatures, the sheet resistance can be lowered
due to the higher solid solubility giving a more effective p-doping of the bulk Si.
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2 Photodiodes with PureB Technology

For instance, the sheet resistance of the 700 <€ as deposited PureB photodiode
can be lowered from about 10 kQ/sq to about 2 kQ/sq with an additional 800 €
10 min anneal and to 250 Q/sq with 900 € 20 min [30]. From Fig. 2.5 it can
also be seen that the depth of the junction will increase with increasing anneal
temperature, reaching almost 200 nm for a 20 min annealing process at 900 <€.
Nevertheless, also in this case a high responsivity can be obtained for shallow-
penetration irradiation if the gradient of the doping profile results in a high

electric field across the whole p-region that can separate any generated electron-
hole pairs just like in the depletion region.
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Fig. 2.5. Simulated doping profiles for different anneal conditions. The dopant
activation model is based on solid-solubility [30].

In some situations, high temperature annealing is incompatible with the
thermal budget of the total process flow. In that case, the sheet resistance can
also be lowered by depositing a more conductive layer on top of the PureB. An
in-situ option that was used in the fabrication of varactor diodes [33], is the
deposition of doped Si directly after the PureB deposition. The Si is then
amorphous but with a boron doping of 2x10" cm™ as obtained at 700 <€, the

series resistance can be significantly lowered when the a-Si layer can be grown
thick enough.

For some photodiode applications, any layer on the photosensitive surface
will lower the responsivity. An alternative way of lowering the series resistance
over the anode surface is to create a metal grid. Such a grid can be etched in the
aluminum layer that is deposited to contact the PureB surface as illustrated in
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Fig. 2.6. Examples of detectors using this type of grid will be presented in
Section 2.2.5.
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Fig. 2.6. (a) Example of patterning of an Al conductive grid and (b) forward I-V
characteristics of a PureB photodiode with and without a conductive grid on the
photosensitive surface [34].
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Fig. 2.7. (@) Capacitance-voltage measurements of PureB photodiodes for various
epitaxial layer thicknesses. The dashed line marks the operating reverse voltage of 3 V
and the Capacitance/Area values at each epi-layer thicknesses are also indicated. (b) C-
V doping profiles of a 40 um-thick n™ epitaxial layer showing the doping density and the
corresponding voltages [35].

2.2.2 Capacitance

To achieve a low capacitance value of the device while not significantly
sacrificing series resistance or dark current, the width of the photosensitive
depletion layer can be increased by growing a very low-doped epi layer on low-
ohmic substrates to create a p-i-n like structure [34]. In the PureB photodiode
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2 Photodiodes with PureB Technology

case, the low-doped region should be lightly n-doped for diode isolation
purposes. During operation, the low-doped epi layer, which represents a high
resistance, should be fully depleted so that the series resistance is determined by
the low-ohmic substrate. In previously developed detectors a capacitance of 3
pF/mm? was required [34]. As shown in Fig. 2.7, this was achieved by growing
a 40-um-thick epi layer with a doping level in the range of 10** to 10* cm™.
The epi layer was grown in-situ with two 20-um steps.

2.2.3 Guard rings and diode isolation

Due to the curvature at the perimeter of a p*n junction diode the electric
field over the depletion layer is generally higher than in the laterally uniform
region away from the perimeter. For this reason, to prevent the premature edge
breakdown, a guard ring is often integrated along the perimeter. To reduce the
curvature, this region is therefore usually deeper and less abrupt than the
original p*-region. For a shallow planar junction on the Si surface, an implanted
guard ring is normally used that overlaps the active region of the device. In
most the devices fabricated as part of this thesis work, a p*-guard ring around
the PureB perimeter is formed with boron implantation at 100 keV, with a dose
of 5x10™ cm™. In Fig. 2.8, the I-V characteristics of large diodes with and
without a guard ring are displayed showing a shift in the forward current
towards much lower levels when the guard ring was applied. A large number of
devices were made - both before and during this thesis work, and with varying
deposition temperatures from 400 <€ to 700 <€ - that consistently showed this
shift. Hence it was concluded that it must be due to an inherent property of the
PureB junction perimeter. The origins of this effect will be discussed further in
Section 4.2.1 in connection with the study of the PureB anode-region sheet
resistance. The lower saturation current with guard ring also means that the
ideal reverse current is lower, which is beneficial for lowering the dark current
to give the photodiode a higher dynamic range.

To achieve an effective curvature of the guard ring region, the width must
usually be around a micrometer or more. For micrometer-sized devices,
implementing such a wide guard ring would consume too much space thus
severely decreasing the fill-factor, especially for arrays comprising many small
devices. Thus as described in Chapter 5, a different type of guard ring was
implemented, i.e., a virtual guard ring was integrated in the small devices by
increasing the electrical field in the central part of the device.
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2.2 Photodiode Design and Fabrication

When p*n photodiodes are processed on low-ohmic n-type wafers, two
adjacent photodiodes are automatically electrically isolated from each other if
the n-region between them remains undepleted. This can be achieved with only
a few micrometers distance between the diodes. When a thick low-doped epi-
layer is introduced on the surface, the lateral extension of the depletion layer
can mean that tens of micrometers separation is necessary for isolation.
Moreover, inversion of the Si/SiO, interface can create a conductive channel
connection the two diodes. Therefore, an n-type channel stop implantation was
implemented when low-doped epi-layers were used.
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Fig. 2.8. 1-V characteristics of 400 <C and 700 <C deposited PureB diodes with and
without guard ring, the device area is 1L cm® The width of the guard ring is 4 um,
with a 2 um overlap with the p*-region.

