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ABSTRACT

Systematic Control of Schottky Barrier Height by Partisan Interlayer

by

Yang Li

Adpvisor: Professor Raymond T. Tung

The relationship between the starting surface structure and the Schottky barrier height
(SBH) in metal-silicon systems has been investigated to explore the possibility of modifying the
interface dipole through the insertion of an inorganic interface layer. A systematic and
comprehensible way to perform this modification has been introduced as a “partisan interlayer”
method and was extensively studied for a variety of interlayer elements, along with several
choices for the metal. Employing elements with a larger electronegativity than that of silicon, a
monolayer of As, S, or Cl was deposited on Si surfaces and processed to form stable surface
structures. The electron affinities of these surfaces were measured by Kelvin probe and found to
increase significantly from the clean surface, consistent with the expected charge transfer from Si
to the adsorbates and also in agreement with results of ab initio density functional theory
calculations. Subsequent deposition of metal on these adsorbate terminated semiconductor (ATS)
surfaces led to the fabrication of metastable interface structures with the SBH successfully and
significantly modified in a predictable manner from the clean Si results. The chemical stability of
these surfaces that weakens the interaction with the deposited metal, likely leads to the
preservation of electric dipole from such partisan interlayers. The partisan interlayer method was

found to work particularly well with As-terminated Si(111) surface, on which a interface

v



behavior parameter exceeding 0.50 was found. This exceeded the S-parameter usually observed
for covalent semiconductors such as Si, ~ 0.1, and highlighted a major reason for the
adjustability of the SBH by the PI method. The SBH of all interfaces studied in this work was
inhomogeneous. Making use of the theory of electronic transport through inhomogeneous SBH
and temperature-dependent measurements, the extent of the SBH nonuniformity was routinely
characterized from the Schottky diodes. The largest adjustment in the SBH was observed for Au
on S-terminated Si(100), where the n-type junction became nearly perfectly ohmic. It was
demonstrated, for the first time, that quantitative information on the distribution of the SBH and
the lateral size of conduction patches (“hot spots™) could still be obtained from ohmic junctions.
The physical basis for these analyses and the special experimental conditions which enabled
these analyses were carefully explained. The implications of these results for SBH control of MS

systems in general and the understanding of the formation of SBH in general are also discussed.
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CHAPTER 1. Introduction

As modern electronic and optoelectronic devices often integrate/assemble dissimilar
materials with different functionalities together on a nanometer scale, the control of the electrical
integrity of the conglomerate becomes a formidable issue and is of paramount importance to the
overall performance of the devices. Carrier transport in these structures is affected by the band
alignment condition at many of the interfaces either directly in line of, or peripheral to, the
conduction paths. The ability to control the band offset at solid interfaces, which is obviously a
desirable and even necessary skill to master for these applications, however remains a capability
we presently do not own. At metal-semiconductor (MS) interfaces, which constitute one of the
most important classes of technological interface, the control of the band-offset, which is also
known as the Schottky barrier height (SBH) at MS interfaces, has been difficult due to the well-
known Fermi-level (FL) pinning phenomenon. Presently, the formation mechanism of the SBH
still remains a subject of much debate [1, 2]. In the literature, there have been sporadic
demonstrations that the magnitude of SBH can be moderately adjusted by altering the atomic
structure of the MS interface, applicability of such a strategy is limited to very few (epitaxial)
MS systems [3, 4]. Mechanisms by which empirical methods, such as varying the deposition
temperature [5], the insertion of an interfacial insulator layer [6, 7], or the surface treatment by
chacolgen [8], were able to change the SBH are not well understood, making these methods less
reliable. In order to be able to systematically tune the SBH, its formation mechanism needs to be

thoroughly understood [2, 9, 10].



1.1 Schottky Barrier Height

The Schottky barrier height, as one of the most interesting properties of the metal-
semiconductor systems, governs the electronic transport across the MS interfaces, and therefore,
is of vital importance to the successful operation of virtually all the semiconductor devices.
When a metal and a semiconductor are brought into intimate contact, thermal equilibrium is
established, as shown in Fig. 1. The SBH measures the energy difference between metal Fermi
level and the majority band edge of the semiconductor. The first order theory of the barrier
height was the original Schottky-Mott model [11, 12], based on the assumption of the charge
distribution on the free surfaces of the isolated metal and semiconductor crystals being frozen
during the formation of the MS interface. Within the non-interactive Schottky-Mott theory
(SMT), the spatial gap between the metal and the semiconductor is envisioned to be reduced to
zero, while the relative position of the bands of the semiconductor and the metal is assumed to

remain unchanged. The resultant n-type SBH is given as:

Dy, =y~ Xs (1

where (DOB,W is the SBH to an n-type semiconductor, ¢,, is the work function (WF) of the metal,

and y, is the electron affinity (EA) of the semiconductor. Because of its sound basis in the
superposition principle of the electric potential, the SMT is valid whenever the rearrangement of
charge during the formation of the MS interface can be ignored [9, 10]. The SMT predicts a

strong dependence of the SBH on the metal work function:

oD’
=— 2" =1, ()

S = =
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where S, i1s known as the interface behavior parameter, or the S-parameter, of the

semiconductor. Experimentally however, the SBH has been observed to be insensitive to the
magnitude of the metal work function., and the S-parameter is usually found to be much smaller
than unity [13]. A term, “Fermi-level (FL) pinning” [14], has been used to denote the

insensitivity of the experimental SBH to the metal work function.

The failure of the non-interacting, Schottky-Mott model to account for experimentally
observed SBH is well understood to arise from its neglect of metal-semiconductor interaction
and the resultant, additional, interface dipole. Traditionally, the additional dipole has been
modeled rigidly as the result of charge exchange between the metal and the surface/interface
states residing on the semiconductor, over a fixed distance assumed to be the interface distance.
In a simplified view adopted by many models, the surface/interface states are further assumed to

be entirely a property of the semiconductor, leading to semi-quantitative explanation of

> O

CBM/
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Figure 1. First order Schottky-Mott model of metal-semiconductor contacts.



experimentally observed FL pinning behavior [15-21]. However, the common assumption of the
independence of the interface states on the metal, which underpins many “interface state
models”, does not agree with experimental results and has also been repeatedly dismissed by ab
initio calculations. An alternative view on the formation of the interface dipole, cast without
specific reference to interface states, focused on chemical bond formation at MS interfaces and
showed that the expected bond polarization alone could account for the experimentally observed
interface dipoles [9, 10, 22, 23]. Within the latter point of view, the interface dipole depends on,
and therefore can be controlled by, the atomic structure of the interface. Also within the same
vein, FL pinning can be attributed to interface equilibration, i.e. the formation of polarized

interface bonds.

1.2 Interface Dipole

This lack of a strong metal dependence shows that the charge rearrangement at a typical

MS interface is usually non-negligible and gives rise to an additional dipole eA ¢ [9, 10], which

modifies Eq. (1) to a more general form

q)%,n =@y —Xstels. (3)

The existence of the non-negligible interface dipole causes the SBH to be weakly dependent or
even independent on the metal work function, such that the SBHs for a semiconductor tend to
converge in a narrow range [13]. The origin of the MS interface dipole is the focus of various
theories, which as discussed above fall into two groups: one relying on the transfer of charge
between metal and surface states of the semiconductor and the other focusing on the polarized

bonds at the interfaces. It should be pointed out that the former mechanism is not sensitive to the



interface atomic structure and would predict little room for SBH tuning through structural
manipulation, while the latter mechanism is very sensitively dependent on the interface bonds
and could accommodate significant swings in the SBH with structural adjustments. Simply from
the mounting experimental evidence for significant variations in the observed SBH under various
fabrication conditions [3, 4] and the discoveries of large scale SBH inhomogeneity at most non-

epitaxial MS interfaces, it seems clear that the formation of the interface dipole has strong

CBM
(b) y
FL n-type SBH
-
(a) - CBM p-type SBH
\4
n-type SBH VBM
FL y Metal Semiconductor
B 1\-p--type SBH
4 CBM
VBM A
1 C
Metal Semiconductor (c) n-type SBH
FL__ 11 v
p-type SBH
VBM

Metal Semiconductor

Figure 2. Schematic of interface dipole.

Comparing to (a) non-interactive direct contact, the presence of (b) a negative interface
dipole, and (c) a positive interface dipole, results in (b) decreased n-type (increased p-type)
SBH, and (c) increased n-type (decreased p-type) SBH. A negative dipole here is defined as

one that is negative to the metal surface and positive to the semiconductor bulk.



structural dependency. Instead of being a property of only the semiconductor, the interface

dipole has much to do with both parties and how they interact.

The polarity and the amount of charge transfer associated with a chemical bond usually
follow the direction of electronegativity differential of the atoms in the bond. At a MS interface,
the polarity of the interface dipole is thus expected to depend on the electronegativities of the
metal and the semiconductor. As the ability to attract electrons, the electronegativity can be used
to estimate the charge exchange across the MS interface. A simple model of interface electrical
dipole can be illustrated as Fig. 2. In this document, the polarity of a dipole is defined as follows:
a negative dipole is one which is negative away from the semiconductor and positive toward the
semiconductor bulk. As shown in Fig. 2, the formation of a negative dipole at the MS interface
will lower the energy band positions on the semiconductor side comparing to the metal side,
which results in a decreased n-type (increased p-type) SBH with respected to the non-interactive

model. Meanwhile, a positive dipole will have the opposite effect on the resulting SBH.

For a given pair of metal and semiconductor material, the interface dipole formation is
largely a result of the minimization of interface energy. Within equilibrium thermodynamics, the
ability to manipulate the interface structure and, in turns, the magnitude of the dipole is rather
limited. An exception here is to artificially insert a layer of foreign materials, with the hope of
leading to some metastable structure and a net overall dipole across the interface that is

significantly modified from the original dipole.



1.3 Main Idea behind This Thesis

The presence of strong interaction at common MS interfaces, i.e. FL pinning is a major
reason that SBH tuning is such a difficult task for covalent semiconductors. As bond polarization
is likely the origin for dipole at the MS interfaces, the adjustment of SBH is difficult as the
formation of chemical bonds is usually governed by thermodynamics. A possible strategy to
circumvent the usual chemistry responsible for FL pinning, may be the artificial creation of
designed interface structure under conditions far from equilibrium. The metastable structure thus
created could then provide electrical properties unavailable from equilibrium structures. It is with
the notion that the chemical stability of part of the interface structure may help the preservation

of these partial structures at the full metastable interface that this project was launched.

A large body of research on SBH adjustment by insertion of dipolar organic molecules
already exists in the literature [24-32]. While some remarkable results have been obtained in
prior studies, the preparation of these molecules and surfaces required special techniques and
environment that may be difficult to implement in semiconductor laboratories. In addition,
organic molecules are known to suffer from low thermal stability, and coverage nonuniformity.
Simply from the perspective of inducing a large dipole moment and possessing chemical and
thermal stability, it seems that non-organic layers may be preferable. It is noted that several
adsorbate-terminated semiconductor surfaces are highly stable chemically, and possess
significant dipole moments. Surprisingly, the formation of Schottky barriers on these surfaces
has never been systematically studied. The use of non-organic interlayer for SBH adjustment is
the main idea behind this thesis work. In particular, several chemical stable ATS surfaces will be
fabricated, and explored for SBH adjustment. The main theme of this project is the study of the

effect of interfacial atomic layer on the SBH of this interface.
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CHAPTER 2. Background

2.1 Partisan Interlayer

In a nutshell, an interfacial atomic layer (interlayer) at an MS interface is a single,
atomically-sharp, layer of “foreign” atoms inserted between the semiconductor and the metal.

From the perspective of modifying the overall interface dipole, the most relevant property of an

(a) -S-S-S-S- S-M-M—M-M-M-
(b) -S-S-S-S- S-I-M-M-M—M-

+ -

(€) -S-S-5-S-S-I..M-M-M-M-

Figure 3. Schematic representations of atomic layers making up metal (M) — interlayer (I) —

semiconductor (S) interfaces and the formation of interface dipole.

