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ABSTRACT

An experimental study concerning the effects of post-metallization annealing
treatments in inert atmosphere on the metal/semiconductor junction has been
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28 May 2021 assessed. Thus, both Schottky and ohmic contacts on n-type Si substrates using
Ni and nickel silicide as gate electrode have been fabricated and a correlation
© The Author(s)) under  between their microstructure changes and the electrical parameters has been

realised. The X-ray diffraction measurements showed the presence of Ni,Si and
NiSi crystalline phases at low temperature annealing, which are then converted
to NiSi, and NiSi when high temperatures are used. In addition, the mean
crystallite size and dislocation density have been estimated and significant
improvements were achieved for the annealed samples. The role of Ni/Si
interfaces was further demonstrated by electrical investigation of the fabricated
structures. A significant diminishing of the contact resistance, transfer length
and specific contact resistivity has been confirmed. In the case of the Schottky
diodes, an increase in the current with almost two order of magnitude after a
post-metallization annealing at a temperature of 900 °C has been obtained.
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stable contact remains an unsolved issue, even if it is
designed to work as rectifying element (Schottky
diode) or as an ohmic one. The physical properties of

1 Introduction

The Schottky diode (SD) represents the most fre-

quently used electronic device in a wide range of
applications. Owing to the low forward voltage drop
and fast response, SD can be a successful candidate
for high-speed logic circuits, solar cells or different
types of sensors (temperature, gas, optical). More-
over, albeit studies regarding the metal/semicon-
ductor (MS) contacts have been regularly reported in
the last four decades, fabrication of a very
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the MS interface are strongly influenced by the
preparation conditions, principally the metal depo-
sition method and the different post-metallization
annealing (PMA) treatments performed [1]. In this
context, the metal silicide compound was primarily
investigated due to the low resistivity of the metal/
semiconductor contact [2, 3]. A high-quality silicide
compounds are characterised by low Si consumption,
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low resistivity, as low as possible processing tem-
peratures and high temperature operational stability.
NiSi meets successfully all these criteria, having the
lowest resistivity, as well as chemical and thermal
stabilities. Consequently, it plays an important role in
modern electronic devices technology [4, 5]. How-
ever, in the Ni-Si phase diagram, three dominant
phases, namely Ni,Si, NiSi and NiSi,, could be pre-
sent, depending on the annealing temperature [6].
Since they lead to different values for film resistivity,
their accurate identification becomes crucial to
appreciate the electrical performances of the contacts.
Microstructural and compositional investigations,
such as electron energy-loss spectroscopy [7, 8] and
energy-dispersive X-ray spectroscopy in correlation
with scanning transmission electron microscopy
[9, 10] are generally used to determine both the
resultant phases and the chemical bonding.
Furthermore, a high-quality Schottky diode is
characterised by two essential parameters: the
Schottky Barrier Height (SBH) and the ideality factor
(n). The electrical performances are significantly
improved if the ohmic contact used as the back con-
tact for SDs assures a low series resistance to reduce
the losses during the operation. However, the SBH is
the main parameter for detection when the SD acts as
sensor. The experimental value of the SBH in the case
of a NiSi or NiSi,/n-type Si system is around 0.65 eV
[11], but it can be varied by different methods, such
as sulphur segregation during Ni silicidation [12] or
performing post-metallization annealing treatments
in inert atmosphere [13]. A critical issue in the MS
contacts’ fabrication is the occurrence of small ‘pat-
ches” with different SBHs on the designed active area
[14, 15]. They are caused by the mixture of different
phases resulted during a PMA treatment, seriously
affecting the current across the MS contact. Thus, the
inhomogeneous contact formed leads to voltage-de-
pendent SBH [16, 17], destroying the device stability.
Consequently, finding the most appropriate fabri-
cation technology to obtain finally very stable barriers
with high contact homogeneity and smooth MS
interface represents a challenge. The goal of this
study is to develop and optimise the MS contacts for
different sensing applications, for instance tempera-
ture [18, 19] or gas [20] sensors. Our previous results
demonstrated the necessity of a PMA treatment in Ar
atmosphere in the case of a Ni/SiC Schottky diode
fabricated for high-temperature sensor application
[21, 22]. Significant improvements concerning both
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the Ni crystallinity and the Schottky diode electrical
characteristics were reported. Regarding the Ni/Si
heterojunction, we firstly investigated the
microstructure and composition resulted after dif-
ferent PMA treatments [23].