2.2.4 Integration flexibility

For integration with CMOS processes, the 700 € PureB depositions are
compatible with front-end processing [36]. Particularly for detector integration,
the fabrication temperature, material and processing equipment are common in
front-end CMOS processing. The PureB layer itself has excellent properties: it
can be integrated as a robust and almost non-absorbing light-entrance window.
The layer is conductive, does not oxidize, and does not charge during irradiation
[5]. Moreover, it is chemically resistant in many situations and it can be used to
form a barrier against silicidation/spiking of metals like Al [37]. Various
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2 Photodiodes with PureB Technology

functional layers for protection, antireflection, filtering or absorption can be
coated on top of the PureB layer, such as physical-vapor deposited (PVD) Zr
and AIN, plasma-enhanced CVD SiO, and SiN, and in-situ growth of B-doped
polysilicon. When measures are taken to retain a complete PureB coverage, the
robustness of the PureB layer will not be compromised and a lower-than-ideal
but still high responsivity can be maintained with thermal processing steps with
minute long exposure to temperatures up to 900 €€ [30]. These properties
enhance the flexibility with which the 700 < layer could be integrated for
specific detector applications. Examples of this are given in the following sub-
section.

2.25 Examples of PureB photodiode applications

PureB technology has seen a rapid development and it has already reached a
level of maturity where photodiode detectors with outstanding performance
have been fabricated and commercialized. It has been possible to integrate
detectors that have surpassed the performance of other existing technologies on
points such as internal/external quantum efficiency, dark current, and
responsivity degradation [6, 38, 39]. In particular focus has been placed on the
application to EUV/VUV photodiodes for advanced lithography systems and to
low-energy electron detectors for SEM systems [38].

A VUV/EUV photodiodes

Due to the importance of DUV and EUV lithography for both the present
and future development of the semiconductor industry, extensive work [40] was
performed on VUV optical characterization of PureB photodiodes. Specifically,
193 nm is the wavelength in use for DUV and 13.5 nm for EUV lithography.
With PureB photodiodes with 2 — 3 nm thick boron layers as light-entrance
windows, near-theoretical responsivity is obtained at these wavelengths as can
be seen from the measurement examples that are given in Fig. 2.9 for the
spectral ranges 2 - 18 nm and 35 — 310 nm. An overview of all the work
performed on VUV characterization is given in [30] in which the electrical and
optical measurements were re-evaluated in order to further analyze the special
features of the PureB layer. The conclusions were:

- The PureB photodiodes made without any high-temperature treatments
after the pure boron deposition, show near-theoretical responsivity in
the EUV/VUV spectral ranges, independent of the deposition
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temperature. This is demonstrated for 400 <€ and 700 <€ depositions,
and the optical stability is also found to be high for both these cases.

- A similarly high stability is also obtained for devices exposed to up to
900 < thermal drive-in of the boron to 100-nm junction depths if a
complete coverage of PureB is maintained on the surface. The
responsitivity for such deep junctions is lower than for as-deposited
PureB junctions but still very high. If the PureB layer is removed or
seriously corrupted by the drive-in a much lower responsivity is
measured than would be expected from the results of devices where the
layer is kept intact.
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Fig. 2.9. A compilation of VUV responsivity measurements performed on PureB
photodiodes that was previously presented in [30, 39]. The graph here displays a
selection of the measurements that were particularly important for deciding the
experiments to be carried out within the present thesis work: the HT (High Temperature)
and LT (Low Temperature) devices have a PureB layer deposited at 700 €€ and 400 <€,
respectively; the HT2.5(T,t) series devices have an approximately 2.5-nm-thick PureB
layer as light-entrance window that is partly deposited after an anneal at temperature
T(<€) for a time t; the LTpreAl and LTpostAl indicating the 20 min, 400 <€ PureB
deposition is performed either before (pre) Al deposition or after (post) Al deposition.

- due to the diffused doping gradient from the PureB layer and the
effective p* layer at the PureB/Si interface, an electric field to separate
the photo-generated charge carriers is created and it is particularly high
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at the surface where recombination of electrons will otherwise degrade
the performance.

This tolerance to thermal processing gives PureB a high compatibility
with CMOS and wide general applicability.

The experimental evidence distilled in this paper added support to the
earlier proposal that the special electrical PureB diode characteristics
are related to the chemical properties of the interface of the pure boron
on the Si and not the bulk boron properties [41]. However, to arrive at a
truly well-founded explanation of the behavior it was clear that more
dedicated experimental and theoretical studies were needed. The test
structures presented in Chapter 4 were specifically designed for this
purpose.

B Low-energy electron detectors

Several PureB detectors were developed and fabricated for use in advanced
scanning electron microscopy (SEM) systems to enhance performance by
detecting electrons with energies below 1 keV and record-high electron-signal-
gain was achieved with 2 — 3 nm thick boron layer for electron energies as low
as 200 eV, Many of the elements discussed in Section 2.2 as being important for
the design of a detector have found realizations in these electron detectors. A
cross section is shown in Fig. 2.10 where the following elements are indicated:

low capacitance is achieved by epitaxially growing very lightly-doped,
tens-of-micrometers thick n-layers on low-ohmic substrates,

compact segmented anode layouts are achieved with lateral junction
isolation of the segments by introducing an n-channel stop to eliminate
conductive inversion channels and limit the lateral expansion of the
depletion layer,

low photodiode-series-resistance combined with a large sensitive front-
window area is achieved by patterning a fine aluminum grid directly on
the boron surface. With a width of the grid of 2 um, it only covered less
than 2% of the sensitive region. The series resistance dropped more
than 10 times as shown in Fig. 2.6b, from 280 Q for a device without
metal grid, to 20 Q with metal grid.

through-wafer apertures etched close to the anode regions for detectors
designed to monitor back-scattered electrons (BSE) in SEM systems
such as shown in Fig. 2.11.
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Fig. 2.10. Schematic cross-section of two neighboring segments of a B-layer detector
with a through-wafer hole as aperture for the electron beam. The depletion of the
typically 40 pm deep n™ epitaxial layer is indicated. Segments are isolated by the n*-
channel-stop and the undepleted n”layer [35].

iCD-BSE

ICD-BSE
MD-BSE

TLD-BSE

Sample

Fig. 2.11. Example of an enhanced-imaging image of catalyst particles on top of nano-
tubes by combining and coloring the 3 images shown above from the back-scattered-
electron (BSE) detectors (iCD, MD and TLD) in the optical column of a SEM system.
Two of the detectors, the iCD (in column detector) and the MD (mirror detector), are
made with PureB photodiodes [42].
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In Fig. 2.11 an example is given of the enhanced imaging capabilities of an
extreme-high-resolution scanning-electron microscope (XHR SEM) using
PureB detectors. Two PureB detectors are employed as back-scattered electron
detectors (BSEs) placed at two different positions in the column and the
information taken at low-electron energies is combined to reveal more details of
the sample. The low series-resistance and capacitance values of the detectors
combine to give low transit-times and thus high scanning speeds.