Interfaces formed as: (a) intimate MS interface; (b) interlayer bonded to both sides; (c)
interlayer preferentially bonded to the semiconductor. Horizontal bars indicate bonding
between atomic layer. The electronegativites are assumed to be in the order [ > M > S. The
numbers of signs are meant to roughly indicate the net charge associated with each atomic
layer. Note that the interlayer in (b) attracts more electrons from S than M, giving rise to an
overall dipole with the same sign as (a). Whether the magnitude of this dipole is larger or
smaller than that in (a) depends on details of the chemical bonds. A similar ambiguity exists if
the interlayer has a very low electronegativity or one that’s intermediate between the metal

and the semiconductor.



interlayer is the electronegativity of its atomic species. Without specific reference to the valence
number, crystal structure, or the bond lengths in the interface region, how the overall interface
dipole should vary with the electronegativity of the interlayer is not readily predictable from
simple chemistry (see Fig. 3(b)). An implicit requirement for applying the concept of
electronegativity to a system is thermal equilibrium, i.e. all atoms under discussion belong to the
same molecule. As mentioned above, a possible strategy to escape equilibrium chemistry is to
create metastable structures. When breakage in chemical bonds results in neutral “sub-systems”
un-bonded to each other, the total dipole of the entire system becomes dominated by charge-
transfers within “sub-systems”. As an example, Fig. 3(c) depicts a “partisan interlayer” that is
bonded only to the semiconductor, leaving the interlayer-metal (I-M) interface un-bonded or
only weakly bonded. The lack of strong bonds between the interlayer and the metal (IM)
translates to the absence of a large dipole across that interface, i.e. the “pinning” at that interface
is weak. As a result, the overall dipole at the (S-1--M) interface is largely dominated by that of
interlayer-semiconductor interface (IS) which may be large and adjustable through the choice of
the interlayer. The “non-interacting” junction between an I-terminated semiconductor and a
metal, depicted in Fig. 3(c), is exactly the type of interface the Schottky-Mott theory is well
suited to describe. However, since the “partner” of the metal is the adsorbate-terminated

semiconductor (ATS), it is the electron affinity of the latter, y,,., that should enter into Eq. (2).

It is known that surface termination could affect the electronic affinity of a polar
semiconductor, e.g. As- or Ga-terminated GaAs have different electron affinities on polar
surfaces (larger for As-terminated surfaces than Ga-terminated surfaces). Additional adsorbates
on top of polar or non-polar semiconductors are also expected to change the semiconductor
electron affinity, as a result of the charge transfer between the adsorbate and the semiconductor.

9



Simply from general principles, one expects adsorbates that are more (less) electronegative than
the semiconductor to increase (decrease) the electron affinity of the semiconductor. Since some
ATSs are widely reported to be chemically stable, there is some expectation that interaction
between these ATSs and the deposited metal could be absent or weak, under which condition,

the Schottky-Mott relationship should approximately hold

CDg,TnS =y = Xars T€Dy_urs = Py = Xars - 4)

In (4), ®4” is the n-type SBH of an MS interface fabricated by deposition of metal on a pre-

B,n
fabricated ATS surface, y,;¢ is the electron affinity of the ATS, which may be quite different
from that for the bare semiconductor, and eA,, ;. is the dipole due to charge rearrangement at

the metal-ATS interface, which is expected to be small. The investigation of this hypothesis is
the main focus of the present “partisan interlayer (PI)” method. Under idealized conditions
assumed in the PI approach, Eq. (4) holds and the SBH can be tuned through: (a) a selection of
the metal work function on a fixed ATS; (b) a choice in the ATS without changing the metal; and

(c) a combination of both.

In addition to its technological goal of practically controlling the SBH, the PI method
also serves a scientific purpose: to test the Schottky-Mott model under non-interactive condition.
Experimental results from PI investigations could ultimately improve or modify our

understanding on the SBH formation mechanism.
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2.2 Adsorbate-Terminated Surfaces

The success of the partisan interlayer method depends on the avoidance of any significant
metal-ATS interaction. Therefore, the practice of the PI should prefer an adsorbate that is at least
capable of terminating the substrate into stable closed-shell surface electronic properties. The
chemical stability of this surface structure is then relied upon to withstand interaction with
metals. The adsorbate-terminated surface is the first step to the creation of a metastable interface

structure with designable SBH.

To form a partisan interlayer, a precise amount of adsorbate is first deposited and
processed to form an ATS surface, the structure of which is stable enough that it may withstand
the subsequent deposition of metal. In terms of its ability to induce a large change in the overall
interface dipole, the most critical property of the interface layer atomic species is its
electronegativity, i.e. its ability to extract electron from (or donate electron to) either or both
sides of the interface. Elements with larger electronegativities than that of the semiconductor,
extracting electron from the semiconductor and forming a negative dipole (negative to the ATS
surface and positive to the semiconductor bulk), result in an increased electron affinity for the
ATS and consequently a decreased n-type, and an increased p-type SBH. On the other hand,
elements with smaller electronegativities play the opposite way, by forming a positive dipole
(positive surface, negative bulk), and an increased n-type (a decreased p-type) SBH is expected.
The ability that a partisan interlayer of a selected element changes the charge distribution also
depends on the total density of the atoms at the interlayer. In that respect, ATS surfaces that may
be reproducibly formed and self-organized are preferred. The actual coverage of the adsorbate
atoms on stable ATS surfaces may be self-regulated during preparation. From the literature, and

consistent with the concept of “valence mending” [33], there are adsorbate-semiconductor

11



systems that are known to have chemically stable, closed-shell, electronic configurations. In this
work, we choose as our main substrate the simplest and the most studied of all semiconductors,
silicon, where a variety of adsorbate-covered surfaces have been well documented. In particular,
the As-terminated Si(111)1x1-As [34-40], the S-terminated Si(100)1x1-S [33, 41], and the ClI-
terminated Si(111)1x1-Cl [42-45], are outstanding candidates for the primary demonstration of
the partisan interlayer method. The sketches of their structures are shown in Fig. 4. As (Group
V), S (Group VI), and CI (Group VII) also fill the columns that are to the right of Si on the
periodic table. Because the Pauling’s electronegativities of As (2.18), S (2.58) and CI (3.16) are

larger than that of Si (1.90), the expected transfer of electron from Si to the topmost As, S, or Cl

Figure 4. Atomic structures of

adorbate-teminated silicon surfaces.

(a) Si(111)Ix1-As; (b) Si(100)1x1-S;

O s @ A and (c) Si(111)1x1-Cl.
i S

(@) Si(111) 1x1-As

O si @ a

(b) Si(100) 1x1-S (c) Si(111) 1x1-Cl
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layer should lead to an increase in the electron affinity of the adsorbate-covered substrates,
compared to that of the clean Si(111) or Si(100) surfaces. Through the use of these ATS
surfaces, demonstrated in this work, the SBHs on n-type Si are expected to be lower than that on

clean Si, and p-type SBHs are expected to be higher than clean Si.

As shown in Eq. (4), a quantity of great interest from the perspective of SBH formation is
the electron affinity of the semiconductor. For the ATS surfaces selected in our study, the
electron affinity is largely unknown. Although the increased electron affinity of these ATS
surfaces can be easily predicted from above reasoning, the magnitude of the change has not been
estimated. In parallel to the experiments I am about to describe, theoretical electronic structure
calculations were carried out in our laboratory. As the theoretical results are relevant for the
present work, some description of these unpublished theoretical results is here briefly

summarized.

These calculations used the adsorbate-covered Si surfaces in a symmetric slab
configuration, within a three-dimensional periodic supercell [46]. All calculations were
performed with at least 7 atomic layers of silicon for the (100) slabs and at least 8 atomic layers
(4 bi-layers) of silicon for the (111) slabs. Adsorbates are introduced to both faces of the slab and
vacuum with a minimum width equivalent to 15 atomic layers is used to separate the periodic
slabs in the supercell geometry. The two outermost atomic layers on each surface are allowed to
undergo relaxation in their vertical coordinate (z), through energy minimization. The Kohn-
Sham equations of the density function theory (DFT) were solved using the plane-wave approach
as implemented in the Vienna ab initio simulation package (VASP) [47, 48]. The local density
approximation (LDA) was employed for the exchange-correlation functionals. Different surface

terminations lead to very different distribution of charge near the surfaces, resulting in slight
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Table I. Ab initio DFT calculations in the slab geometry.

o Average Interior Electron Affinity
Slab Surface Termination Potential Energy (eV) | Shift (eV)
Si(111)1x1-H -10.60 -0.21
. Si(111)7x7 -10.81 --
Si(l1) Si(111)1x1-As -11.21 +0.40
Si(111)1x1-Cl -11.63 +0.82
. Si(100)2x1 -11.23 --
Si(100) 155700y 1x1-5 11.68 +0.45

shifts in the electrostatic potential inside the slab. Compared with the bare Si slab, the
electrostatic potential energies for the adsorbate-covered surfaces are rigidly shifted, although the
oscillatory nature of the Si bulk crystal has remained largely unchanged. These rigid shifts are
the item of main interest in these calculations, as they represent the net effect of charge transfer

during surface dipole formation, summarized in Table 1.

The measurement of the change in electron affinity is not readily achievable under our
experimental capabilities. However, systematic trend in electron affinity can be approximately
revealed through a study of the work function variation with the respective surfaces. Ideally, if
the surface Fermi-level is not pinned, the work function of a heavily-doped n-type substrate
should be close to the electron affinity of the surface, and the work function of a heavily-doped
p-type substrate should be close to the ionization potential of the surface. However, as
experiments showed, the Fermi-level of clean Si is usually pinned, e.g. at ~0.63 eV above the
valence band maximum for Si(111)7%7 [49]. In the absence of exact knowledge of the FL
position of the ATS surfaces, experimental determination of the electron affinity has to rely on
indirect deductions. To get a better appreciation for the change of the surface electronic

properties into adsorbate, work function experiments were conducted for both n- and p-type
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substrates. The change in the electron affinity is then experimentally estimated as the average
change of n- and p-type work function. The non-destructive Kelvin Probe (KP) technique
measures the contact potential difference (CPD) between the probe tip (with known material and

work function) and the sample surface, which is the ideal tool for the present study.

2.3 Metal

From the perspective of involving a wide range of metal work functions, In (4.12 eV), Ag
(4.26 €V), and Au (5.1 eV) [50] are chosen to form the SBH on the ATS’s mentioned above. The
absence of silicide phases in their binary phase diagrams with Si and the ease with which these
metals can be evaporated in vacuum make these three metals ideal candidates for our

investigation.

Additionally, Ag has been well recognized as one of the very few metals that form non-

interactive junctions with Si, likely because of the closeness of its electronegativity (1.93) to that

of Si (1.90). Such similarity implies that the eA, term in Eq. (3) should be small for the

intimate Ag-Si junction. Only under such a condition can the change in the SBH induced by the
interlayer, i.e. the difference between Eqs. (1) and (4), be directly compared with the change in

the electron affinity of the semiconductor.
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CHAPTER 3. Experiment

Both n- and p-type, (111)- and (100)-oriented Si substrates, with doping concentration
~10" em™, were used in this study. The (111) substrates were pre-fabricated by heavily doping
the back side, while the (100) substrates were 5~10 um lightly-doped suface epitaxial layers on
heavily-doped wafers, such that the ohmic contacts could be made directly on these heavily
doped back sides and were found to be of equally high quality as those made by additional metal
evaporation. The wafers are cut into rectangular shapes of 1.5x2.5 cm® in dimension for the

purpose of sample transferring and mounting.

manipulation
system

surface preparation/
analysis station

oA
b

sample transfer sample fabrication i
2 mechanism station

Figure 5. A picture of the dual-station ultra-high vacuum chamber constructed for the present

experimental work.
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3.1 UHYV Chamber

The best possible condition under which this experimental work can be carried out is a
clean environment with seamless transfer mechanism. A dual-station ultra-high vacuum (UHV)
system, shown in Fig. 5, with base pressure in the 107" torr range, was designed such that the
preparation of adsorbate-terminated silicon surfaces and the in-situ fabrication of Schottky
diodes were performed without breaking the vacuum. In addition, this chamber was equipped
with Auger Electron Spectroscopy (AES), Low-Energy Electron Diffraction (LEED), and Kelvin
Probe (KP) for surface analysis. An ion pump was employed as the primary pumping power to
provide the silence environment, which is crucial to the successful KP measurement. A Residual

Gas Analyzer (RGA) was also installed to indirectly monitor the evaporation rate of the

RGA

LEED
AES
Kelvin Probe

Knudsen Cell

Ion Pump . @ }’
As,MoS j
: Shadow Mask
v

Figure 6. Structural view of main components installed in the UHV system.
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adsorbate source while the surface modification went on. As for the metallization source, a
Knudsen Cell provided best control over temperature in order to obtain calibrated evaporation
rate and constant deposition thickness. The main components and the structure of the chamber

are sketched in Fig. 6.