Herein we report a systematic analysis, where the
electrical characterisation of different MS contacts
(ohmic contacts, vertical and back-to-back Schottky
diodes) was completed by rigorous microstructural
investigation based on the X-ray diffraction analysis.
Our primary interest in this work was to find the
appropriate experimental technology for fabrication
of reliable MS contacts. We have studied and clarified
the mechanisms involved in the modification of the
electrical parameters as function of the post-metal-
lization annealing treatments, looking at microstruc-
ture changes induced at interface. We demonstrated
that the microstructural parameters, such as phase
changes, crystallite size and dislocation density,
directly influence the electrical performances of the
fabricated samples and we indicated in what way
they act. Thus, we showed that high values for
crystallite size and low dislocation density are found
when a phase reach in Si (NiSi,), obtained for high
temperature annealing, is present. They led to better
rectifying performances and improved electrical
parameters for the Schottky diodes.

2 Experimental details

The test samples have been fabricated starting from
n-type Si (100) wafers with 5-10 Q cm resistivity,
purchased from Siegert Wafer GmbH. Initially, all the
wafers were degreased in acetone and methanol
(5 min), then soaked in “Piranha” solution (H,SO,:-
H,0,—3:1 v/v) at 130 °C for 15 min and rinsed in
deionised water (DIW). After this procedure, the
resulted thin film of oxide was removed by immers-
ing the wafers in 5% (v/v) aqueous HF for 5 min,
rinsed with deionised water and dried under Np.
Next, the fabrication process flow was adapted to
realise the three different types of structures
designed: ohmic contacts, vertical Schottky diodes where
the best performing ohmic contact was used as
backside contact and back-to-back Schottky diodes with
identical designed areas and different rapid PMA
treatments both at low and high temperature.
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2.1 Ohmic contact fabrication

First, a phosphorous diffusion process was per-
formed in POCI; atmosphere at 950 °C for 30 min to
obtain a heavily doped Si layer on the wafer backside.
To define the active areas for Transfer Length Method
(TLM) measurements, 500 nm SiO, film has been
deposited by Low Pressure Chemical Vapour Depo-
sition (LPCVD) technique on the heavily doped side
of the Si wafer (backside). Using standard pho-
tolithographic processes, we have opened windows
in the deposited oxide, defining the active pads of the
final structures. Next, a Ni thin film (100 nm) was
deposited by sputtering and patterned using a sec-
ond photolithographic process (wet etching of the
metal). The main steps of the fabrication process flow
and the designed final structure are presented in
Fig. 1a and b, respectively.

The as-deposited Ni ohmic contacts (called AD)
have been evaluated in comparison with the ones
subjected to a rapid PMA in Ar atmosphere, at a
temperature of 1050 °C for 3 min (called 1050). The
structures were packaged in DIL 40 capsules using
the wire bonding technology, as it is shown in Fig. 1c.
The main parameters, such as: the sheet resistance
(Rs), the contact resistance (R.), the transfer length
(L7) and the specific contact resistivity (p.) have been
determined from the electrical measurements’ data.

The ohmic contacts are characterised by the specific
contact resistivity that can be estimated using the
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experimental procedure—
technological flow of the

ohmic contacts; b 3D view of
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Transfer Length Method [24]. Consequently, an array
of contact pads with the width of 150 pm (W), sepa-
rated by successively increased distances between
them (10, 20, 30, 40 and 50 um), have been designed
and fabricated, as it is shown in Fig. 1b.