2.3  Electrical Behavior of PureB Diodes

2.3.1 Low-temperature deposited PureB diodes

While research was continued on the high-temperature (HT) PureB layer
deposited at 700 <C, in this thesis work effort was also put into developing
PureB layer deposition at low temperatures (LT) down to 400 <C. PureB diodes
were fabricated with PureB layer deposition at both high and low temperature
on n-type Czochralski (100) 1-10 Qecm Si wafers as illustrated in Fig. 2.3. For
the diodes with micrometer-sized dimensions, no guard rings were implemented
and the light-entrance windows were not opened. The Current-Voltage (I-V)
characteristics were measured for PureB diodes with a 20-min 400 <C PureB
deposition as shown in Fig. 2.12, where a comparison is made to the
characteristics of a 6-min 700 <C deposited PureB diode. As seen from the
graph, the large 11 cm? 400 <C diode is very similar to the 700 <C diode. Both
exhibit very good I-V characteristics: the ideality factors are close to 1 and the
dark currents are very low. However, for the LT deposition the 40x1 um? PureB
diode has a current level under the same forward bias that is more than 3
decades higher than the HT diode. This behavior can be attributed to the Al on
top of the diodes. Unlike the 700 <T deposited PureB layer, the 400 T layer has
higher surface roughness as shown in Fig. 2.13. It is very likely that this is
associated with a higher density of pin-holes. When the Al is removed from the
light-entrance windows, the Al-to-boron interface has not been exposed to any
significant temperature steps and there is no noticeable reaction between the
two. In contrast, when the Al is left on the PureB surface and subjected to the
400 < alloying step, it becomes difficult to remove with HF, ie., a
reaction/intermixing with the boron has occurred. Also the total plasma-etching
process of the Al interconnect pattern can expose the small diodes to
temperature steps that can be up to 300 <C. This can explain the increased
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2.3 Electrical Behavior of PureB Diodes

current levels in the I-V characteristics because any Al that reaches the Si
through pin-holes may form a Schottky junction with the n-Si substrate. These
have many decades higher saturation current and even a small percentage of Al-
Si area can give a few decades increase in current.

Diode Current (A)

-1.0 ' -0.5 I 010 ' 015 ' 1.0
Applied Voltage (V)

Fig. 2.12. 1-V characteristics of PureB diodes with different dimensions.

A D s

Fig. 2.13. HRTEM images of PureB layers grown at 400 < (left) and 700 <C (right).
[39]
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Fig. 2.14. Gummel plot of PureB vertical pnp bipolar transistors. The emitter area is
40x1 pm®,

To further investigate the properties of PureB diodes, conventional vertical
pnp bipolar transistors were fabricated with PureB diodes as emitters as
illustrated in Fig. 2.4. The emitter is formed with the PureB diode deposited at
400 <T for 20 min or 700 <T for 6 min. As discussed in Section 2.1, with this
structure the hole and electron currents can be measured separately. From the
Gummel plot as shown in Fig. 2.14, the collector currents caused by the
injection of holes into the base region is of the same level for both the HT and
LT devices. This suggests that the 400 <C deposited PureB layer forms a device
that behaves like a p-n junction diode in being able to inject minority carrier
holes into the n-type Si substrate. For the same reason discussed in connection
with the diode characteristics (Fig. 2.12), the Iz is much higher in the 400 <C
diode.

2.3.2 PureB diodes with biasing in the vicinity of breakdown

As discussed in section 2.2.3, the breakdown of a diode is determined by
the electric field over the depletion region, the width of which is determined by
the doping profiles of the p- and n-regions. The ideal breakdown voltage can be
lowered if defects are present to generate electrons or holes that can arrive in the
depletion region. From the electrical and optical analysis of PureB diode
behavior it has been concluded that the PureB junction itself is damage free.
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2.3 Electrical Behavior of PureB Diodes

The perimeter regions of diodes are therefore expected to be the main source of
such defects. To investigate this, diodes were measured that were fabricated
with the four different methods of processing the PureB anode windows shown
in Fig. 2.15 and filled with a PureB layer deposited at 700 °C. The windows to
the silicon were etched through the oxide either entirely wet (Fig. 2.15a), by
plasma etching with soft- or wet-landing (Fig. 2.15b), or by plasma etching
about 1 um into the Si (Fig. 2.15¢). On some wafers the PureB-filled window
was covered by 100 nm oxide and after this contact windows to the PureB, a
few micrometer from the anode perimeter (Fig. 2.15d), were etched in 0.55%
HEF. On some of the substrates a lightly-doped epitaxial Si layer was grown on
the more heavily-doped substrate. For large PureB photodiodes previous studies
were devoted to the design of guard rings to optimize the trade-off between
capacitance and leakage current for operation at low reverse-voltages [43].
Although it adds to the capacitance, minimizing the depletion along the surface
can be important because, as has been shown previously, the depleted region at
the oxide interface is the source of both leakage and degradation during
exposure to radiation [5]. An overview of the diodes fabricated for this study is
given in Table 2.1.

