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ABSTRACT: The effects of different high-« tunnel oxides on the !

metal—insulator—semiconductor Schottky barrier height (®g5) o9 c-v I-v-T ::f; Sk Faras

were systematically investigated. While these high-x interlayers £,, * g HO, =

have been previously observed to affect ®g, there has never beena £ B <N, 8

clear consensus as to why this ®3 modulation occurs. Changes in = — = | :::; —

@y were measured when adding 0.5 nm of seven different high-x EO" » / MY

oxides to n-Si/Ni contacts with a thin native silicon oxide also zos{F—= R
. . . ey 3 /

present. Depending on the high-x oxide composition and @y o th‘ e —

measurement technique, increases in @y up to 0.4 eV and \
decreases up to 0.2 eV with a high-x introduction were measured.

The results were compared to several different hypotheses 7 o1 02 03 04 05 0 o1 o2 o3 os os
regarding the effects of tunnel oxides on ®g. The experimental High-k thicknees (nm) High-k thickness (nm)

data correlated most closely with the model of a dipole formed at

the SiO,/high-« interface due to the difference in the oxygen areal density between the two oxides. Knowledge of this relationship
will aid in the design of Schottky and ohmic contacts by providing criteria to predict the effects of different oxide stacks on ®y.
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B INTRODUCTION Dy = Py + S(Pypyae — Ponn) — X (2)

It is desirable to control the Schottky barrier height (®g) at the
metal—semiconductor contacts for a variety of applications.
For example, ®; minimization is needed for ohmic contacts.
Decreasing @y is a key factor in reducing parasitic resistance at
transistor source/drain contacts, which is of importance for
continued scaling down of device dimensions.'”> The
formation of a Schottky barrier at electrical contact interfaces
also impedes charge carrier collection in certain photovoltaic

where @y is the charge neutrality level in the semiconductor
and S is a “pinning” factor that determines the sensitivity of @y
to @y ... Thus, eq 2 utilizes an “effective” metal work function
that depends on the pinning factor and the charge neutrality
level, instead of solely CDM,VaC.IO

If an electrostatic dipole moment (A®y,) is also present at
the contact, then it is also expected to impact @y

architectures.” In other cases, maximization of @y, is desirable. D = Oy + S((I)M'VaC - D) — X + ADy (3)
In Schottky barrier solar cells, a large @y is necessary to
separate phot0g7enerated electron—hole pairs and prevent Insertion of a tunnel active insulating layer between the
recombination.”” Power rectifiers utilize a large @y to achieve metal and semiconductor can affect ®@; through changes in the
a high turn-on voltage and reduce leakage current in the “off” S factor and interface moment. Several possible reasons for the
state.” Variation in interfaces and insulating layers in metal— resulting effect on @y have been discussed in the literature,
insulator—semiconductor (MIS) stacks has a dramatic impact including the insulator causing “depinning” of the Fermi level
on ®; but an accurate predictive framework for these systems (i.e., a higher value of S and greater influence of the metal work
does not yet exist. function),'" the electrostatic effect of dielectric fixed charges,
According to the basic Schottky model, the barrier height and the potential to form electric dipoles at interfaces.
between a metal and an n-type semiconductor is only a Aluminum oxide fixed charges may contribute to changes in
function of the vacuum metal work function ®y;,,. and the
semiconductor electron affinity X’ Received: September 6, 2023 B s

_ Revised:  January 3, 2024
O, =D -X ry 5,
B M,vac s @ Accepted: January 3, 2024

In practice, eq 1 rarely agrees with experimental values of Published: January 18, 2024

@y. Often, the metal work function has little effect on the value
of ®p. According to the concept of Fermi level pinning
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Table 1. ALD Parameters for Growth of Each Oxide

precursor temp.

oxide metal precursor (°C)
AlO,  trimethylaluminum ~30
HfO, tetrakis(dimethylamido) hafnium 75
TiO,  tetrakis(dimethylamido) titanium 75
MgO,  bis(ethylcyclopentadienyl) magnesium 90
NbO,  (tert-butylimido)tris(diethylamino) niobium 90
SrO,  bis(n,N’-di-tert-butylacetamidinato) 90
strontium (II)dimer
LaO,  tris(N,N'-di-i-propylformamidinato) lanthanum 160