In addition to these vacuum equipments and surface characterization tools that can be
purchased and are commonly found on many UHV systems, the UHV chamber employed for the
present work has many home-designed and locally machined features and functions especially
tailored to our experimental needs. Some of the modifications/additions that I have been

personally responsible for or deeply involved with are individually discussed below.

3.1.1 Shadow Mask Mounting

To make Schottky diodes with precise areas, a shadow mask is usually employed.
Traditionally, the sample has to be mounted to a sample holder under the shadow mask before
being transferred into the vacuum chamber, which could not be adopted in the present
experiments since the surface modification had to take place before fabrication of the diodes. If

the mask remains in the chamber, the sample has to be aligned extremely well to make the

— = | «— mask holder

(a) before contact \
shadow mask

' L T sample

- <
~

(b) after contact

Figure 7. Shadow mask mounting mechanism.
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intimate contact everywhere, or the diodes would have fuzzy edges that cause leakage currents.

From this concern came the following mask contact idea.

In this work, the shadow mask was crafted with copper-stainless steel to a thickness of ~5
mil, which provided the spring-like flexibility with which to mount the mask on a holder in the
way shown in Fig. 7(a). When the sample comes in contact, as shown in Fig. 7(b), the mask
presses the sample tight enough so that a sharp edge of the diode is guaranteed. The flexibility of

the mask material also allows it to rebound for reuse.

In addition, the mask holder was installed on an XYZ manipulator which allowed
adjustment of position to meet the sample, and even removal of the entire mask for making large

area back ohmic contact.

3.1.2 Isolated Fabrication Vessel

In the UHV chamber for the present work, the sample was transferred from the surface

O-rings \

chamber wall

sample holder

Figure 8. Isolation settings for the fabrication station.
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modification station to the fabrication station without breaking the vacuum. However, the
metallization process inevitably evaporates contaminants which could contaminate the surface
analysis components (LEED, AES). Therefore, it was necessary to isolate the fabrication vessel
during the process. Fig. 8 shows how this was done without complicated valves. The metal
deposition took place in a lower chamber and an additional housing outside the sample holder
provided the sealing ability with the help of two Viton O-rings. The entire sample holder was
installed on an XYZ manipulator for adjustments, where the vertical motion pressed the O-rings

to make the seal.

3.1.3 Sample Transfer Mechanism

Another critical part was the connection, between the UHV chamber and outside, and
between the modification and fabrication stations. A steady transfer of sample was so important

to the efficiency. Dropping a sample on the way was simply depressing because a lot of time and

@
transfer rod
from load lock —h—d_l
\ sample

| = a

inter-station linear

motion within UHV
(a) top view of the sample (b) side view of the sample
transfer components pick-up process

Figure 9. Sample transfer and pick-up mechanism.
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work had been invested before the run, not even mentioning that a sample could fall into some
components and cause malfunction of the system. A magnetic transfer rod was tested unreliable
for this job due to its shaky nature. As shown in Fig. 9, a sample-holding platform was installed
on a long-travel inter-station linear shift with UHV-grade bellows. The sample came in from the
load lock in an envelope-like holder on a magnetic transfer rod. The stability of the transfer rod
was not an issue since the sample was positioned vertically before being flipped horizontally for
pick-up, as Fig. 9(a) shows. The actual pick-up process took place in a way shown in Fig. 9(b).
This was a simple design which had not only the stability, but also the ability to deliver the
sample precisely to anywhere along the axis. An additional feature of this mechanism was that
the sample could be flipped upside-down, for the purpose of back side metal deposition when
needed, by simply practicing the procedure in Fig. 9(b) reversely to move the sample back into

the “envelope” and picking it up on the other side.

3.1.4 Glass Reactor

mixture gas

C12+N2 |:>

=
O
N

DI water

e/ <—— sample

Figure 10. Glass reaction system for the gaseous-phase Cl-termination process.
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The Cl-termination process was done ex situ in a glass reactor, shown in Fig. 10, for the
purpose of protecting the stainless steel chamber from corrosive chlorine gas. The mixture gas
was delivered directly to the Si surface while the water bubble monitored the gas flow which was
kept at approximately a certain rate. The main body of the reactor was merged in an oil bath for

heating purpose.

3.2 Experimental Procedures

All samples received standard RCA cleans to form protective Shiraki oxide[51] on Si

substrates, before further surface treatments. The detailed cleaning process is as follows:

(1) wash in Acetone with agitation (ultrasonic) to remove photoresist, if any;

(2) brush with Triton;

3) rinse in overflowing de-ionized (DI) water for 10 minutes;

(4) rinse in Methanol for 5 minutes with agitation;

(%) boil in Trichloroethylene (TCE) for degreasing;

(6) repeat (4) then (3);

(7) dip in HF to remove native oxide, then rinse in DI water;

(8) boil in a solution of NH4OH:H,0,:H,0 (1:1:3) at 90 °C (bring mixture of NH4OH
and H,O to the temperature first and add H,O, just prior to use) for 10 minutes to form thin
surface oxide, followed by (3);

9) dip in diluted HF (2.5%) for 15 seconds to remove the oxide, followed by (3);

(10)  boil in a solution of HCl:H,0,:H,O (1:1:3) at 90 °C (bring mixture of HCI and
H,O to the temperature first and add H,O, just prior to use) for 10 minutes to form thin surface
oxide, followed by (3) and (9);
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(11)  boil in a solution of HCl:H,0,:H,O (3:1:1) at 90 °C (bring mixture of HCI and
H,O0 to the temperature first and add H,O; just prior to use) for 10 minutes to form Shiraki oxide;

(12)  rinse and keep in DI water for future use; blow dry with Nitrogen before use.
After the above cleansing, the samples were used to prepare the following surfaces:

(a) Clean Si(111)7x7 structure was obtained by heating at 900 °C for 10~30 seconds
in UHV to remove the protective oxide [51];

(b) The Si(111)1x1-As structure was formed by holding the clean 7x7 surface from
600 °C down to 350 °C in a stream of arsenic for 5 minutes [34];

(©) The Si(111)1x1-H surface was obtained by removing the oxide ex-situ with
buffered HF (NH4F:HF~7:1, pH~5) for 15 seconds [52];

(d) The Si(111) 1x1-Cl structure was obtained by exposing H-terminated surface to
CIL/N; mixture gas (0.4% Cl, + 99.6% N,) at 150 °C in the glass reactor shown in Fig. 10, for 15
minutes [42];

(e) Clean Si(100)2x1 structure was obtained by flashing off the protective oxide in
UHYV, similar to (a);

63} The Si(100)1x1-S surface was formed by holding the clean Si(100)2%1 surface at
room temperature for 20 min in a stream of sulfur molecules [41], generated from a thermally-

heated MoS; source, followed by heating up to 350 °C for 2 min to remove excessive sulfur.

After chemical preparation ex situ, Cl- and H-terminated substrates were quickly loaded

into UHV chamber and were degassed at 350 °C for 5 minutes before surface analysis.

On a typical run, a sample was first placed in the load lock, specifically, in the envelope-

like sample holder (in Fig. 9) on the magnetic transfer rod. After reaching lower 10 torr, the
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load lock was open to the UHV and the sample was picked up by the steady transfer rod (also in
Fig. 9) and mounted to the surface preparation/modification station. Before surface analysis Cl-
and H-terminated substrates were degassed at 350 °C for 5 minutes, while S- and As-terminated
surfaces were obtained right in the modification station. After the desired surface structure was
confirmed by LEED and AES, the sample was then released from the modification station back
to the steady transfer rod and delivered to the sample holder at the fabrication station. The
sample was hung loose, facing downward, when the sample holder was moving down to the
lower metallization chamber until the seal was made (see Fig. 8) to isolate the lower chamber.
The shadow mask then pressed the sample tightly (see Fig. 7) against the ceiling of the sample
holder. It was optional to have the sample holder at room temperature or keep it cooled with
liquid Nitrogen for low-temperature-substrate deposition. Circular diodes of In, Ag or Au, with
diameters of 0.05 mm to 2.0 mm and film thickness of approximately 250 nm, were fabricated
on Si with different surface structures, by thermal evaporation from the Knudsen cell and
through the shadow mask. The sample was then released from the shadow mask and removed
from the lower chamber. If a back ohmic contact was needed, the sample could be flipped
through the cooperation of both transfer rods again and sent back to the lower chamber for the
metal deposition, with shadow mask removed completely out of the way; otherwise, the sample

would be retrieved through transfer rods and load lock, and ready to test.

Electrical characteristics of diodes were studied in a cryogenic four-probe station (base
pressure <107 torr) which was capable of maintaining the sample at from 77K to 400K, and by
Agilent B1500A Semiconductor Device Analyzer which was capable of running programmable
current-voltage (I-V) and capacitance-voltage (C-V) characteristic continuously without having

to switch cables.
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3.3 Surface Characterization

All six types of surfaces prepared above were of excellent quality, indicated from the
robust and clear LEED patterns in Fig. 11, with respect to the same numbering above. AES
analysis revealed detectable but negligible amount of common carbon and oxygen contaminants
on these surfaces except those clean ones. AES analysis also showed that the amounts of S- and
Cl-coverage were typically 1.0 monolayer, consistent with their predicted surface structures. As-

coverage was instead determined by Rutherford Backscattering Spectrometry (RBS) with a 2

(a) clean Si(111)-7x7 i e) clean Si(100)-2x1
(38 eV) - 53 eV)

(b) Si(111)-1x1-As d) Si(111)-1x1-H
(42 V) 50 eV)

Figure 11. Representative LEED patterns.

(a) clean Si(111)-7x7 at 38 eV, (b) Si(111)-1x1-As at 42 eV, (c¢) Si(111)-1x1-H at 50 eV, (d)

Si(111)-1x1-Cl at 55 eV, (e) clean Si(100)-2x1 at 53 eV, and (f) Si(100)-1x1-S at 53 eV.

25



MeV He beam after a thin layer of metal was deposited on top, and was also found to be 1.0

monolayer as expected.