In Fig. 2.16 the 1-V characteristics of 3 large diodes, Dg(intr,pl), D(intr,wet)
and D(oxide), are compared. The electrical I-V diode characteristics were
measured at room temperature. The current compliance was set at 10 pA for the
breakdown measurement. All three have high breakdown, which for the
Dg(intr,pl) is lowest due to the small distance between the n- and p-guard.
Moreover, the forward characteristics show that the saturation current for the
D(intr,wet) device is almost two decades higher than for the two other device
types. This difference is reproducible over the wafer and from run to run. As
already commented in Section 2.2.3 in connection with Fig. 2.8, such a shift to
lower currents is seen consistently when adding a guard ring to PureB diodes.
The origin of the shift will be discussed in Section 4.2.1.
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Fig. 2.15. Schematic of 4 different methods of etching and filling the PureB anode

windows.

Table 2.1. List of the measured PureB diodes indicating the different process variations

Device Epi Geometry Guard ring Anode window
etch
p+
Dg(intr,pl) 10 pm intrinsic plasma
diameter =
D(intr,wet) 10 pm intrinsic 3.6 mm no wet
D(oxide) no no wet. N oxide
perimeter
D(pl+wet) no no plasma + wet
300315 pm’
D(trench) no no trench

In Fig. 2.17 I-V characteristics are compared for the devices D(pl+wet) and
D(trench). For the latter the breakdown voltage is decreased, presumably
because the trench in which the PureB is deposited has corners where the
electric field will be higher than for the flat structure. Nevertheless, the
breakdown is high and reproducible over the wafer and from wafer to wafer.
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Fig. 2.16. |-V characteristics of 3 large diodes fabricated in different ways, (a) in the
forward and small reverse-bias regime and (b) in the large reverse-bias regime. The

diameter of the diodes is 3.6 mm.
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Fig. 2.17. 1-V characteristics of diodes where the anode window is opened in two

different ways, (a) in the forward and small reverse-bias regime and (b) in the large
reverse-bias regime. The diodes have an area of 300>315 pm?.
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2.4  Conclusions

The work reviewed in this chapter underlines that the 700 <C PureB
photodiodes have proven their worth as integrated detectors for a wide spectral
range. The initial attempts to make similar diodes with 400 <C depositions show
that also this deposition has great potential for the fabrication of photodiodes
with similarly good performance. In addition, there is the extra advantage that
this deposition could be performed after metallization of other devices on the
wafer.

The reverse current behavior was investigated for a large number of 700 °C
PureB diodes with different anode window geometries and different
configurations of guard rings. In all cases the leakage current is low right up
until breakdown and the breakdown behavior is well-defined and reproducible
over the wafer. This shows that although the PureB anode forms a p*-doping of
the Si that is only about 2 nm deep, the leakage currents and breakdown voltage
are determined by the doping of n-Si and/or the depletion of the oxide interface
at the diode perimeter. Even in the cases without guard rings or with trench-
etched anode windows, the PureB perimeter coverage is complete and allows
high breakdown voltages.
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Chapter 3

Lateral Bipolar Structures for Evaluating the
Effectiveness of Surface Doping Techniques

3.1 Introduction

As basic semiconductor building blocks, Schottky diodes and ultrashallow
junctions are playing a very important role in the development of advanced
devices for future CMOS and bipolar transistors generations [45, 46]. With the
advanced doping techniques being explored today for the fabrication of
ultrashallow junctions, it can often be difficult to discern whether or not an
actual counter-doping of the Si surface has been achieved. More specifically, it
is not always obvious whether the resulting junction, for example in the case of
a p-Si substrate to be n-doped, forms a metal/n-Si/p-Si (m-n-p) junction or a
metal/p-Si (m-p) Schottky diode. In fact, a change in the surface conditions can
have the same effect on the Schottky barrier height (SBH) as a bit of counter-
doping. The latter will effectively appear as an increase of the Schottky barrier
height (SBH) giving a corresponding decrease of the diode current [47].

Commonly used doping-profile characterization techniques can give some
valid information about the surface doping but most of them are destructive and
require special equipment or measurement structures [48]. Moreover, they are
particularly time consuming when ultrashallow junctions are to be accurately
profiled. In contrast, the test structures presented in this chapter are designed to
give a tool for quickly evaluating whether an effective counter-doping of the
surface has been achieved. They are straightforward both with respect to the
required processing and the applied measurement technique. Only the diode
itself and a contact to the substrate need to be processed and the electrical
measurements are limited to simple -V characterization of a lateral-transistor
structure that gives information on the individual electron and hole current

Part of this chapter have been published in IEEE Trans. Manufact. Technol., 25, 581
(2011) [44]
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flows. By studying the behavior of electrons and holes, especially that of the
minority carriers, the effectiveness of the surface doping can be evaluated. The
method is particularly handy for fast-turnaround-time experiments during the
development of ultrashallow junctions or ohmic contacts. This is illustrated here
by the measurement of a series of diodes produced by depositing arsenic
dopants in contact windows to p-type silicon and then activating these dopants
by excimer laser annealing. Depending on the laser energy, the silicon surface
will be heated or melted, allowing the n-type dopants to be driven-in to different
depths and activation levels for junction depths below 20 nm. The interpretation
of the results is supported by device simulations.

The work presented in this chapter makes use of n*-p ultrashallow junctions
produced by laser annealing to verify the applicability of the test structures.
This set of experimental devices was particularly suited for this purpose because
a gradual transition from Schottky-type junctions to n*-p junctions could be
realized as a function of the applied laser-anneal energy. Nevertheless, for this
thesis work, the main goal was to create test structures for evaluating the
behavior of PureB diodes, particularly the ones produced at low temperatures
where no doping of the Si can be expected. In the last sections, electrical
behavior of PureB diodes with various deposition temperatures are investigated
with these test structures, the general behavior is also valid for p*-n diodes.

In this chapter, the aim is to develop methods that are easy to fabricate and
use during the process development and can even be combined with the
integration of the diode itself. With these methods, the electrical characteristics
of junctions with behavior from Schottky-like to a hybrid of Schottky and p-n
junction to p-n junction-like can be investigated. Specifically, the electrical
characteristic of low-temperature deposited PureB diodes are studied here and
compared to high-temperature deposited PureB diodes.