N, boost? reactor temp. growth rate number of
(Y/N) O source (°C) (A/cycle) cycles
N H,0 150 0.90 6
N H,0 150 1.1 N
N H,0 150 0.57 9
N H,0 150 13 4
Y H,0 150 0.54 9
Y o, 150 0.84 6
Y o, 200 14 4

®; on GaAs substrates.'” However, experiments have also
shown that the alumina fixed charge is not a dominating factor
of @y on Si substrates.”'* Shifts in the flat band voltage of
MIS capacitor structures have been observed when stacking
high-kx gate oxides onto interfacial SiO,, and these shifts are
often attributed to dipoles forming at the SiO,/high-x
interface.””~"” It was also experimentally demonstrated that
such dipoles can be used to tune @y of MIS tunnel
structures.” '®

Several explanations of the origin of the dipoles have been
proposed. Kita and Toriumi suggested that dipoles form due to
differences in the oxygen areal density (OAD) between two
oxides.'® In this case, bond relaxation would be achieved when
negatively charged oxygen ions move from the higher-OAD to
the lower-OAD side of the interface, forming Frenkel-type
defects and inducing a dipole with a positive charge in the
high-OAD side and negative charge in the low-OAD side. This
hypothesis is supported by a report on the correlation of XPS-
measured electrical dipoles at SiO,/high-x interfaces to the
XPS-derived oxygen density ratios of the oxides.”

Calculations by Lin and Robertson instead indicated that
dipoles originate from the parent metal work functions/group
electronegativities as long as there was a sufficient difference in
the dielectric constant k between the layers.”' They argue that
dipoles exist along the metal—oxygen bonds on both sides of
the oxide interface with dipole strengths related to the parent
metal work functions. The relative dielectric constants of the
oxide layers then determine to what extent each dipole is
“screened” and whether a net dipole will form. Zhu et al
measured SiO,/high-x interfacial dipoles via photoelectron
spectroscopy and observed that the dipole strength was
correlated with the thickness of an interfacial silicate layer
between SiO, and AlO,.*”

Several experimental studies have attributed changes in the
MIS @j to changes in dipoles formed between insulating
layers.”'>'®** However, such electrical experiments on Si have
only been performed with a limited selection of high-x tunnel
oxide compositions (namely, AlO, and LaO,). An exper-
imental study on a broader selection of oxides provides a
platform to test the above hypotheses. Thus, the present study
measures the changes in @y upon the introduction of a series
of insulator compositions in Si-based MIS structures and
compares the results to the hypotheses discussed above.

B EXPERIMENTAL SECTION

For diode fabrication (Figure S1), n-type Si substrates with doping
density 9 X 10" cm™ were cleaned with UV—ozone (Jelight) for §
min and immersed in 5 wt % hydrofluoric acid for 1 min. Immediately
after the etch, substrates were sonicated for S min in isopropanol
(IPA). Finally, substrates were cleaned using the standard RCA
process that included sequential immersion in 1:1:5 (by volume)
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NH,OH/H,0,/H,0 and 1:1:6 HCI/H,0,/H,0 solutions for 10 min
each at temperatures between 70 and 80 °C.** After each wet cleaning
step, samples were rinsed with 18.2 M water.

Each sample set contained two control samples with only the
terminal RCA SiO,. Atomic layer deposition (ALD) was used to grow
the deposited oxide on other samples using a Cambridge Nanotech
Savannah S100 reactor. The deposition parameters for each oxide are
shown in Table 1.

After ALD, ~200 nm thick circular Ni top contacts (area = 0.00S
cm?) were deposited by electron-beam evaporation through a shadow
mask. Back contacts were made by scratching through the chemical
oxide on the back of each sample with a diamond tip, applying Ag
paste to the scratched area, and using the paste to fix an Al plate to the
sample.

Metal—oxide—semiconductor capacitors (MOSCAPs) were pre-
pared for each deposited high-k oxide. The MOSCAPs were prepared
identically to the diodes except for two details: the samples were
etched in HF a second time immediately prior to ALD to minimize
interfacial SiO,, and 10 nm of oxide was deposited instead of 0.5 nm.