34 Electrical Measurement

An extensive study of the temperature-dependent electrical characteristics of SB
junctions fabricated on various starting surface structures was carried out. Capacitance-voltage
measurements were conducted only at low temperatures, for the purpose of low series

resistances, and under reverse bias to reduce the influence of in-phase currents. Since the

depletion-layer capacitance per unit area, C,, has the following relationship with the applied

voltage, V :

a

2
C, esgN,,

1 2[V, ~V,~(kyT /e)]

; )

where V,; 1s the “built-in” voltage, and N, is the doping concentration. The built-in voltage can

be determined by the linear extrapolation of 1/ C?> 0V, plot to the voltage axis, and an n-type

SBH is then:
q)OB,n = el/bi +el/n +kBT > (6)

where V is the difference between the Fermi level and the conduction band minimum for a

neutral semiconductor. Moreover, the doping concentration can be determined by the slope of

the same plot:
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2 1
Np = ee, {_ o(1/c?) /v, ] 2

The current-voltage relationship of a SB junction is described by the thermionic emission

theory as

J(V,)=J; [exp(ni:/"Tj—l} (8)

where J is the current density under such applied bias, J; is the saturation current density, and

n 1s the ideality factor. By fitting the experimental I-V trace into Eq. (8), one can find the
ideality factor, and the value of the saturation current, from which the SBH values can be

calculated:

ok _(D
J . =A"T"¢ 8 9
s Xp(kBT] )]

where 4™ is the Richardson constant, and ®, is the SBH at this certain temperature. The
junction currents can be further studied with Activation Energy (AE) analysis, where the SBH’s
were deduced from the negative slope of the “Richardson plot” of the logarithm of / / T? against

1/k,T , according to Eq. (8).
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CHAPTER 4. Electron Affinity of Adsorbate-Terminated Silicon Surfaces

Heavily doped n- and p-type Si substrates were prepared by the same procedures above
without metal deposition, for work function measurement, carried out in situ with KP. To
minimize systematic errors and difficulties associated with absolute work function measurement
in UHV [53, 54], measurements were always conducted in tandem for two different surface
structures fabricated on the same substrate, with the emphasis placed on the difference between
the two measurements. Specifically, the work function of an adsorbate—terminated surface was
first measured, followed by the measurement of the clean Si obtained on the same substrate after
flashing off the adsorbate. From the Kelvin Probe measurement, the work function of the clean
Si surface was consistently measured to be independent of substrate doping. This is in agreement
with the literature that the FL is firmly pinned for the Si(111)7x7 surface [49], at ~0.63 eV above
the valence band maximum. To minimize systematic errors, WF for each ATS surface was

measured in conjunction with that of a clean surface fabricated on the same substrate. The

differences between these back-to-back measurements are listed as ¢, —@,.,, in Table II, in

lean
comparison with the theoretical results. To actually deduce the EA of a particular ATS surface
from WF data, one needs information on its surface FL position, which for these ATS surfaces is
largely unknown. The determination of the electron affinity is further hindered by an absence of
strong FL pinning, at least for the Si(111)-Cl surface, as revealed by the variation of the WF with
the substrate doping, as shown in Fig. 12. One notes that such a “weakening” of the FL pinning
is expected for the present ATS surfaces, due to the removal/reduction of surface dangling bonds

by the adsorbates. Despite these difficulties, the fact that the surface FL cannot fall outside the

band gap firmly sets a lower limit, y,, ., — %,., > 0.42 eV, for the Si(111)-Cl. If one further

makes the assumption that the charge neutrality level (CNL) of surface states for the ATS
28



Table II. Work function/electron affinity of adsorbate-terminated Si.

WF or EA (eV) Si(111)1x1-As | Si(100)1x1-S | Si(111)1x1-Cl | Si(111)1x1-H
Dirs — Putean €XPL. (1) 0.27 0.14 0.61 -0.28
G 1rs — Brown EXPL. (D) 0.33 0.12 1.05 0.12
Xars = Xctean €XPL. (0.30) (0.13) (0.83) (-0.07)
Xars = Xetean theory 0.40 0.45 0.82 -0.21

surfaces is unchanged from that of the clean Si, the increases of WF, for each ATS, on n- and p-

type substrates (Table II) may be averaged to give an estimate of the increase in EA. Included in

Table II, in parentheses, are these estimates, which, although lacking in scientific rigor, are not
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Figure 12. Kelvin Probe measurement of work function change by Cl-termination on Si(111).

Contact potential difference (CPD) is with respect to the reference electrode: ¢ =g, + CPD .
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unreasonable for the following reason. The dominant defects on the ATS surfaces are likely Si
dangling bonds, as on the clean 7x7. It thus appears plausible that the CNL of the ATS surfaces
may be placed similarly to that for the clean 7x7. Similar analyses were performed on Si(111)-

As, Si(100)-S, and Si(111)-H surfaces, based on Kelvin Probe measurements shown in Fig. 13.

Contamination could have contributed to differences in the different reports. It should be
mentioned that an increase in work function is suggestive of, although not equivalent to, a

similar increase in electron affinity, due to possible shift in the FL position in the gap.
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Figure 13. Kelvin Probe measurements of work function change by (a) As-termination on

Si(111), (b) S-termination on Si(100), and (¢) H-termination on Si(111).
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CHAPTERS. Controlled Modification of Schottky Barrier Height by Partisan

Interlayer between Ag and Si(111)

To demonstrate the significant effect and the systematic trend of tuning the SBH on the
same substrate and even without changing the metal, through the partisan interlayer approach
[55], Si(111) was selected since multiple ATS structures were available on this particular
substrate, such as As-, Cl- and H-terminated Si(111). Ag was chosen as the Schottky barrier
metal because of an absence of thermodynamic driving force to react with the two ATS surfaces.
Specifically, no binary compounds exist in the Ag-As phase diagram [56] and the Ag-Cl heat of
formation (127 kJ/mol) is much smaller than the Si-Cl bond energy (406 kJ/mol) [57].
Additionally, the similarity between the electronegativities of Ag (1.93) and Si (1.90) implies

that the eA,,; term in Eq. (3) should be small for the intimate Ag-Si junction. Only under such a

condition can the change in the SBH induced by the interlayer, i.e. the difference between Egs.
(3) and (4), be directly compared with the change in the electron affinity of the semiconductor.
The hydrogen terminated Si(111) 1x1-H surface is also studied in the present work, for
comparison. However, it is unlikely that much of the H-Si structure can survive a metal
deposition. Specifically, the surface structures of the subject in this chapter are the clean

Si(111)7x7, the Si(111)1x1-As, the Si(111)1x1-Cl, and the Si(111)1x1-H.

In comparison to clean Si(111)7%7 surface, the shift in electron affinity on the ATS
surfaces were deduced from the change in work function measured on both n- and p-type
substrates, as demonstrated in Chapter 4. While the excellent numerical agreement between the
experimental measurement and theoretical calculation, on the adjustments of the electron affinity

by terminating the Si(111) surface with As, Cl and H, in Table II may be viewed as fortuitous,
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overall it seems clear that the electron affinities of the Si(111)-As and the Si(111)-Cl surfaces are

considerably higher than that of the clean Si(111).

An extensive study of the temperature-dependent I-V characteristics of Schottky barrier
junctions fabricated on various starting surface structures was conducted. Representative I-V
curves, obtained at a single temperature are shown in Fig. 14. Strikingly, the current densities for
Schottky barriers fabricated on ATS substrates differ from that for clean Si surface by many
orders of magnitude. The SBH values as calculated from the thermionic emission theory [2] are
summarized in Table III. While the SBH on nominally H-terminated Si(111) remained close to
that on the clean 7x7, decreases in the n-type SBH of as much as ~0.40 eV for As-terminated Si
and ~0.22 eV for Cl-terminated Si were observed, compared with the 7x7. Correspondingly, the

p-type SBH increased by ~0.27 eV for Si(111)-As and ~0.37 eV for Si(111)-Cl.

Figure 14. Experimental I-V curves, obtained at 175 K, for Schottky diodes fabricated on

clean, H-, As- and Cl-terminated Si (111) surfaces: (a) n-type (b) p-type.
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It should be noted that even though I-V traces behaved linearly on the semi-logarithmic
plot for many decades, the ideality factors were found to consistently exceed unity (typically
1.05-1.15 at 300K), indicative of some degree of non-uniformity in the SBH [58]. Selected I-V
curves at various temperatures from all types of ATS surfaces formed on Si(111) substrate are
shown in Fig. 15. The ideality factors, obtained by fitting each individual curve into Eq. (8), are

included at all temperatures. Specifically, the n-Si(111)7x7-Ag and p-Si(111)1x1-As-Ag
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Figure 15. Representative I-V curves under forward bias from Schottky diodes of Ag on (a)
clean, (b) H-terminated, (¢) As-terminated and (d) Cl-terminated Si(111) surfaces, showing
ideality factors at each individual temperature.
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Schottky junctions, shown in Figs. 15(a) and 15(c), respectively, are indicative of sharply
distributed low-SBH patches at the interfaces, while n-Si(111)1x1-Ag and p-Si(111)1x1-Cl-Ag
diodes, shown in Figs. 15(b) and 15(d) respectively, are displaying a broad distribution of SBH
variation at those interfaces, according to the successful model of electron transport at MS

interface [58].

The activation energy (AE) method was used to analyze the saturation currents of the
Schottky barriers on different surfaces. Richardson plots for all types of interfaces studied in this
chapter are shown in Fig. 16, where the negative slopes of the plots at high temperatures provide
direct comparison of the nominal SBH at these interfaces and on each doping type of the
substrate. A straight fit at high temperatures is usually observed, except for some low-SBH
junctions where series resistances start to dominate the total currents when temperature raises.
However, almost every plot tends to flatten and display a tangent with a considerably lower SBH

at lower temperatures than that characteristic of the rest of the curves. These lower values could
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Figure 16. Richardson plots for the Schottky junctions of Ag on clean and various adsorbate-

terminated Si(111) substrates, (a) n-type, (b) p-type.
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be regarded as the dominant SBH at the lower temperature range, which is another indication of
SBH inhomogeneity. While generally in good agreement with SBH obtained from single-
temperature [-V measurements, activation energy analysis tended to render SBHs that were
somewhat less, as shown in Table III. As pointed out [58], such a discrepancy is also indicative
of inhomogeneity in the barrier height under study. One notes that this discrepancy is particularly

large for SB on n-type H-Si(111) and is also quite significant for SB on n-type Si(111)-Cl.

Selected C-V plots are presented in Fig. 17. As shown in Table III, C-V measurements
have reproduced the systematic trends observed by I-V and AE techniques, and have largely
corroborated the magnitudes of the SBH’s deduced from I-V measurements. For each specific
interface, the SBH measured by the C-V technique is seen to exceed that measured by I-V
measurement, frequently by an appreciable amount. The most straightforward explanation of

such a difference between I-V and C-V measurements is the presence of non-uniformity in the
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Figure 17. Experimental C-V characteristics for Schottky diodes formed on clean, H-, As- and

Cl-terminated Si (111) surfaces, (a) n-type, (b) p-type.
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Table III. SBH of Ag on adsobate-terminated Si(111).

SBH values were measured by I-V, C-V and Activation Energy (AE) techniques.

Ag SBH (eV)
7x7 1x1-H 1x1-As 1x1-Cl
o | IV 0.73+0.03 0.72+0.02 0.40+0.02 0.54+0.03
5| AE 0.70+0.03 0.48+0.03 0.35+0.03 0.43+0.03
=AY 0.86=0.06 0.80£0.03 0.46:0.02 0.64+0.04
o | IV 0.35+0.02 0.32+0.02 0.60+0.02 0.61£0.02
5| AE 0.37+0.03 0.33+0.03 0.52+0.03 0.56=0.03
& cv 0.41+0.02 0.40+0.03 0.68+0.02 0.78+0.03

SBH. The constancy in the slopes of the C-V plots verified that the doping level of the substrate

was unaffected by different surface treatments.

In addition to the proposed “partisan interlayer” mechanism, the SBH shift observed for
the ATS has an alternative explanation that needs to be addressed. Being a shallow n-type dopant
for Si, arsenic in-diffusion could lead to an apparent increase of the p-type SBH and a decrease
in the n-type SBH [59, 60]. Simple calculations (see Appendix A) show that the magnitude of the
SBH shift observed presently requires As diffusion to at least a depth of ~10 nm, whereas the
diffusion length of As in Si for the actual UHV anneal, is estimated to be ~0.01 nm. This
estimate, combined with the facts that Cl does not contribute to shallow impurity levels in Si

safely rules out surface doping as relevant for the SBH change presently observed.