2.2 Vertical and back-to-back Schottky
diodes fabrication

Next, the technology established for best perfor-
mances ohmic contact (1050 °C PMA, 3 min, Ar
atmosphere) has been used to complete the fabrica-
tion process flow of both vertical and back-to-back
Schottky diodes (i.e. Si wafer frontside—Schottky
structures; Si wafer backside—ohmic contact). The
technological flow is presented in the diagram from
Fig. 2a.

Two identical circular areas (400 pm—diameter)
for Schottky diodes have been designed, as can be
seen in Fig. 2b, in order to test both vertical and back-
to-back Schottky diodes. To define the active areas of
the Schottky contacts, 500 nm SiO, film was depos-
ited using LPCVD technique. In this field oxide, two
circular windows have been opened using standard
photolithographic processes. The Schottky metal
(100 nm Ni) was defined in these opened windows.
Subsequently, different PMA treatments in Ar
atmosphere, at both low (i.e. 350 and 400 °C) and
high temperatures (i.e. 850 and 900 °C), were per-
formed for 3 min to study their influence of the

(a) A L

Nisi
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Starting wafer

Fig. 2 a Diagram for the 0]
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microstructural and electrical properties of the
Schottky diodes. The final structures have been
encapsulated in compact TO-39 packages using wire
bonding technology (Fig. 2c).

In order to evaluate the electrical performances of
the fabricated samples, the main electrical parameters
were determined using standard current-voltage (I-
V) characteristics: Schottky Barrier Height—SBH
(®g,,), ideality factor (1), saturation current (I) and
series resistance (R,).

3 Results and discussions

3.1 Microstructural investigations using
XRD analysis

Grazing Incidence X-ray diffraction (GI-XRD) tech-
nique was employed to identify the constituent
phases and to assess the microstructural parameters
of the investigated samples using the SmartLab
diffraction system (Rigaku Corporation, Tokyo,
Japan) with CuK,; wavelength (1= 1.5406 A). To
acquire information from the thin films, the incidence
angle was kept at a small value of 0.5° in all mea-
surements, while the detector position was varied
from 20 to 95°. The phase identification was per-
formed by referring to the International Center for
Diffraction Data (ICDD) database.
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Vertical Schottky

GI-XRD patterns recorded for both Schottky and
ohmic MS contacts subjected to PMA treatments at
different temperatures are shown Fig. 3a. It can be
observed that the GI-XRD patterns are strongly
dependent on the annealing temperature. According
to the recorded patterns, the corresponding sche-
matic cross-sectional view of the investigated struc-
tures illustrates the evolution of the nickel silicide
interface layer as function of temperature annealing
(Fig. 3b).

Thus, in the case of the as-deposited sample (AD),
the diffraction peaks are located at 44.73°, 51.87°,
76.57°, 93.15° and they can be assigned unambigu-
ously as Ni phases (card no. 001-1258) with lattice
parameters a=b=c=035nm that belong to
Fm3m(225) space group. In contrast, the X-ray pat-
terns corresponding to all the annealed samples (350—
1050) show no traces of Ni or Si peaks, indicating that
thermally activated interaction between Ni and Si
occurs when the structures are subjected to PMA
treatments, for the whole range of the investigated
temperatures. Here, different Ni,Si, phases become
visible. At low temperatures (350 and 400 °C), the
orthorhombic Ni,Si phase with a=0.73 nm,
b =099 nm and ¢ = 0.70 nm (card no. 003-0943) is
the dominant phase. At high temperatures (850 and
900 °C) the occurrence of cubic NiSi, phase (card no.
043-0989) with a = b = ¢ = 0.53 nm is evident, indi-
cating an increased consumption of Si during the
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annealing. Similar results were reported by Bahabry
et al. [4], where the evolution of Ni,Si, stoichiometry
with rapid thermal annealing processes from Ni,Si to
NiSi, and further to NiSi, was showed. A different
behaviour can be observed when the highest tem-
perature annealing (1050 °C) is used for the ohmic
contact, where a mixture of different phases was
obtained. NiSi is the dominant phase (card no.
038-0844) with a=052nm, b=032nm and
c = 0.56 nm. Besides, the preferential orientation of
NiSi, is modified from (220) to (111) in the presence
of NiSi (see Fig. 4). The behaviour found at high
temperatures appears different from the ones
recently obtained on SiC substrate, where Ni,Si phase
was identified for both 750 and 1050 °C [19]. It attests
practically the central role played by substrate in the
resulted Ni,Si, stoichiometry. Accordingly, the XRD
analysis provides an indication of electrical perfor-
mances to be expected, since the NiSi phase has the
lowest reported electrical resistivity [25, 26] and it is
the most appropriate candidate for the ohmic contact.