3.2 Theoretical Considerations

A number of device simulations in Sentaurus were performed to illustrate
the current flows in the different situations that can occur in ultrashallow and
Schottky junctions. Examples are given in Fig. 3.1 of the main three types of
diode behavior:

(@ an m-p Schottky diode, the metal-semiconductor contact is defined as a
Schottky contact to simulate the thermionic emission of majority carrier
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(b)

(©)

holes from the semiconductor into the metal, which is the process that
dominates the diode current. As illustrated by the schematic band
diagram in Fig. 3.2, the application of a forward bias V, will lower the
barrier for holes that are injected from the Si into the metal. At the same
time, a very small current of electrons is injected from the metal into the
semiconductor.

a fully-depleted m-n-p diode : an ultrashallow heavily-doped n-type
region is created at the surface of the p-type substrate, as indicated in
the band diagram shown in Fig. 3.3a, and the contact to this region is a
Schottky contact. Under reverse and small forward bias, the n-region is
fully depleted by the metal-semiconductor depletion region and the
diode displays the electrical characteristics of a p-Schottky. The current
is dominated by hole injection into the metal but the effective SBH is so
high that the total current is much lower than the pure Schottky case of
Fig. 3.2. With a large reverse bias, Vy in Fig. 3.3a, the effective SBH is
lowered due to image-force lowering, and the reverse current is
increased. At a high enough forward-bias voltage, V, in Fig. 3.3b, the n-
region can become non-depleted. The n-region is heavily doped, thus an
ohmic contact is formed. The presence of the n-region effectively
reduces the hole current to the point where the device behaves as an n-p
diode and when the whole n-region becomes non-depleted the hole
current starts to increase again as shown in Fig. 3.1b and the current of
the diode is a diffusion current. An analytical formulation of this type of
transition from Schottky-like to p-n junction-like behavior is given in
[49].

an ohmic-contacted m-n-p diode as shown in Fig. 3.4, the diode current
is dominated by the injection of minority carrier electrons from the n*
region into the substrate (p-region) and the electron current is much
higher than in cases (a) and (b). For shallow junctions the metal forms a
sink for the minority carrier hole injection and the very low hole-current
increases for junctions that are less than about 20 nm deep. This is
shown in Fig. 3.1c for different junction depths. The electron current is
in all cases of the same level as the one shown in Fig. 3.1b and the hole
current starts to dominate the total current for the shallower junctions.
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Diode Current (A/pmz)

Fig. 3.1. Simulated output characteristics of (a) an m-p Schottky diode, (b) a fully-
depleted m-n-p with dj,,=15 nm with Np=5x10"® cm™®, and (c) an non-depleted m-n-p
diode, all with Np=5>10"® cm?. In all cases the substrate doping is No=1>10"" cm™ and
the contact is Schottky contact with a SBH=0.55 V over p-Si.
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Fig. 3.2. The band diagram of an m-p Schottky diode at zero bias (solid line) and
forward bias V, (dashed line).

Metal p-Si Metal Si

n p
Ec
Erm \ /
Erm —— <~ Em
T aVe
q®ep Erp

Q'Aq)Bp

() (b)
Fig. 3.3. The band diagram of a fully-depleted m-n-p diode at (a) zero bias (solid line)
and reverse bias Vy (dashed line) and (b) forward bias V, .
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Fig. 3.4. The band diagram of an omhic-contacted m-n-p diode at zero bias (solid line)
and forward bias V, (dashed line).
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3.3  Test Structures and Experimental Material

The basic test structures are designed as finger structures with 3 parallel
contact windows as shown in Fig. 3.5a. The central window is referred to as the
emitter with width We and length Lg, the outer windows are the collectors with
width W¢, and the substrate is the base with a width at the surface of Wg. The
contact windows are all processed with the same deposition, laser annealing and
metallization steps. All 1-V measurements are performed at 27°C (300 K) with
an Agilent 4156C parameter analyzer.

=]
h 4

AAd
Base

p-doped Si substrate

Base

(a) (d)

EERCEE % . %@%

p-doped Si substrate p-doped Si substrate

[

(b) (c)

Fig. 3.5. (a) Schematic top view of the contact windows of the test structure consisting
of 3 parallel diodes. Configurations for measuring the current through the middle diode
with (b) biasing of the middle diode only and (c) all 3 diodes in parallel. (d) Schematic
of the lateral transistor and the current paths of the injected electrons.
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Fig. 3.6. Schematic of (a) deposition and laser annealing, and (b) metallization of the
contact windows.

A series of diodes were fabricated on p-type Si substrates with a bulk
doping of ~ 10" cm™ and a surface doping of the top 300 nm of ~ 10" cm™. An
oxide isolation layer was deposited and contact windows were etched to the Si.
A mono-layer of arsenic was deposited in the windows by chemical-vapor
deposition in a commercial epitaxial reactor. Then a 30-nm-thick TiN layer was
deposited by sputtering and this layer encapsulates the arsenic layer during
excimer laser annealing. Before laser annealing the TiN is covered with a 100-
nm-thick layer of Al LAP (Laser Annealing Protection) sputtered at 50 <C and
then removed from the contact windows by wet etching in diluted HF(0.55%).
The laser annealing is then performed as illustrated in Fig. 3.6a at energy
densities from 600 mJ/cm? to 1200 mJ/cm?, applied in columns across the wafer.
At a certain amount of laser annealing energy, a very shallow surface layer of Si
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is melted and the As is absorbed in the melt, thus doping the Si when it
recrystallizes. All the Al LAP is removed before metallization, exposing the
whole TiN layer. Since this layer does not oxide, a dip etch before metallization
is not necessary. In this way the oxide coverage of the perimeter of the n*-
region is kept intact. as shown in Fig. 3.6b, a metallization layer of 675 nm
Al/Si(1%) is then sputtered at 50 <C and patterned. The back of the wafer is
also metallized to make contact to the p-substrate. An alloy step at 400 °C in
forming gas completes the processing.
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Fig. 3.7. Measured 1-V characteristics of laser-annealed diodes. The diode area is 20%<1
2

m’,

3.4 Characterization Results

3.4.1 Single-diode characteristics

The 1-V characteristics of a single 20> pm? diode are shown in Fig. 3.7 for
seven different laser-anneal energy densities. The current levels go from the
high-current Schottky situation that exists when the contact is not laser annealed,
to lower and lower currents as the laser energy increases. The current saturates
at an anneal energy of around 1000 mJ/cm? for which it is known that a heavily-
doped n-region is created with a doping Np > 1x10* cm® and an estimated
doping depth d < 20 nm.