Presently, the SBH is demonstrated to be dramatically modified, in the prescribed
direction, by changing the electron affinity of the starting semiconductor surface. Whenever the
interaction between the metal and the ATS can largely be avoided, its n-type SBH should be

given by Eq. (4). Plugging in the widely quoted electron affinity of clean Si (4.05 eV) and work
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function of Ag (4.73 eV), the n-type SBH is predicted to be ~0.38 eV and -0.15 eV (ohmic),
respectively, for the ideal As- and Cl- partisan interlayers. The excellent agreement for the As
interlayer, which demonstrates the validity of the partisan interlayer approach, owes its success
to the excellent chemical stability reported for the Si(111)1x1-As surface [38], and its likely
preservation at the Ag interface. On the other hand, the decrease (0.2-0.3 eV) in n-type SBH
observed for the Si(111)-Cl is much less than expected for idealized interlayers. While potential
errors in the estimation of the electron affinity may be partly to blame, the interaction between
Ag and the Cl-interlayer is more likely the main reason for this discrepancy. The ionicity of the
CI-Si bond makes it more susceptible to attacks by incidental charge, in the Ag beam or the
environs. Thus it is reasonable to expect that the original 1x1-Cl structure is only partially intact
at the interface with Ag, which would lead to a reduced amount of shift in the SBH and a
pronounced inhomogeneity in its SBH, both of which were experimentally observed. The
similarity in the SBHs measured for H-Si(111) and clean 7x7 is suggestive of the liberation of
chemisorbed H from the interface. Interestingly, a low n-type SBH, 0.48 eV, was measured by
AE for the Si(111)-H, indicative of an inhomogeneous interface with small, low-SBH regions. It
should be pointed out that this particular observation is of the wrong sign for residual H-Si
structure at the interface, but would be consistent with residual hydrogen at the interface that has

become partisan to the Ag!

The present partisan interlayer approach is built on two sound principles: charge transfer
in molecular chemistry and superposition of electrostatic potential, which are also the two
cornerstones of a successful theory on SBH formation [2]. There is no fundamental limit on the
kind of MS systems to which the partisan interlayer approach can be applied. There is, however,

a requirement on the chemical stability of the ATS surface. One notes that it is usually not
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difficult to design stable ATS for most semiconductors, if a decrease in the n-type SBH is
desired, because ATS’s terminated on large-electronegativity elements are expected to be
resistant to oxidation. For some surfaces of a compound semiconductor, this may require two or
more atomic layers of different chemical species to achieve a closed-shell electronic
configuration with the desired surface dipole. A steeper challenge faces attempts to decrease the
p-type SBH, which is a long-standing problem for some wide-gap ohmic contact technologies
[61, 62], because a surface terminated with elements of low electronegativity usually offers poor
resistance to oxidation and/or intermetallic reactions. One suggests that for such interfaces, an
easier approach to weaken FL pinning, with a significant overall dipole in the intended direction,
might be to also apply stable interlayer to the metal, for instance by using metallic nanoparticles

capped with an interlayer that’s partisan to the metal.

A significant modification of the SBH, without changing the metal, was demonstrated
through the proposed partisan interlayer method. The increase in electron affinity of Si(111)
surface, when terminated with electronegative Cl or As, was utilized to alter the MS interface
dipole. The n-type SBH was found to decrease, and the p-type SBH increase, by as much as 0.40

eV, due to the interlayers.
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CHAPTER 6. Schottky Barriers on S-Terminated Si(100): Ohmic Contact without

Heavy Doping!

An important application of adjustability in SBH is the formation of low-resistance,
ohmic contact, which is one where “the voltage drop across the contact is a negligibly small
portion of the total applied voltage under normal working conditions” [63]. This can be
accomplished by either having very low SBH for the junction, or by enhanced tunneling through
the potential barrier with heavy doping [64, 65]. Presently, ohmic contact technologies rely
largely on heavily-doped semiconductor to accommodate efficient conduction with negligible
voltage drop. However, heavy doping may not be an available option to nano-scale devices or for
some wide-bandgap semiconductors [66, 67], in which case low-contact-resistance solutions
based on SBH adjustment have to be sought. Ordinarily when an ohmic junction is formed, the
electronic transport is completely dominated by the series resistance in the circuit, without
explicit information on how low the barrier height is, except that it is “low enough”; or how large
the actual contact areas are, except that they are “large enough”. In this work, the formation of
ohmic contact was addressed along two different fronts. The partisan interlayer method on the
Si(100) substrate was discovered to significantly reduce the Au SBH, to the state of ohmic
contact [68]. Through the uses of special wafers and temperature-dependent measurement, the
linear junction current was found to provide semi-quantitative information on the size and the
distribution of SBH within these ohmic contacts. These discoveries could pave the way for the
development of well-controlled ohmic contact technologies and for possible improvements in the

characterization of ohmic contacts in general.
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To study the partisan interlayer approach on tuning the SBHs by changing metals on one
particular ATS surface, S-terminated Si(100) was chosen as the substrate, also because there are
apparently conflicting reports of the SBHs on this surface in the literature. From the partisan
interlayer mechanism, a lower n-type SBH (higher p-type SBH) than that for clean Si is expected
on S-terminated Si surfaces. Such a shift would be largely in agreement with previous
experiments on the segregation of S at silicide interfaces [69]. Reports of the opposing effect (a
significant increase in the n-type SBH) due to sulfur can also be found [70, 71], although only
from uncharacterized surfaces prepared ex situ. The resolution of this apparent conflict is of
some importance, both from the perspective of understanding the formation mechanism of the
SBH and for the purpose of practical applications. In the present work, SBHs on well-
characterized Si(100)2x1 and Si(100)1x1-S surfaces, both formed under UHV conditions, were
studied in detail. Ag, Au and In were all studies on these substrates for their widely varying work
functions. For Au and In, SBH formed on atomically clean Si(100) has not been previously

reported.

The Au-Si SBH system has a rich history of interesting dependencies. With its high work
function, routinely processed Au has one of the highest SBH (>0.8 eV by CV) [72, 73] on n-type
Si. However, the Au-Si SBH is known to exhibit an “aging” phenomenon [74-76] on cleaved Si
surface. Also, Au-Si interfaces prepared in vacuum displayed no rectification until the diodes
were exposed to ambient gas [77]. Diffusion of oxygen and water vapor was thought as the
reason for the n-type SBH to increase by > 0.3 eV over a period that ranged from hours to
months [78]. In other experiments, the formation of a Au-Si eutectic (silicide) phase at the
interface was proposed [79, 80] and was thought to play a role in the time dependence of the Au

SBH. While conclusive explanations of the minor mysteries described above are still missing,
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suffice it to say however, that changes in the Au-Si interface microstructure could have a
significant effect on its SBH. During the present experiments, non-uniform ohmic behavior was
discovered for Au on n-type Si(100)1x1-S, the proper analysis of which necessitated the
development of a special technique, from which quantitative information on not only the
magnitude of the effective SBH but also the size of the dominant conducting areas could be
extracted. This represents an improvement in the quantitative characterization of low-SBH
contacts and will likely become a useful tool in the development of low-resistance contact

technologies for lightly doped semiconductors.

The proposed technique uses the magnitude of the series resistance, which for
inhomogeneous junctions depends, through its spreading-resistance component, on the lateral
size of the dominant conducting path(s) at the interface. Once the average area for these
dominant conducting patches is determined, the magnitude of the SBH is also known. To
maximize the ratio of the spreading resistance to the total Si series resistance, the thickness of Si
should be kept small. A thin Si layer also provides better spatial resolution as it eliminates the
overlaps in conduction paths between neighboring patches. However, the thickness of Si cannot
be too small as the spreading resistance needs to dominate parasitic resistances from other parts
of the circuit. These considerations led to the selection of epitaxial Si wafers (epi-wafers), with a
5~10 um lightly-doped (~10'° cm™) surface epi-layer grown on heavily doped Si(100) 6” wafers

(n on n+ and p on p+) for the present study.

With respect to clean substrates, the work function of S-terminated Si(100) was found to
consistently increase by ~0.13-0.15 eV, for both n- and p-type substrates, measured by Kelvin
Probe (also see Table II in Chapter 4). It is noted that a larger increase was previously

determined from photoemission measurements [41].
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From I-V measurements, the overarching effect of S-termination was an increase in the n-
type junction current and a decrease in the p-type junction current for any of the metals, by
several orders of magnitude over that for the clean Si(100), as can be seen in Fig. 18, for
example. These changes corresponded to shifts from the nominal SBH on clean Si, in excess of
0.1 eV in all cases, due to S-termination in the direction predicted by the proposed partisan
interlayer mechanism. Table IV summarized the results from I-V, C-V, and activation energy
measurements of Schottky diodes fabricated on both clean and S-terminated Si(100) surfaces
with all three metals. Because of evidence, discussed below, for large scale SBH non-uniformity

at some of the interfaces, the observed SBH and ideality factor from I-V measurements were
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Figure 18. I-V characteristics at various temperatures for Ag Schottky barriers on Si(100).

Surface structure and doping type are specifically marked in each panel.
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reported as a range in Table IV. Within each category, the very high-end of the SBHs and the
low-end of the ideality factors were usually those observed at near room temperature, which
were also the “nominal” values to be compared with values reported in the literature. The lower
SBH deduced by fitting the lower temperature I-V traces should be regarded as an upper bound
of the operating SBH at those temperatures because the actual area of the patch(es) giving rise to
this current component was unknown, but expected to be much less than the entire diode area
[58]. Examples of how the apparent SBH and ideality factor vary with the measurement

temperature, as a result of SBH inhomogeneity, could be found in Figs. 18, 19 and 21.

All I-V traces from representative Ag diodes in Fig. 18 were essentially semi-logarithmic
and apparently of high quality. Nevertheless, some level of inhomogeneity in the SBH was still
suggested by the ideality factor (Table IV), which was more pronounced for samples shown in
Figs. 18(a) & 18(d) than Figs. 18(b) & 18(c). Fig. 19 displays the forward current characteristics

for Au on p-type substrates of clean and S-terminated Si(100), where ideality factors and SBHs
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Figure 19. Representative -V curves under forward bias from Schottky diodes of Au on (a)
clean Si(100)2x1 and (b) S-terminated Si(100)1x1 surfaces, both p-type, showing ideality

factors and SBH at each individual temperature.
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obtained from fitting each individual curve into Eq. (8) are listed. The total currents at higher
temperatures were dominated by series resistance, where ideality factors appeared to be larger
than that at low temperatures. The listed SBH values calculated at individual temperatures
clearly show the SBH variation, which is more significant at the p-Si(100)1x1-S-Au junction
(Fig. 19(b)) than at the p-Si(100)2x1-Au junction (Fig. 19(a)). The S-terminated interface also

shows a significant low-SBH patch at low-temperature curves.

The existence of inhomogeneity was also supported by the discrepancies in the SBH
measured by different techniques for these junctions [58], summarized in Table IV. The present
SBH results for Ag on clean Si(100)2x1, including the presence of SBH variations, were in good

agreement with the findings of a prior UHV work [81]. Typical C-V characteristics of the Ag
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Figure 20. Experimental C-V characteristics for Schottky diodes of Ag formed on clean and

S-terminated Si(100) surfaces.
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diodes formed on different surface terminations and doping types were shown in Fig. 20.
Capacitances were found to be frequency independent over wide frequency range and yield
doping concentrations unaffected by the S-treatment and in agreement with the manufacturer-

specified doping levels.

Richardson’s plots of the saturation current, shown in Fig. 21, yielded straight sections at
higher temperatures that were used for SBH determination, for all the Ag junctions. The lower-
temperature end of the Richardson’s plots tended to flatten and display a tangent with a
considerably lower SBH than that characteristic of the rest of the curves. These lower values,
which could be regarded as the dominant SBH at the lower temperature range, were also

recorded in Table IV. Unlike single temperature I[-V measurement, these lower-bounds
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Figure 21. Richardson’s plots of the saturation currents of Ag Schottky barriers formed on

clean and S-terminated Si(100) surfaces.
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Table IV. Summary of SBHs of In, Ag and Au on S-terminated Si(100) surfaces, measured by
-V (®ry), C-V (Dc.y), and activation energy (D) techniques. [-V, AE results and ideality

factors are presented as a range.