To gain further insights regarding the size of the
crystalline domains and the lattice strain, we per-
formed Rietveld refinement, which is based on the
least squared method, where the experimental pat-
tern is fitted with a theoretical line [27]. The strength

of this method lies in accounting all (hkl) reflections,
and thus the results enclose information brought by
each of reflections. Figure 4 presented both the the-
oretical profile (red curve) and the experimental data
(black curve) with different fitting parameters using
least squares fitting.

As it can be observed, the theoretical profiles
describe adequately the experimental ones, the small
values of the fitting parameters indicating the good-
ness of the fit. The S parameter, called the scale factor,
is close to unity for all samples, while the weighted
parameter (R,,,) varies from 17 to 32.5%. The last one
indicates the relation between observed and calcu-
lated intensities of the measurement. The relative
high R, values are determined by the background
noise. Accordingly, the effective crystallite size (/)

and the root mean square strain ((ez)l/ %) of the
resulted Ni and Ni,Si, phases have been determined
(the values are listed in Table 1).

In addition to Debye-Scherrer method, using the
Rietveld refinement, we were able to separate the
effect of the crystallite size from the lattice strain one
in the total peak broadening, which usually is not an
easy task. Seibt et al. [28] showed that the bounding
dislocations of a nickel silicide phase represents one

@ Springer
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Fig. 4 Experimental (black line) and the simulated curves (red
curves) using Rietveld analysis for the as-deposited sample (AD)
and PMA samples (350-1050), respectively. The fitting parameters

of the keys to understand the changes in electrical
properties based on high-resolution transmission
electron microscopy and deep level transient spec-
troscopy results. We used here the procedure devel-
oped by Williamson and Smallman [29] to determine
the dislocation density (p;) corresponding to each of
the fabricated samples with the formula:
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Ryp and S obtained using least square fitting method are listed as
inset. The identification of diffraction peaks was achieved using
ICDD database (Color figure online)

82 1/2

Pa= ldyw

where djy is the interplanar spacing on the prefer-
ential orientation, taken as the reflection which
exhibit the highest intensity and calculated using the
Bragg’s law (2dsin0 = 4, 4 = 1.5406 A).
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Table 1 The mean crystallite size, the root mean square (rms) strain, the interplanar spacing and the dislocation density for the

investigated samples

Sample Mean crystallite size, I (nm) Root mean square strain, Interplanar spacing, Dislocation density x 10!,
ms (2)"? (%) Ay (nm) pa (em™?)
AD 9.97 0.27 0.203 4.62
350 16.8 0.23 0.184 2.57
400 20.2 0.19 0.197 1.65
850 29.7 0.15 0.190 0.92
900 377 0.12 0.190 0.58
1050 22.4 0.15 0.313 0.74

The following preferential orientations were
observed in the X-ray patterns: Ni (111) located at
20 = 44.62° (AD sample), NiySi (002) at 49.42° (350
sample), NiySi (232) at 45.79° (400 sample), NiSi, (220)
at 47.71° (850 and 900 samples) and NiSi, (111) at
28.44° (1050 sample). It can be noted that the depen-
dence on the interplanar spacing indicates clearly
that the dislocation density can be correlated with
incorporation of the interstitial nickel atoms on the
substitutional sites of the silicon lattice during for-
mation of different phases of nickel silicide com-
pounds [28]. The wvalues calculated for
microstructural parameters are summarised in
Table 1.