46



3 Lateral Bipolar Structures for Evaluating the Effectiveness of Surface Doping Techniques

In the one-dimensional diode case, the injection of the minority carriers into
the substrate is only governed by the Gummel number [50], i.e., the total
impurity dose per surface area, of the substrate. When the area of the diode is
finite, minority carriers can also be injected into the peripheral region, and this
extra current will have an increased relative importance as the diode size is
scaled down. In general, the measured diode current I can be modeled as

Ip =Ja A+ Jp-P+lcorner (3.1)

where J, and Jp are the area and perimeter current density, respectively, lcorner
is the current related to the corners, and A and P are the area and perimeter of
the contact, respectively. To evaluate the importance of the perimeter current,
first Ja is extracted as described in [51] for a set of well-separated single diodes
with the dimensions 11, 2>2, 4>4, 6>6 and 10x10 unz. When it is assumed
that the perimeter current of the Schottky diode is zero, i.e., Ip is totally
dominated by majority carrier injection from the substrate, the mismatch
between the on-wafer and on-mask dimensions is found to be 0.1 pm. By
applying this mismatch to the p-n diode situation a value for the Jp in this case
can be found. Current levels extracted in the ideal forward-biased region are
given in Table 3.1. For a 20xL-pm?-large diode annealed at 1200 mJ/cm?, the
perimeter current is more than 80% of the total diode current. This is in
accordance with the fact that the two-dimensional spreading of the minority
current [52] is especially large if the half-width Wg/2 of the diode is a factor 10
smaller than the diffusion length of the minority carriers in the substrate.

Table 3.1. Extracted forward-bias perimeter and area current densities for 201 pm?
diodes fabricated with or without laser annealing

Laser energy Veg (V) J4 (A/unr’) Jp(A/pum) Iylp
(mJ/cmz)
0 0.15 1.45%107 0 0
1200 0.5 2.95x10"° 6.12x10" 82.6%

3.4.2 Parallel-diode characteristics

The degree to which electron spreading into the substrate is determining the
current through the diodes of the test structures can be evaluated by comparing
the current through either individually connected or parallel connected diodes as
indicated in Fig. 3.5b and Fig. 3.5¢. The forward current through the middle
diode is measured in situation (a) where only the diode itself is biased (I”) as in
Fig. 3.5b and in situation (b) where all diodes are biased in parallel (1) as in
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Fig. 3.5¢c. If the diodes are Schottky junctions, the current in the two situations
will be the same because the dominating current, majority hole current injection
from the substrate into the metal, only depends on the area of the diode. There is
a small amount of reverse injection of the minority electron-current but it is too
small to have any impact. In contrast, if the diodes are non-depleted m-n-p
diodes, the spreading of the electrons injected into the substrate from the middle
diode will be limited by any electron injection from the two neighboring diodes.
This presumption has been verified by device simulations as shown in Fig. 3.8,
for which the diodes have been forward biased at three different voltages in
both situations (a) and (b). Comparing the electron and hole currents in the two
situations, a significant decrease in electron current, the minority carrier current
injected into the substrate, is observed when the two neighboring diodes are
biased in parallel, while the hole current remains practically constant. Thus the
current will decrease when the neighboring diodes are connected. The
difference will be larger the closer together the diodes are placed to each other
and the lighter the doping of the substrate is, i.e., the longer the diffusion length
L, of the minority carrier electrons. This limiting of the current is illustrated by
the simulation shown in Fig. 3.9. As the diodes are moved closer and closer
together the perimeter current through the middle diode will disappear and the
situation becomes one-dimensional with the electron injection being governed
by the Gummel number of the p-substrate. This gives a lower limit for the
current through this diode.

The difference in diode current through the middle diode can be given as
the relative current discrepancy AI/I’, with A7 = I’ —I”. This value is listed in
Table 3.2 for all the different laser annealing energy densities at a forward
biasing of 0.1 V, 0.3 V and 0.5 V. The discrepancy is only calculated if the
diode current is in the exponential region, i.e., not attenuated by the series
resistance. It can be seen that for laser energy densities from 0 to 900 mJ/cm?,
the relative discrepancy is only around 1%, indicating that there is no electron
spreading current, and hole injection from the substrate is dominating the
current. This is not immediately evident from the I-V diode characteristics of
Fig. 3.7 where it is seen that the total current drops significantly with increasing
laser energy. However, closer inspection of the 900 mJ/cm? curve shows that at
a forward bias of about 0.7 V the current suddenly drops to n-p type values.
This indicates that this diode is n-doped but fully-depleted and at this point the
depletion is reduced enough to reveal active n-doping.

48



3 Lateral Bipolar Structures for Evaluating the Effectiveness of Surface Doping Techniques

- - R
o =) &
1 1

Diode Current (A/um?)
=)

-
<
>
1

-
<
&

01 02 03 04 05
Applied Voltage (V)

Fig. 3.8. Simulated electron and hole currents of which 7’ and 7 are composed when the
forward biasing is 0.1 V, 0.3 V and 0.5 V. All the diodes have d;,;=20 nm, Np=1x10"
cm™ and the substrate doping is Na=1x10"° cm®.

For diodes annealed from 1000 to 1200 mJ/cm?, the relative discrepancy is
around 100%, which means that electron injection is dominating and these are
non-depleted m-n-p junctions. In this way, this measurement method gives a
very clear answer to the question of whether or not there is a significant n-
doping of the surface. However, in many other practical cases the differences in
current leading to the determined discrepancy are small compared to the diode
leakage current. This may limit the usefulness of this measurement method and,
alternatively, the method described in the next section could be applied.
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Fig. 3.9. Simulation of the electron current through 3 n-p diodes when (a) only the
middle diode and (b) all 3 diodes are forward biased at 0.5 V.