In Ag Au
2x1 1x1-S 2x1 1x1-S 2x1 1x1-S
Qv (eV) 0.54~0.26 | 0.45~0.23 | 0.65~0.50 | 0.48~0.38 | 0.56~0.41 ohmic
§ Ideality Factor | 1.15~1.90 | 1.18~1.75 | 1.07~1.30 | 1.04~1.26 | 1.10~1.43 n/a
z Qg (eV) 0.46~0.13 | 0.36~0.10 | 0.56~0.36 | 0.41~0.26 | 0.50~0.26 ohmic
Dc.y (eV) 0.60+0.02 | 0.48+0.02 | 0.72+0.02 | 0.53+0.03 | 0.70+0.04 n/a
Qv (eV) 0.51~0.47 | 0.65~0.52 | 0.38~0.26 | 0.56~0.29 | 0.38~0.30 | 0.44~0.24
é Ideality Factor | 1.11~1.70 | 1.04~1.33 | 1.04~1.30 | 1.11~1.95 | 1.07~1.21 | 1.32~2.05
|l Dap(eV) 0.47~0.12 | 0.62~0.35 | 0.33~0.11 | 0.42~0.15 | 0.34~0.23 | 0.40~0.12
Oc.y (eV) 0.60+0.02 | 0.82+0.02 | 0.35+0.04 | 0.58+0.08 | 0.56+0.03 | 0.75+0.05

represented the real transport barrier from some dominant low-SBH patches, as the AE analysis
was independent of the effective area of the current flow. Similar to the Ag results, the junction
characteristics of In and Au Schottky barriers (not shown) also displayed varied degrees of SBH
inhomogeneity at different types of interfaces. Nevertheless, a comparison of (the range of) the
SBH observed on the clean Si(100)2x1 and the Si(100)1x1-S surfaces, for each individual metal,
clearly established the expected effect on the SBH due to partisan interlayer mechanism with
sulfur-termination. It was interesting that the SBH shift at the interface due to sulfur was

typically on the order of 0.12-0.15 eV, similar to the measured WF shift in surface studies.

Perhaps the most unexpected among the present experimental results was the absence of
a measurable SBH at the Au/n-Si(100)1x1-S junctions. The linearity of I-V traces, as shown in
Fig. 22(a), over wide forward and reverse bias range, was repeatedly observed in different runs
and was a distinguishing trait of “ohmic contact”. The conventional definition of an ohmic

contact is one where “the voltage drop across the contact is a negligibly small portion of the total
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applied voltage under normal working conditions” [63], and is usually attributed to the presence
of vanishing or very small SBH at the junction. The ohmicity of n-type Au-Si contact without
heavy doping is ordinarily an unimaginable feat, because Au is one of the most extensively
studied metallizations on Si and its SBH is widely recognized as one of the highest on n-type Si,
~0.8 eV [72, 73], when fabricated under non-UHV conditions. However, as Table IV revealed,
the UHV-fabricated MS interfaces on clean Si(100)2x1 had a high level of SBH inhomogeneity.
From AE results, the local FL position in the bandgap for Au was shown to span a range of
~0.66 eV, from ~0.26 eV (low-end of n-type SBH) below the conduction band minimum to
~0.20 eV (low-end of p-type SBH) above the valence band maximum, on clean Si(100)2x1. It
was expected that on S-terminated surface, the Au SBH would remain significantly
inhomogeneous and, because of the added negative dipole due to Si-S bonds, could conceivably
reach very low SBH in certain locations to explain the observed ohmic behavior. Understanding
how low the SBH was at the Au/n-Si(100)1x1-S interface was of great importance for the
evaluation of the full effect of sulfur termination, although such an analysis seemed to have been
made very difficult by the predominance of the series resistance in the I-V characteristics (Fig.
22(a)). Fortunately, as shown below, the epi-wafers chosen for the present work provided a rare
opportunity to quantitatively answer not only questions on how low the SBH had to be for ohmic
behavior to be observed but also, in cases of inhomogeneous junctions, the question of how large

these low-SBH “hot spots” needed to be to produce the observed experimental results.

One noticed from Fig. 22(a) that, contrary to the behavior expected of Schottky barriers,
the junction current increased as the temperature was decreased from room temperature, and only
dropped for the lowest temperature (77K), where the current also displayed rectification. This

variation in the effective “series resistance” deduced from the (forward) junction current was in
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good agreement with the reported trend of the bulk resistivity of 2.1x10"> em™ n-doped Si, used

in these studies: Py, (2.64 Q-cm) > p,,5 (1.53 Q:cm) > o, (0.77 Q:cm) ~ P50, (0.75

Q-cm) [82], and was a clear indicator of the excellent quality of the back contact. However, the
magnitude of the measured series resistance was typically >100 times larger than that calculated
from the nominal diode area and the thickness of the Si epi-layer. This discrepancy was
obviously a result of the inhomogeneous nature of the junction as the vast majority of current
could be carried through a small portion of the interface. Current transport at inhomogeneous

SBs was previously shown to depend not only on the magnitude of the spread in SBH
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Figure 22. IV characteristics from experiment and numerical simulation.
(a) I-V characteristics from a typical Au/n-Si(100)1x1-S “diode” with an area of 7x 10 cm?;
(b) Simulated I-V characteristics from isolated low-SBH patches: 206 patches with

SBH=0.032 eV and temperature-dependent area 4x 10" cm? at T=300K; and 28 patches with

SBH=0.015 eV and temperature-independent area 2x10” cm?.
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distribution, but also on the characteristic length with which the SBH varied [58]. On lightly
doped semiconductors, potential “pinch-off” frequently took place, leading to bias-dependent
“saddle-point” effective SBH for any patch, with an effective conduction area that was both bias-

and temperature-dependent ( 4, <7 ). However, to understand ohmic-type behavior at

inhomogeneous contact, the bias dependence of the effective SBH (and area) could be ignored,
because the actual voltage drop (electrochemical potential change) across the MS interface had
to be an insignificant part of the applied bias, by virtue of ohmicity, and thus could not lead to
significant changes in either the SBH or the area. Since it is anticipated that the transport takes

place through small and dispersed low-SBH patches, the total junction current can be written as

- -®,| e(V,-IR)
IV)=Y L(V)=A"T*) 4 : 1 10
( a) Z 1( a) Z [eXp kBT |:eXp kBT }9 ( )

where ¥, and A~ are the applied voltage and the Richardson constant, respectively. @., 4., I,

and R, are, respectively, the SBH, the area, the current and the series resistance of the i-th

conducting patch. An underlying assumption for Eq. (10) is that each patch independently
contributes to the total current, i.e. the conduction paths from the hot spots do not significantly

cross each other. This condition, which is essentially met if the patches are separated by more

than L ,, the thickness of the epi-layer (~5 um), will be verified a posteriori in the analysis

€,

below. The series resistance associated with an independent patch, assumed circular in shape, has

been found empirically to be [83]

2L .
R =~ P__ arctan —=2. (11)

2 JAx N
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Note that the series resistance for a patch can vary from essentially uniform in nature (
. . . -1/2
=pL,, / 4,) when \/Z >>L,,, to essentially spreading in nature (= ,0(16Al. / 7r) ), as for a

point contact, when /4, <<L,,.

One first mentions a perhaps surprising fact that a vanishing barrier height (®, =0), for

even a uniform junction, is not a sufficient nor necessary condition for ohmic behavior. As seen

from Eq. (10), what leads to a linearity in the junction current is the dominance of voltage drop

across the series resistance, which in turn is due to the fact that the factor |exp{ BV, -IR )} —1|

for the dominant current component(s) remained << 1 for the entire range of applied voltage. A
prominent feature of Fig. 22(a) that underpinned the present quantitative analysis was that the
current showed non-rectifying behavior at higher temperatures but rectifying, although still
linear, behavior at the lowest temperature. This feature and extensive numerical simulations
based on Egs. (10) and (11) showed that the observed I-V characteristics, Fig. 22(a), could not
have been caused by low-SBH patches with identical effective SBH. Rather, patches with
effective SBH of >~0.03 eV and ones with effective SBH of <~0.03 eV needed to be both
present to produce the experimental current. Additionally, the majority of the current from the
latter group (<0.03 eV) needed to go through patches that were each at least ~2x10™" cm? in size
and had a total combined area equaling ~0.01%-0.8% of the actual diode area (see Appendix B).
The number of patches per area was thus limited and amounted to an average separation between
patches of >6.3 um, justifying the use of Eq. (10). Furthermore, to closely reproduce the
experimental I-V characteristics, it was discovered that the effective conduction areas for some
of the low-SBH patches should be temperature-dependent, i.e. the patches should be pinched-off.
From the temperature-dependence of bulk resistivity at the doping concentration currently
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involved, it would be impossible for the currents at 77K and 150K to separate as Fig. 22(a) does,
as shown in Fig. 23, where representative small patches that may possibly contribute to the
ohmic behavior currently observed, with temperature dependent or independent areas. As
illustrated in Fig. 22(b), the observed junction current from a particular sample, Fig. 22(a), could
be essentially modeled by the co-existence of just two types of low-SBH patches. Because the
junction current of a diode depends on the specific SBH distribution inside, the I-V
characteristics of different diodes or different runs are expected to vary slightly. Temperature-

dependent I-V characteristics from two other diodes are shown in Figs. 24(a) and 24(b). When
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Figure 23. Possible components of small patches contributing to the ohmic behavior of n-type

Si(100)1x1-S-Au.
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plotted on the linear scale, the characteristics from different diodes may appear significantly
different. However, as the figure caption reveals, the results of detailed analysis of the
conduction patches in these diodes are similar. It could be concluded that the local SBH at
certain small portions of the Au/n-Si(100)1x1-S interface was at least as low as ~0.03 eV. Even
though the ohmic current was modeled without considering contribution due to tunneling, the
present conclusions regarding the inhomogeneity in the effective barrier and the dimensions for
the hot spots should remain valid regardless, because these conclusions were largely arrived at
from the resistive behavior of the Si epi-layer. One also comments that the asymmetry in the
current, clearly revealed in Eq. (10), has its roots in the matching condition of electronic states

across a hetero-interface and, therefore, has validity beyond the thermionic emission theory.

Some degree of SBH non-uniformity is inevitable at all non-epitaxial MS junctions, since
the SBH has been demonstrated to depend critically on the local structure of the MS interface (3,
58, 84-86]. For these interfaces, information on not only the average SBH, but also the extent of
the inhomogeneity, is important for appropriate characterization of the SBH profile and
understanding of the SBH mechanism. Through temperature-variable measurements, the present
work studied the average SBH, as well as the range of its variation, for three different metals on
atomically clean Si(100) and sulfur-terminated Si(100). Variable degrees of inhomogeneity were
found for the SBH at all the interfaces studied in this work. The polarized S-Si bonds (surface
negative, bulk positive) on the well-characterized surface of Si(100)1x1-S were observed to lead
to an across-the-board shift in the SBH distribution, in the direction anticipated through the
partisan interlayer mechanism and experimentally demonstrated for the Si(111) system [55]. This
shift was ~0.1-0.2 eV for In and Ag on either type Si and for Au on p-type Si, consistent with the

WF shift presently measured for the sulfur-terminated surface. The observation of ohmic

52



characteristics on n-type Si(100)1x1-S, which represents nominally a ~0.5 eV drop in SBH, was
intriguing, considering that the increases in the p-type SBH and the EA were only 0.1-0.15 eV.
However, as Table IV revealed, the UHV-fabricated Au-Si interface on clean Si(100)2x1 had a
high level of SBH inhomogeneity. From AE results, the local FL position in the bandgap for Au
was shown to span a range of ~0.63 eV, from ~0.26 eV (low-end of n-type SBH) below the
conduction band minimum to ~0.23 eV (low-end of p-type SBH) above the valence band

maximum, on clean Si(100)2x1. It was expected that on S-terminated surface, the Au SBH

1 -1 0
Voltage (V) Voltage (V)

Figure 24. I-V characteristics from two additional diodes on the Au/n-Si(100)1x1-S samples.