Analysing the Schottky contacts’” microstructural
parameters, we can see that the crystallite size
increases almost linearly up to 900 °C, where it
reaches 37.7 nm, starting from 9.97 nm for the AD
sample. On the other hand, the strain decreases with
the temperature increasing, being around 0.12% at
900 °C. Consequently, we obtained a three-fold
higher value for the crystallite size and, concomitant,
a diminishing at more than twice the lattice strain
when the temperature annealing increases up to
900 °C. Regarding the values obtained for the root
mean square strain, they are comparable with the
ones previously reported [30, 31], even lower in our
case at low temperature annealing (300 and 400 °C).

Tung et al. [32] showed that codeposition of Ni,Si
and a high temperature annealing (> 700 °C) reduce
the dislocation density. Our results display a similar
trend, the dislocation density decreasing with PMA
temperature with almost one order of magnitude,
from 4.62 x 10" cm™® for AD sample to
0.58 x 10" cm™2 in the case of the 900 sample. These
values are more than one order of magnitude lower

in comparison with the ones previously reported in
literature. For instance, Kolonits et al. reported values
between 9-176 x 10'> cm™? for a Ni film electrode-
posited using different aqueous electrolytes [33], with
more than two orders of magnitude higher than our
best performing sample (i.e. 900 sample). Moreover,
Csiszar et al. reported, on the one hand, almost one
order of magnitude higher values (1.6 x 10'* cm™)
for a sample annealed at 400 °C and on the other
hand, more than three orders of magnitude higher
values 23 x 10'® ecm™?) for the as-deposited one [34].

For the 1050 sample, the ohmic contact with highly
doped substrate, where a mixture of different phases
was showed (NiSi and NiSi,), intermediary values for
both mean crystallite size and dislocation density
have been obtained. This different behaviour might
be determined by the different properties of the Si
substrate, which was firstly subjected to P diffusion
process.

In order to establish the impact of the microstruc-
tural parameters on the device performances, the test
structures were further electrically characterised
using a Keithley 4200 semiconductor characterization
system, at room temperature and dark conditions.

3.2 Electrical characterization
of the resulted Ni/n-type contacts

3.2.1 Ohmic contacts

The Transfer Length Method implies measuring the
resistance values between a series of pads with dif-
ferent spacing (d), as it can been seen in Fig. 1. Rep-
resenting the total resistance (Rr) as a function of d
and performing a linear fit, the intercept (a) and the
slope (b) obtained are next used to determine the
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main parameters of the ohmic contact based on the
following formulas [35]:

R
Ry =2R. + <W5h>d (2)
a
a=2R. —R.=> (3)
R
bzwsh—msh:b*w (4)
W2R?
Pe="%. (5)
Pe
Ly = /<< 6
=1z, (6)

where: Rt is the total resistance obtained from a lin-
ear fit (reverse slope) on the I-V characteristics, R, is
the contact resistance, Ry, is the sheet resistance, W is
the pads width, d is the distance between pads, a and
b are the intercept and the slope obtained after the
linear fit, p. is the specific contact resistivity and Ly is
the transfer length, which is practically the distance
over which most of the current transfers from the
semiconductor into the metal or from the metal into
the semiconductor [36].

The obtained I-V characteristics for the two types
of ohmic contacts employed are presented in Fig. 5:
the control structure—as deposited Ni (AD sample—
Fig. 5a) and the structure subjected to a PMA treat-
ment at a temperature of 1050 °C (1050 sample—
Fig. 5b).

It can be observed that, whereas the electrical
characteristics recorded for the AD sample present a
deviation from linearity in the higher voltage
domain, their aspect is significantly improved after
the PMA treatment. Thus, a linear variation of the I-V
characteristics on the entire range of the applied
voltage was achieved. Next, using the I-V charac-
teristics, the total resistance (Ry) was calculated and
plotted as function of the distance between pads in
Fig. 6.