Table 3.2. Current discrepancy in the parallel diode configuration for diodes annealed
with different laser energies

Laser energy Forward biasing

[mJfem?] 0.1V 0.3V 05V

0 2.2% -- --

600 0.2% 0.4% -

700 1.8% 0.6% --

800 0.3% 0.4% -

900 3.1% 1.2% --
1000 96.7% 89.2% 76.5%
1100 92.5% 86.3% 78.1%
1200 95.7% 90.1% 80.0%

3.4.3 Lateral-transistor characteristics

To achieve a measurement that is less sensitive to diode leakage, it can be
profitable to bias the 3 diodes as the emitter or collectors. In this configuration,
most of the injected minority carriers will flow parallel to the surface since the
collector is functioning as a sink for the electrons; hence the name “lateral
transistor”. The collector current can be described by [53]
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le=Je Ay -Ln/Wg (3.2)

where J.e is the electron current density of the emitter and A is the lateral area
of emitter.

In Fig. 3.10, the Gummel plots are shown for the forward-biased transistors
in the two extreme cases: (a) high laser-anneal energy giving non-depleted m-n-
p diodes and (b) no laser anneal giving m-p Schottky diodes. In the latter case
the base current is as high as expected from the diode |-V characteristics and the
collector current is very low but measurable.

Device simulations are performed to investigate the origin of the collector
current Ic. The Schottky barrier height to p-Si is set at 0.61 V as extracted from
the 1-V characteristics of the diode without laser annealing. The forward emitter
voltage is swept from 0 to 1 V. The base contact is in all cases biased at 0 V, so
the emitter-base voltage Vgg is just the applied emitter voltage. The collector
contacts are biased at 0 V. From the simulation result for the collector current
shown in Fig. 3.11, it is concluded that both electrons and holes contribute to
the collector current. They increase with increasing Vgg and for small Vgg the
hole current is larger than the electron current. As Vg increases the hole current
reaches an upper limit which corresponds to the reverse-bias current of the
collector diode itself. The electron current keeps increasing and becomes the
main current at a forward bias of 1.0 V.

For the Schottky diodes, minority carriers are always injected along with
the thermionic emission of the majority carriers [54]. For a p-Schottky diode,
the barrier height @gy, for majority carrier holes is independent of the biasing
voltage. When the Schottky diode is forward biased at V,, the barrier @g, that
prevents electrons in the metal from being injected into the semiconductor is
lowered by a value of ¢-V, as shown in Fig. 3.12, where q is the elementary
charge. At the same time the electric field in the space-charge region is reduced
and more electrons from metal side can then be injected into semiconductor to
become excess minority carriers.
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Fig. 3.10. Gummel plots of (a) an npn created by annealing at 1200 mJ/cm? and (b) a
Schottky lateral transistor (no laser anneal).
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Fig. 3.11. Simulated collector current of a Schottky lateral transistor with Vcg = 0 V; the
SBH is 0.61 V.
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Fig. 3.12. Energy diagram of a Schottky diode under forward-bias (a) with the
corresponding electron and hole injection indicated in (b).

Thus the origin of the collector current can be described as follows, the
transportation process being illustrated in Fig. 3.13: under forward biasing, the
emitter (Schottky) diode injects electrons from the metal side into the base
region (p-Si). After diffusing across the base region, these electrons reach the
collector (Schottky) diode that does not present a barrier for them and they are
therefore collected by the collector diode. This process is also verified by device
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3.4 Characterization Results

simulations as the one shown in Fig. 3.14, where it should be noted that the
electron flow is opposite to that of the current.

The injected excess electron concentration can be described as
5np :npo'[exp(va/VT)_l] (3.3)

where ny is the minority carrier concentration under thermal equilibrium, V, is
the actual voltage drop over the emitter-base junction and V; is the thermal
voltage. Given that

Veg =Va+ 1R (3.4)

where Rs is the diode series resistance. When the emitter diode current is high
as in the Schottky case, the series resistance will have a large effect also on a
small collector current. Therefore the bending off from the exponential
characteristics is observed at very low forward-biasing for this current. Thus
with the same dimension, the Schottky diode emitter injects fewer electrons into
the base than the p-n junction diode emitter at -1.0 V since Schottky-diode sees
the series resistance much earlier than the p-n junction diode.

Metal p-Si Metal
Ev
£ e \
F E an_ ______
E
EC \ F_BC

Fig. 3.13. Energy diagram along the surface of a Schottky lateral transistor illustrating
the transport of electrons from the forward-biased emitter to the collector.
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Fig. 3.14. Device simulation of the electron current in a Schottky lateral transistor with
Veg =-1.0 V, SBH = 0.61 V, and the substrate doping N, = 110" cm,
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Fig. 3.15. Collector current measured in the lateral transistor configuration for diodes
annealed at different laser energy densities, with Wg =1 pm, Lg=20 pm, Wg=4 pm.

In Fig. 3.15 the collector current is plotted for all laser energies. The very
early bending off of the curves for the 0 and 600 mJ/cm? cases, shows that only
in these two cases do we have the very high hole base current, much higher than
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the collector electron current. In the other cases the electron current has a more
significant contribution to the total current, showing that a doping of the surface
is effectively increasing the barrier for hole injection.