Similar analysis as for Fig. 22 can closely reproduce these results with the following
parameters: (a) 243 patches with SBH=0.032 eV and temperature-dependent area 4% 10" cm?
at T=300K, and 23 patches with SBH=0.015 eV and temperature-independent area 2x 107
cm?; (b) 185 patches with SBH=0.032 ¢V and temperature-dependent area 4x10™° cm? at

T=300K, and 31 patches with SBH=0.015 eV and temperature-independent area 2x10™ cm®.
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would remain significantly inhomogeneous and, because of the added negative dipole, could
conceivably reach very low SBH in certain locations to explain the observed ohmic behavior.
Alternatively, in view of previous report of ohmic n-type Au-Si interface before air exposure
[78], the presence of S in the present work could have stabilized certain Au-Si structure [87] at
isolated locations, which gave rise to the very low SBH. All present interfaces were found to be

stable, without observable change in electrical characteristics for over 6 months.

While the specific structure(s) responsible for the nearly vanishing SBH at Au/n-type
Si(100)1x1-S interface could not be identified, the electrical profile of the dominant conduction
regions was determined through the analysis technique introduced in this work. As demonstrated,
the observed ohmic behavior was due to the presence of small patches with nearly vanishing
local SBH. Previously, determination of the characteristics of isolated low-SBH patches was
limited to non-ohmic junctions, through elaborate ballistic electron emission microscopy
(BEEM) [88-90] involving ultrathin metal layers. The present analysis technique could greatly
facilitate the development of contact technologies in other material systems, as it provides
previously unavailable details on ohmic contacts. Although, it should be pointed out that this
technique is only at its full power when a lightly-doped epi-layer of known thickness is used, as
in the present study. Surprisingly and also excitingly, the patches presently giving rise to the
ohmic current were shown to be at least as large as ~2x10™"" cm?, which exceeded the nominal
dimensions of the present-generation Si ULSI devices. This suggested that the structure(s)
responsible for the low SBH possesses certain degree of stability to potentially be understood
through high-resolution microscopy analyses and even be artificially synthesized through
advanced nanofabrication techniques. This may have important ramifications for applications in

Si and other nanoscale devices.
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CHAPTER 7. Effect of Metal Interaction on the Schottky Barrier Height on the

Adsorbate-Terminated Si Surfaces

To assess the effectiveness of the ATS candidates for partisan interlayer application,
knowledge on the interaction between the ATSs with typical metal layers is required. In this
chapter, we include additional experimental data, obtained with Au and In, with work functions
of 5.1 eV and 4.12 eV [50], respectively, to complement the work already described for Ag
(WF=4.26 eV) on Si(111). Specifically, it is to conclude the SBH results with three metals, In,
Ag and Au, on the surfaces of Si(111)7x7, Si(111)1x1-As, Si(111)1x1-Cl, Si(100)2x1, and
Si(100)1x1-S. Implications on the chemical stability of the ATSs that can be drawn from the
entire body of available data are examined. A simple model on charge transfer and interface
dipole is used as a guideline on the choice of materials in the partisan interlayer approach. In
addition, the principles behind the partisan interlayer method and how they relate to existing
theories on the formation of the SBH are briefly summarized. The extent of reaction between
metals and the ATS surfaces employed for this study is inferred from electrical data compiled

herewith and compared with available thermodynamic data.

Shown in different panels in Fig. 25 are temperature-dependent I-V characteristics
obtained from Au junctions with both n-type and p-type clean Si(111)7x7 and Si(111)1x1-Cl.
Even though most of the individual I-V curves were semi-logarithmic and apparently of high
quality, the ideality factors were consistently found to exceed unity, suggesting the presence of a
significant degree of SBH inhomogeneity in these diodes. The inhomogeneity of the SBH could
also be concluded from the observed difference in the nominal SBHs obtained at individual

temperatures, because low-SBH patches, if present, should increasingly dominate the junction
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current as the temperature was lowered. The significant ranges in SBH deduced for the same
diodes, from analysis of junction current at varied temperatures, were shown in Table V and
provided only a lower bound to the full width of the actual SBH distributions at the interface, for
lack of information on the actual areas of the low-SBH patches. Better quantitative estimates for
the lower end of the SBH distribution were available through Richardson analysis of the junction
current, where, as already pointed out, the range of activation-energies (slopes) observed for

“curved” Richardson plots directly reflected distribution in the local SBH.

C-V characteristics of typical In and Au diodes fabricated on different surfaces were

shown in Fig. 26. Capacitances were independent of frequency over a wide frequency range and

! nSi(111)7x7

{ = 300K
1 275K
-0~ 250K
1 225K
] 200K
Si(111)1x1-Cl = 175K
‘ ~ 150K
p-Si(111)1x1-Cl| -~ 125K
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§ > 77K

' 0 1-1
Voltage (V)

Figure 25. I-V characteristics at various temperatures for Au Schottky barriers on Si(111).

Surface structure and doping type are specifically marked in each panel.
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yielded doping levels in agreement with the specified wafer doping levels. Being a measurement
technique that was insensitive to the local variation of the SBH, C-V analysis deduced the
“average” SBH for each interface. As summarized in Table V, the SBH for a particular interface
depended on the measuring technique, which was another indicator of the overall non-uniformity

SBH of all interfaces presently studied.

In addition to providing a range of variation in the magnitude of the SBH, the present
body of experimental data also contained subtle information on the lateral length scale with
which the SBH varied at the interface. For example, the unusual cross-over of the I-V traces for

Au diodes at large forward bias, I;7x > I3k at V > ~ 0.5V (Fig. 25), could be traced the known
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Figure 26. Representative C-V characteristics for Schottky diodes of (a) Au and (b) In formed

on p-type clean, As and Cl-terminated Si(111) surfaces.
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Table V. Summary of SBHs of In, Ag and Au on clean, As-, S- and Cl-terminated Si surfaces,
measured by I-V (®ry), C-V (®c.y), and activation energy (@ 4g) techniques. -V, AE results

and ideality factors are presented as a range.

Si(111) Si(100)
7x7 Ix1-As | 1x1-Cl 2x1 1x1-S
Dy (eV) | 0.77~0.53 | 0.27~0.19 | 0.29~0.17 | 0.54~0.26 | 0.45~0.23

In

&1 Ideality Factor | 1.03~1.39 | 1.12~1.42 | 1.75~2.95 | 1.15~1.90 | 1.18~1.75
Z ®ae(eV) | 0.80~0.30 [ 0.17~0.15 | 0.12~0.10 | 0.46~0.13 | 0.36~0.10
Dcy (eV) | 0.84+0.05 | 0.36+0.04 | 0.34+0.02 | 0.60+0.02 | 0.48+0.02
DLy (eV) | 0.61~0.51 | 0.81~0.66 | 0.66~0.54 | 0.51~0.47 | 0.65~0.52
81 Ideality Factor | 1.03~1.25 [ 1.23~1.47 | 1.04~1.24 | 1.11~1.70 | 1.04~1.33
Z1 ®ap(eV) | 0.60~0.44 | 0.73~0.62 | 0.61~0.45 | 0.47~0.12 | 0.62~0.35
Dcy (eV) | 0.62+0.05 | 0.97+0.03 | 0.76+0.02 | 0.60+0.02 | 0.82+0.02
A Si(111) Si(100)
8 7x7 1x1-As | 1xI-Cl 2x1 1x1-S

Dy (eV) 0.76~0.57 | 0.42~0.35 | 0.57~0.40 | 0.65~0.50 | 0.48~0.38

2! Ideality Factor | 1.10~1.51 | 1.07~1.40 | 1.08~1.77 | 1.07~1.30 | 1.04~1.26
2 @Dap(eV) | 0.70~0.42 | 0.35~0.22 | 0.43~0.25 | 0.56~0.36 | 0.41~0.26
Dcv (eV) | 0.8640.06 | 0.46+0.02 | 0.64+0.04 | 0.72+0.02 | 0.53%0.03
Dy (eV) | 0.37~0.32 | 0.62~0.33 | 0.63~0.51 | 0.38~0.26 | 0.56~0.29
2/ Ideality Factor | 1.05~1.25 | 1.08~2.10 | 1.15~1.40 | 1.04~130 | 1.11~1.95
Z @ag(eV) | 0.37~0.30 | 0.52~0.16 | 0.56~0.33 | 0.33~0.11 | 0.42~0.15
Dcv (eV) | 0.41+£0.02 | 0.68+0.02 | 0.78+0.03 | 0.35+0.04 | 0.58+0.08
A Si(111) Si(100)
Y 77 Ix1-As | 1x1-Cl 2x1 1x1-S
Dy (eV) | 0.68~0.42 | 0.64~0.37 | 0.39~0.26 | 0.56~0.41 | ohmic
2! Ideality Factor | 1.17~1.83 | 1.15~1.46 | 1.18~1.40 | 1.10~1.43 n/a
] @Dap(eV) | 0.48-0.23 | 0.38~0.21 | 0.29~0.16 | 0.50~0.26 | ohmic
Dcy (€V) | 0.95£0.02 | 0.86+0.02 | 0.50£0.03 | 0.70£0.04 n/a
Dy (eV) | 0.31~0.23 | 0.39~0.26 | 0.43~0.33 | 0.38~0.30 | 0.44~0.24
2/ Ideality Factor | 1.17~1.49 | 1.21~1.60 | 1.15~1.60 | 1.07~1.21 | 1.32~2.05
S @ag(eV) | 0.28~0.16 | 0.27~0.17 | 0.31~0.25 | 0.34~0.23 | 0.40~0.12
Dev (€V) | 0.20£0.04 | 0.68+0.02 | 0.80£0.03 | 0.56+0.03 | 0.75+0.05

temperature-dependence of bulk Si with specified doping levels, and was indicative of the

excellent quality of the back ohmic contact(s). Under such well controlled experimental
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conditions, the series resistance (Rg) for diodes of a fixed size should be independent of the metal
used or the magnitude of the SBH, if the junction is uniform. However, the series resistances for
Au diodes on n-type (or p-type) Si were found to be systematically larger, by ~ 20-100%, than
those measured presently from Ag or In diodes. A reasonable explanation of this difference,
which is more pronounced at lower temperatures, is that the lateral distribution of the current
density at the Au interfaces was less uniform than other interfaces, and therefore suffered more
from the “spreading” contribution to the series resistance. For this effect to be observed at all, the
lateral length scale with which the SBH varied at the Au interface should be a noticeable fraction

of the wafer thickness (500 um). One therefore expects that, at lower temperatures, the majority

of the current at the Au junction to come from small patches spatially separated by > 25 um!