As it can be seen, the total resistance increases with
distance and, more important, has almost twofold
lower values after the PMA treatment. This dimin-
ishing of the total resistance is determined by the
PMA treatment via formation of the nickel silicide
compounds with improved electrical properties in
comparison with Ni film. Using Egs. (2)-(6), the
electrical parameters of the ohmic contacts were cal-
culated taking into account possible error expressions
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reported in [35]. The obtained values are listed in
Table 2.

We notice that the significant improvement of both
microstructural and electrical parameters demon-
strates undoubtedly the necessity of the high tem-
perature PMA treatment. Thus, the sheet resistance,
obtained using the Eq. (4), presents a higher value in
the case of the annealed structures due to a more
scattering of the film [37]. The contact resistance
drops by half, indicating an easier way for current to
pass through the metal/semiconductor interface. It is
notable the low contact resistance achieved for the
ohmic contact, favourable especially when it is used
to bias the vertical type structures, as the vertical
Schottky diode, where the contact resistance is in
strong correlation with the device series resistance.
As result, a low series resistance for the final device
leads to less loss during the operation.

Next, we will analyse the specific contacts resis-
tivity, which is the main electrical parameter of an
ohmic contact that characterises not only the inter-
facial quality of the MS junction, but also the regions
located both above and below the interface are cross-
examined. This parameter is strongly influenced by
another important factor in functionality of such
contact, namely the transfer length, which provides
information about the interface quality of the nickel
silicide/Si system. Therefore, we have obtained a
longer transfer length for the AD sample, making the
current to flow longer distances under the contact to
get through the metal. An illustration of this phe-
nomenon is presented in Fig. 7.

Thus, for low transfer length (1050 sample) the
current flows quickly into the contact and only a little
part of the contact edge is used in conduction. This
case implies a lower specific contact resistivity with a
value of 3.6 x 107> Q cm?®. On the contrary, for higher
values of Lt (AD sample), the current path is pro-
longed due to higher specific contact resistivity
(2.4 x 102 Q cm?) and a larger portion of the contact
is used for conduction. These high values for the
specific contact resistivity could be attributed to an
insufficient diffusion of the phosphorous on the Si
backside. This fact can lead to a low donor doping
density for such ohmic contacts. A detailed analysis
regarding the dependence of the specific contact
resistivity as a function of doping density is pre-
sented in [38], where we found that our phosphorous
doped samples range between 10'® and 10" cm™ in
terms of donor density.
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Fig. 5 -V characteristics for the fabricated ohmic contacts: a AD sample; b 1050 sample
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Fig. 6 The total resistance as function of the distance between
pads for the two fabricated ohmic contacts

Table 2 The eclectrical parameters for the fabricated ohmic
contacts

Sample Ry (UY)  R.(Q Ly (um)  p. (Qcm’)
AD 113.5 111.6 147.5 24 x 1072
1050 2455 62.7 38.3 3.6 x 107

It should be mentioned that calculation of the
transfer length aids an optimum contact design
because, on the one hand, small contact lengths can
generate current crowding and, on the other hand, a
large contact length could represent a waste of usable
device area.

3.2.2  Vertical Schottky diodes

Forward characteristics of Ni/Si Schottky rectifiers
are presented in Fig. 8 and, as it can be observed,
they follow thermionic emission theory [17].

At a first glance, we notice, as expected, the lowest
level of the rectifying current displayed by the control
sample (AD sample). Moving on to the annealed
samples, they show an increase in current with the
PMA temperature, reaching almost two orders of
magnitude higher values for the 850 and 900 samples.
This behaviour can be attributed to the improvement
of the crystal quality, which is further related to the
lower dislocation density, according to XRD results,
as well as a more homogenous nickel silicide/Si
interface [23].

The main parameters for a Schottky diode (ideality
factor—n, Schottky barrier height—SBH, saturation
current—I; and series resistance—R;) were extracted
using the equation describing the thermionic emis-
sion conduction mechanism at the Schottky interface
[17]:

)] _
aare( B)l5E) o

where A, is the Richardson’s constant for electrons,
Ajis the junction area, T is the temperature, @, is the
Schottky barrier height (SBH), n is the ideality factor,
R; is the series resistance and Vy, = kT/q is the ther-
mal voltage, where k is the Boltzmann’s constant and
q is the elementary charge.