3.5 Transition from p-Schottky to p-n Junction
Characteristics

In Table 3.3 the results are summarized with respect to the type of junction
behavior determined from the two measurement techniques. The non-annealed
diode and the one annealed at 600 mJd/cm? display Schottky diode
characteristics indicating that no effective counter-doping is present. For the
diodes annealed at 1000-1200 mJ/cm?, a complete counter-doping of the surface
has been achieved, while the intermediate energies from 700-900 mJ/cm? have
only resulted in a very shallow counter-doping. This only becomes an effective
source of electron injection at large forward biasing below which these diodes
behave as fully-depleted m-n-p junctions. This anomalous behavior is seen in
the I-V characteristics shown in Fig. 3.16 for a diode annealed at 900 mJ/cm?,
where also a comparison is made to diodes either non-annealed or annealed at
1200 mJ/cm?. From the forward biasing characteristics the SBH is estimated to
be 0.82 V and 0.61 V for the 900 mJ/cm? and non-annealed cases, respectively.
As described in [7], the modulation of the SBH by doping can be expressed as

A¢:(q-Nd -az)/(ZSS) (3.5)

where 4@ is the change in the SBH, N, is the doping concentration of the n-
doped region, &g is the permittivity of Si and a is the doping depth. Assuming N,
to be equal to 10" cm™, then the corresponding doping depth a would be 5.1
nm. This is close to the expected width, ~ 7.5 nm, of the depletion at the metal-
Si interface at zero bias. Thus under small forward bias the n-region is fully
depleted by the metal-semiconductor depletion region and the diode shows the
electrical characteristics of a p-Schottky. However, the current is much lower
than the pure Schottky junction case without laser annealing due to the high
effective SBH. When increasing the forward-bias voltage, the current increases
exponentially with the applied voltage but at the point O in Fig. 3.16 the diode
current starts to saturate. The current level at this point is more than one decade
lower than at the points 2) where the series resistance starts to limit the diode
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current. This abnormality suggests that at point (D the depletion region width

becomes smaller than the doping depth so that the heavily doped n-region
becomes undepleted. With a further increase of the forward-bias voltage, the
diode behaves just like a p-n diode conducting a diffusion current.

Table 3.3. Type of diode behavior for diodes annealed with different laser energies

Laser energy Forward biasing . .
[mlcn?] SRV 10V Type of diode behavior
0 Schottky Schottky

600 Schottky Schottky m-p Schottky
700 Schottky p-n
800 Schottky p-n fully-depleted m-n-p
900 Schottky p-n
1000 p-n p-n
1100 p-n p-n omhic-contacted m-n-p
1200 p-n p-n

10°* . : .

4 |~~~ notannealed -
1077 ——900 mJ/icm® il

—_
<
-1
1

Diode Current (A)
s 3

------ 1200 mJicm®

0.5l . 0 I—0.5Y o '-1.0
Applied Voltage (V)

Fig. 3.16. Measured 1-V characteristics for a diode annealed at 900 mJ/cm? and the
comparison to diodes that are either non-annealed or annealed at 1200 mJ/cm?. The
diode area is 201 pm?.
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3.6  Test structure Layout Considerations

The sensitivity of both the parallel-diode and the lateral-transistor
measurement methods is increased by minimizing the distance between the
emitter and collector as well as by minimizing the parasitic currents that do not
contribute to the interaction between the emitter and collector, i.e., the area of
the diodes should be minimized. As already touched upon in Section 3.4.2, for
the parallel-diode configuration the measurements will only be effective if the
level of non-ideal leakage currents does not dominate over the ideal currents
spreading into the substrate. For this reason it can also be advantageous to work
with minimum dimension diodes. These design guidelines are the same as those
for optimizing the current gain of lateral pnp transistors, for which the most
optimal and compact structure is known to be a minimum dimension (circular)
emitter surrounded by a single minimum-dimension ring-shaped collector
placed as close as possible to the emitter. For such a configuration the collector
would be able to collect as much as possible of the laterally diffusing minority
carriers, which will make the structure more effective. Nevertheless, for the
lateral-transistor measurement method, punch-through of the base should be
avoided by a having sufficient integral base doping.

Here the only available test structures are the finger diode structures. With
these the influence of the layout parameters could be illustrated by the
measurements presented in Fig. 3.17 and Fig. 3.18, where the results for a m-p-
n diode annealed at 1200 mJ/cm? are compared to those of a non-annealed m-p
Schottky diode. In Fig. 3.17 the diode length L is varied from 1 to 40 pm of all
the three diodes while the width W is fixed at 1 pm. In Fig. 3.17a it is seen that
A/l decreases with increasing Lg, which is understandable since the perimeter
to area ratio is decreasing and the weight of the perimeter current is lowered. In
contrast, the Schottky diodes display a very small A7/I’ over the whole range as
would be expected. For the corresponding lateral-transistor collector current
shown in Fig. 3.17b, the collector current increases linearly with Lg, in
accordance with (3.2) where

A =Lg-dy, (3.6)

In Fig. 3.18 the W of the middle diode is varied from 1 to 40 pm while the
Le is fixed at 40 pm. This gives a significant decrease of the perimeter to area
ratio and accordingly for p-n junction diodes, there is a considerable decrease in
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AI/I’ that becomes less than 20% for the large 40>40 pm? diode. For the lateral-
transistor configuration the collector current of both the p-n junction diodes and
the Schottky diodes is seen to be significantly lowered by increasing We. The
increasing emitter area will entail an increase in emitter current for the same
forward biasing and thus the diode current will be attenuated by the series
resistance at a smaller forward biasing voltage. Therefore, the actual voltage
over the emitter-base diode is lowered as in (3.4) and the injected minority
carrier concentration is lowered as in (3.3). This leads to a lower collector
current as seen in Fig. 3.18b, showing that it is preferable to use a minimum
value for We.
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Fig. 3.17. (a) The current discrepancy measured in a parallel-diode configuration with a
forward bias of 0.3 V and (b) the collector current in the lateral-transistor configuration
for both an npn created by annealing at 1200 mJ/cm? and a Schottky lateral transistor
(no laser anneal) for an Lg from 1 to 40 pm with a fixed Wg = 1 pm.
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Fig. 3.18. (a) The current discrepancy measured in a parallel-diode configuration with a
forward bias of 0.3 V and (b) the collector current in the lateral-transistor configuration
for both an npn created by annealing at 1200 mJ/cm? and a Schottky lateral transistor
(no laser anneal) for a Wg from 1 to 40 pm with a fixed Lg = 40 pm.
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3.7 Test St