Even though the SBH was largely inhomogeneous for every MS interface presently
studied, the choice of the ATS surface still exerted a prominent effect on the (average)
magnitude of the SBH. From Figs. 25 and 26, the n-type (p-type) SBH for either In or Au was
smaller (larger) on Cl- and As-terminated Si(111) than it was on clean Si(111)7%7, in agreement
with the partisan interlayer mechanism. To systematically assess the effectiveness of the
different ATSs within the PI approach, the “average” n-type SBH presently obtained by C-V
measurement were summarized in Table VI, along with SBH values presented in previous
chapters. Note that for the n-type SBH of the Au/Si(100)1x1-S interface, the value quoted was
actually the Si band gap minus the measured p-type SBH. This replacement, necessitated by the
presence of small ohmic patches at the n-type junction that prevented the C-V measurement, was
well within the spirit and the intentions of Table VI. One first noticed, from Table VI, that the
average SBHs for the three metals on the clean Si(111)7%7 were considerably higher than those

on the clean Si(100)2x1. Although previously observed for Ag [81], this trend had not been
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Table VI. Summary of C-V measured n-type SBHs of In, Ag, and Au on clean and ATS

surfaces. (*The n-type Au/Si(100)1x1-S SBH value was the Si band gap minus p-type SBH.)

n-type SBH (eV) In Ag Au
Si(111)7x7 0.84+0.05 | 0.86+0.06 0.95+0.02
Si(111)Ix1-As | 0.36+0.04 | 0.46+0.02 0.86+0.02
Si(111)1x1-C1 | 0.34+0.02 | 0.64+0.04 0.50+0.03
S1(100)2x1 0.60+0.02 | 0.72+0.02 0.70+0.04
Si(100)1x1-S 0.48+0.02 | 0.53+0.03 | 0.37+0.05*

widely recognized or discussed, perhaps because only a handful of studies on the SBH of
atomically clean Si surfaces was so far available. Such a dependence of the average SBH on
wafer orientation and the significant degree of SBH inhomogeneity found at all the interfaces
recently studied were generally at odds with the charge-neutrality-level concept advocated in
many SBH theories [91-93]. One notes in passing that a similar, although weaker, dependence of
the SBH on Si orientation was also observed in several non-UHV studies [89, 94]. The
significant effect of the choice of the ATS on the average SBH, as summarized in Fig. 27, was
present for all the metals, and for both Si(111) and Si(100). Fig. 27 was displayed in a format (n-
type SBH against the metal work function) historically employed to deduce the FL-pinning
strength and possibly to analyze the microscopic mechanism for SBH formation. However, since
the SBHs were already known to be significantly inhomogeneous, and hence “unpinned”, the
same analysis would no longer serve such a purpose. Nevertheless, the shape of such a plot,
albeit only of the averages of the SBH, could still be suggestive and characteristic of the nature

of the overall MS interaction.
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From Fig. 27, one noticed that, among all the ATS surfaces, the Si(111)1x1-As was the
only one on which the SBH was observed to systematically increase with the metal WF. An

interface behavior parameter (S-parameter, S, =0, /0¢,, ) of ~ 0.53 could be deduced for the

Si(111)1x1-As surface with a direct linear fit. This S-parameter was considerably larger than that
usually found for Si (e.g. an S-parameter of ~ 0.1 could be deduced presently from the
Si(111)7x7 data.), and was an indication that the FL at the Si(111)1x1-As interface was only
“weakly pinned”. In other words, the Si(111)1x1-As surface did not interact with deposited
metal as strongly as the clean Si surface. The lack of strong metal-ATS interaction was a

condition for the PI approach to succeed (Cf. Eq. 4), because SBH tuning could then be achieved
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Figure 27. Dependence of n-type Schottky barrier heights on metal work function.

SBHs from Table V, against the polycrystalline values of the metal work function: In, 4.12

eV; Ag,4.26 eV; and Au, 5.1 eV.
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through the choice of metal work function. On the Si(111)1x1-Cl and Si(100)1x1-S surfaces, the
dependence of the average SBH on the metal WF was more complex than predictable from the
simple PI mechanism. There was a very sizeable decrease, ~ 0.22-0.48 eV, in the average SBH
for any of the metals on Si(111)1x1-Cl, from that on clean Si(111). Such a decrease in SBH was
in agreement with the increase in the electron affinity when CI was used as surface termination.
However, the measured average n-type SBH did not simply increase with the metal work
function. Rather, the n-type SBH for Au, which had the largest WF among the metals, was found
to be considerably lower than that for Ag. A similarly trend was observed for SBH measured on
Si(100)1x1-S surface, in that the n-type SBH was lowered for all metal, but particularly
dramatically for Au. In fact, portions of the Au/Si(100)1x1-S interface had extremely small n-
type SBH such that the entire junctions behaved electrically as nearly perfect ohmic contact.
These observations suggested that the interaction of some metals, Au in particular, with the
Si(111)1x1-ClI and the Si(100)1x1-S surfaces could be significant and led to interface structures
that were different from that envisioned in the partisan interlayer approach. Therefore, electrical
characteristics alone seemed to suggest that the Si(111)1x1-As surface was more stable against
metal interaction than the other two ATS surfaces. Previously, all three ATS surfaces were
shown experimentally to be reasonably stable against air exposure. Theoretical calculations
suggested that the Si(111)1x1-As, with a negative surface energy of ~5.34 eV per adsorbate
atom [95] might be slightly more stable than either the Si(111)1x1-Cl (1.6 — 4.3 eV) [96] or the
Si(100)1x1-S (5.2 eV) [97], although it should be pointed out that the methods used in these
calculations were different. One noted that the stability of a real surface, in addition to being
dependent on the energy of perfect surface structure, might ultimately depend on the densities of

localized and extended defects. The significant inhomogeneity in the barrier height of these
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junctions was in good agreement with the laterally inhomogeneous nature of interface
interaction. As all three ATS surface presently studied could be categorized as having closed-
shell electronic structures, the outermost orbitals were filled dangling bonds on the adsorbate
atoms. These surface atoms thus more easily donated electrons than they could accept electrons.
Therefore, it stood to some reason that the metal with the largest electronegativity, i.e. Au,
seemed to have disrupted the ATS surface/interface the most. Of course, one should keep in
mind that the systematic trends observed for the average SBH of the interfaces at best
represented only a small fraction of the many different and inhomogeneous atomic processes that

went on at the interfaces.

Presently, the SBH is demonstrated to be dramatically modified, in the intended
direction, by changing the atomic structure and the electron affinity of the starting semiconductor
surface. As discussed earlier, the success of such a “partisan interlayer” approach depends on the
preservation of the interlayer structure at the interface and the absence of a strong chemical
interaction between the metal and the interlayer. The methodology provides a general guideline
on systematically tuning the SBH with reasonably expectable outcome. Results suggested that
the As-Si(111) surface, among the three ATS surfaces presently studied, had the best stability
against metal interaction and that Fermi level pinning was considerably weakened. This was
therefore an excellent candidate for SBH tuning through the choice of the metal WF. The success
of the present approach showed that the structure-dependent electrical dipole at the MS interface
was the controlling factor for SBH and was the factor that needed to be modified in order to

adjust the SBH.
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CHAPTER 8. Summary

A systematic modification of the SBH was demonstrated through the proposed partisan
interlayer method. SBH is shown to be dramatically tuned, in the intended direction, by changing
the atomic structure and the electron affinity of the starting semiconductor surface. By using the
atomic species with larger electronegativity than Si to form adsorbate-terminated Si surfaces, the
electron affinities of these surfaces were reduced. Even though the SBH was largely
inhomogeneous for every MS interface presently studied, the choice of the ATS surface still
exerted a prominent effect on the (average) magnitude of the SBH. The n-type (p-type) SBHs on
these ATS surfaces were decreased (increased) comparing to that on clean Si, with three
different metals tested. In preliminary work also carried out in our laboratory, adsorbates with
smaller electronegativity than that of Si, with their expected surface-positive dipole
contributions, were shown to supply the opposite effect. Through the use of S-terminated Si(100)
specialty substrate with thin lightly-doped epi-layer, nearly ideal ohmic behavior was obtained
on Au, the metal with one of the highest SBH on Si. This feat would not have been accomplished
without the thorough understanding of the Schottky barrier formation mechanism and the
successful modeling of electron transport inhomogeneous MS interface. The effect of the SBH
modification by partisan interlayer is predictable, simply from the electronegativity consideration
and the chemical stability of the adsorbate-terminated surfaces against metal interaction. A

systematic method to vary the SBH thus emerged and seemed viable for advanced applications.
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APPENDIX

A. Camel Doping

Let the enriched surface doping level and depth be N,, and ¢,,, respectively, and the bulk
doping level and the total depletion width be N, and W, respectively. The actual doping level

2&V

of the surface is (N, —N,) . The “offset” eV, measured by C-V is tf,:—N"“‘ , or
e H
ety N
eV, =%. The variation of the band bending due only to the enriched doping is
£

V. (1 —zt;] )2 + const . The potential in the depletion region is approximately:

2 2
V(z):Vbb(l—i) v, (1—;] + const

W H

_ NHtH _NLW

and we have z =
pea
N, —-N,

The difference between C-V and I-V measurements is
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Here, the enriched surface doping level, N,,, is assumed to be the limit of the solid solubility of
As in Si, ~10% cm'3, and the depletion width, W, is calculated with the bulk doping level N, ,
~10" cm?. Therefore, the surface doping depth t, 1s required to be at least 10 nm, for the

observed @, , —®, , tobe 0.1 eV
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B. Ohmic Analysis

Assume that the asymmetry in the junction current at 77K is due to a specific type of

low-SBH patches. These patches must give essentially symmetric current at 150K over a bias

range of £1.0V. Assume that an isolated patch has an area of A :ﬂRfmtch and an SBH of

patch

()

patch *

Iy =A"T? A, eXp{—D 0 1 kT = A, T

patch patch

We define the assymetry condition at 77K as “at +1V bias, the current is roughly ten times that
of current at -1V”. Since we anticipate that the reverse current is roughly /,, we look for
conditions that will give us a forward current of >10/; at +1 V, which suggests that the

spreading resistance must be

101y, R, ~1V,

sp,77 ~

A**TzApalch eXp{_q)patch /kBT} X LZOIV .

patch / 7

We have J ., Py Apuen® =02V .

The other constraint is that the current is symmetric at 150K, which essentially suggests

that a current of magnitude ~ 5. ,, must be flowing at 150K with a reverse bias of less than 0.3

kT, say ~0.2k,T =30-k, . In other words,

5J077 =547 77 exp{—® ., / ky TT} < 47150 exp{~D ., / k;150}-0.2
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exp{® ., /0.0066 —® . /0.0129} = exp{® ., - 74}> ~ 6
D > 0.024e)!
Plugging @, ~ 0.03e)/ back into earlier equation, we get J,,, =112-77°-0.01=7x10’ and,

2
therefore, 4, > [Lj L 1 8x10™ cm? . These are not mesoscopic in size!
b 7000*1.2 ) &

1,5, =1.3x107° Amp

The perfectly ohmic component in the junction has a SBH such that

0215, R, -, ~1V

sp,77 ~

/.0066Y 4 x——P 5

patch .

0.2*112*77% exp{-®

patch

Note that A4 X P

patch m

epilayer. We have, therefore, for a single huge patch,

cannot be greater than pd,,, where d,, is the thickness of the

0.2*112*77% exp{—® . /.0066}1.2%0.0005 ~1,

patch

or ® < 0.029¢V , and for very small patches,

patch

0.2*112%77% exp{~® ., /.0066} A ., 7p/2 ~1

0.2*112*77% exp{—® . /.0066}4 . =0.007/N

patch patch
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0.007p Y
Apmh=7r( v j D, =0.007p/ N

2N

0.2*%112*77* exp{—® . /.0066} =———— =63 N
0.007

patch 2

7p

O =0.05-.0066In N

patch
N <~2000

It is only a slightly more restrictive constraint if the interface voltage drop is 0.1 kT rather than

0.2 kT.

For the case where the current is barely linear, N=2000, SBH=0, patch separation is 6.3

um, and the patch diameteris D, =4.2x107° cm.

patch

At 77K, the forward current is 15 A/em?® at +1V. Because the diode has an area of 8E-4
cm?, the actual current is ~ 10 mA, of which 7 mA (70%) is the ohmic (symmetric) component.
If all this current is from one big ohmic patch, this patch, with a SBH of 0.029 eV, will have a

series resistance of 143 ohms, and an area of 1.2*0.0005=143* 4 A=4.2E-6 cm?. This is in the
regime of essentially parallel conduction but with some spreading resistance contribution. If the

one huge single patch has a SBH of 0 eV, it will have an area of 0.2*112* 772AP =0.007

atch

A =5%x10"%cm?

patch
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