The n and SBH plots as a function of annealing
temperature are presented in Fig. 9a. As can be seen,
while the n successively decreases, SBH increases
with temperature. The higher values of n and
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Fig. 7 Current flow into the
contact for the two types of the
ohmic contacts

Current, | (A)
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Fig. 8 Forward I-V characteristics of the Schottky diodes,
measured at room temperature

lower SBH obtained for AD and low temperature
annealing samples might be determined by the
inhomogeneities present at metal/semiconductor
interface, defects revealed using electron microscopy
techniques [24]. This behaviour confirms formation of
a more homogenous Schottky contact during the high

2.035
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temperature process. Therefore, if the Schottky con-
tact contains many patches with low SBHs, where the
current transport will be preferentially directed, the
electrons are able to surmount these barriers (AD and
low temperature annealing samples). As the anneal-
ing temperature is increasing, the Schottky contact
presents less inhomogeneities at the metal/semicon-
ductor interface and the dominant SBH will increase
from 0.52 to 0.637 eV, the results being consistent
with the ones previously reported in literature at
room temperature [39, 40].

Also, it can be observed in Fig. 9b that the satura-
tion currents and the series resistances are signifi-
cantly improved when the PMA temperature
increases. On the one hand, the saturation current
decreases continuously with the annealing tempera-
ture, reaching a value of 0.246 pA in the case of the
sample annealed at 900 °C, which is nearly two
orders of magnitude diminished in comparison with
the control sample (AD sample). On the other hand,
the series resistance starts from a value of 465.3 Q in

10° 500
—_— —— |S
—s—R
< (— - {4003
0tk ®) .
g, 4300 8
o c
5 S
e %}
S . 4200 g
® 10°F -
=] i Ko
= +4100 2
10" 0
AD(25) 350 400 850 900

Annealing temperature, T (°C)

Fig. 9 a The SBHs and the ideality factors; b the saturation currents and the series resistances of the fabricated vertical Schottky diodes
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the case of the control sample and reaches a value
almost eight times lower, around 60 Q, when the
sample was annealed at 900 °C.

3.2.3 Back-to-back Schottky diodes

Back-to-back Schottky diodes are devices with two
identical Schottky areas defined on the semiconduc-
tor and are of great importance in applications that
require photodetection [41]. In our case, the back-to-
back Schottky contact configuration was used to
obtain information about the rectifying current at
different stages during the phase transition of the
nickel silicide compounds. One of the benefits of the
back-to-back Schottky configuration is that, in con-
trast with the standard vertical Schottky diode, the
series resistance resulted from the semiconductor
substrate can be neglected [42], bringing a substantial
advantage in our estimations. Concerning their elec-
trical behaviour, it is apparently an ohmic one due to
the two back-to-back Schottky barriers formed even
at low bias voltages. Consequently, when a voltage
sweep is applied, one of the barriers is depleted and
the electrical behaviour is similar with the one cor-
responding to the reverse bias mode.

The measured I-V characteristics are presented in
Fig. 10a. As it can be seen, the current systematically
increases with the PMA temperature, reducing sig-
nificantly (almost one order of magnitude in current
variation from AD to 900 sample) the Ni,Si, layer
resistivity.

Similar behaviour was recently observed by Zhao
et al. [43], where the current in a back-to-back
Schottky diodes type structure was approximately
double (at 1 V) after a process of CF, plasma
immersion ion implantation (PIII) in Si. In compar-
ison, our work reported a more significantly current
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increase (almost six times) after the best performing
post-metallization annealing process (900 °C).

In order to evaluate the range of the currents’
variation, we have calculated the ratio between the
currents obtained for the annealed samples (Ionneated)
and the ones obtained for the control sample (Ixp) at
different 8 fixed voltage (— 1, — 0.75, — 0.5, — 0.25,
0.25, 0.5, 0.75 and 1V). The plots presented in
Fig. 10b show a small range of variation for the
samples annealed at low temperature (350 and 400
samples), with a twofold increase in current with
temperature annealing (I400 > I350). Instead, in the
case of the high temperature annealed samples (850
and 900 samples), we can observe a higher range of
currents’ variation and a more pronounced increase
of the current, reaching a value of around six times
higher in comparison with the control sample (AD
sample). The currents’ ratio for the annealed samples
against the control one is plotted for each voltage in
the inset graph.

In addition, the variation of the currents at the
above-mentioned fixed bias voltages was plotted in
Fig. 11a. Next, we used a linear fit for the I-V char-
acteristics on both positive and negative sides, to
estimate the corresponding slopes for each of the
fabricated sample and their corresponding values
were plotted in Fig. 11b.

Figure 11a shows an improvement in both direc-
tions from around 1 mA for AD sample up to over
7 mA in the case of 900 sample at =1V applied
voltage. The current increase observed is determined
by both the crystallinity improvement of the nickel
silicide films and reduction of the dislocation density,
according to the XRD analysis. In the same time,
Fig. 11b shows an almost symmetrical variation of
the slope values on the both positive and negative
bias voltages. The slope variation increases with

Fig. 10 a -V characteristics 402k ——AD——350 ——400 —— 850 —— 900
of the fabricated back-to-back b [remem
S
Schottky diodes and 1001 sle ==
. B e
b corresponding current —~ R
. . . < g
increasing at different fixed gyl 84l Gt %
- c T
VOltageS g & -1.0 -05 0.0 05 10 (b)
g 105k (a) 3+ Voltage, V/ (V)
o Currents ratio =1, ...4/lap
. 2+ =—=—
107 Range: "variation of the currents
1 fp=—t—7——7 ratio reported to control sample"
1 0-7 Il Il Il Il ! 1 1 1
-1.0 -0.5 0.0 0.5 1.0 350 400 850 900

Voltage, V (V)

Annealing temperature, T (°C)
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Fig. 11 a Variation of the
currents at different 8 fixed (a)

o
T

~
T

voltage and b slope variation
of the current with applied
voltage for each fabricated
sample

[$}] [=2]
T T

Current, | (mA)
N

—— AD —— 350 —— 400 —— 850 —— 900

8 | —#— negative bias —#— positive bias

s (b)

temperature annealing, the highest value of £ 8
mA/V being obtained for the 900 sample.

4 Conclusions

Three types of metal/semiconductor structures have
been designed and fabricated adjusting the Ni/n-
type Si junction: (i) ohmic contacts annealed at very
high temperature (1050 °C) in order to obtain a
smooth metal/semiconductor interface and nickel
silicide compounds with as low as possible specific
contact resistivity; (ii) vertical Schottky diodes with
the best performing ohmic contact on the backside
wafer; (iii) back-to-back Schottky diodes with iden-
tical designed areas. The Schottky diodes were
annealed at different temperatures up to 900 °C. The
fabricated test structures were subjected to both
microstructural investigations and electrical charac-
terizations and the results were corroborated to
reveal the connection between the microstructural
parameters, such as phase changes, crystallite size
and dislocation density, and the electrical perfor-
mances and to indicate in what way they act. The
structural improvements have been found in a more
properly operation of the final devices, where a two
times improvement for contact resistance in the case
of the ohmic contact (1050 sample) have been repor-
ted. For both vertical and back-to-back Schottky
diodes, an improving in rectifying performances with
annealing temperature was obtained. For example, an
increasing in current with almost two order of mag-
nitude in the case of the vertical Schottky diodes and
an almost six times current increasing (the case of the
back-to-back Schottky diodes) were reported. All the
results indicate the strong impact between the
amounts of the dislocations emerged from the

@ Springer
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boundaries of the adjacent crystallites and the elec-
trical parameters. The proposed experimental study
provides the necessary parameters to select the most
appropriate technological process flow in order to
fabricate very stable Ni/Si ohmic and Schottky con-
tacts that present superior electrical performances.
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