@y was measured from diodes using Mott—Schottky (MS) and
current—voltage—temperature (I—V—T) methods. For MS measure-
ments, capacitance—voltage (C—V) data were collected at 1 MHz
using a Hewlett-Packard 4194a Impedance/Gain-Phase Analyzer.”®
®;, for each condition was averaged over 18 contact pads across two
samples. For I-V—T measurements, ]-V data were collected at a
variety of temperatures using a Keithley 2450 Sourcemeter.”® The
reverse bias current data were used for the fit. C—V measurements
were also performed at 1 MHz on the MOSCAPs for the evaluation of
k, the flat-band voltage Vj,, and the density of interface states D;, via
the Terman method for each oxide.””

Ten nm high-k oxide films were measured by X-ray photoelectron
spectroscopy (XPS) in a SPECS PHOIBOS 150 NAP-XPS system
under ultra-high vacuum to probe the metal oxidation state(s) and
oxygen/metal atomic ratio. High-sensitivity low-energy ion scattering
was performed with an ION-TOF Qtac100 instrument to investigate
substrate coverage after the growth of nominally 0.5 nm of each high-
k film. Finally, the densities of some of the films were measured using
X-ray reflectivity in a Panalytical Empyrean diffractometer. Film
thicknesses were measured using a J.A. Woollam VASE Spectroscopic
Ellipsometer.

In an effort to test trends in @y against the theories discussed
above, it was necessary to estimate the OAD of each oxide (Table 2).

Table 2. Parameters Used to Estimate OAD and Obtained
Values for Each Oxide

oxide formula  film density (g/cm?) density source OAD (cm™)
AlLO, 2.9 various methods®®  1.48 x 10'°
HfO, 9.4 XRR> 1.42 x 10"
TiO, 3.7 XRR* 1.45 x 10'
MgO 34+ 02 XRR (in-house) 1.37 x 10"
Nb,O; 3.8 +04 XRR (in-house) 1.23 x 10"
SrO 3.1+0.1 XRR (in-house) 6.90 x 10
La,0, 62 + 0.1 XRR (in-house) 1.07 x 10"
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The OAD was estimated by the method described by Kita and
Toriumi.'” This method expresses OAD ¢ = V,™/3, where V, is the
volume of a unit cell containing a single oxygen atom (e.g., Al, ;0O or
Hf, ,0), equal to the formula weight in grams divided by the film
density in g/cm®. The film density was taken from the literature only
when data were available from films synthesized using the same ALD
precursors and deposition temperature employed in the present study.

B RESULTS AND DISCUSSION

Nonlinear 1/C* vs V curves were observed, so data were
corrected by subtracting the “excess capacitance” resulting in
more linear 1/C* vs V data and correspondingly nearly
constant @y with applied bias (Figure S2). ' Excess
capacitance has been observed as the result of charging and
discharging of trap states, and thus may be due to the lack of
postdeposition anneal step in this work.”

The @y values of the MIS Schottky diodes with native SiO,
or native SiO, and an additional high-x oxide were quantified
using C—V (Figure la) and I-V—T (Figure 1b) techniques.
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Figure 1. Schottky barrier heights measured via (a) the C—V method
and (b) the I-V—T method. The error bars in (a) represent the
standard deviations. The inset of (b) is a schematic of the test
structure used.

Without a deposited oxide (only native SiO,), @y, values were
~0.5 eV. Some deviation of @y was found among the SiO,
control samples and, hence, the “shifts” in @y within each
sample set, rather than the raw values of @y, are considered
below. The insertion of a high-x oxide increased (AlO,, HfO,,
MgO,, NbO,, and TiO,) or decreased (SrO,, LaO,),
depending on oxide composition. The magnitudes of the
increases with the insertion of the high-x layer were
approximately 0.3—0.4 eV and the magnitude of the decreases
was ~0.1 eV for the C—V—determined @y Qualitatively, [-V—
T-determined trends were the same, but overall @y values were
smaller. This behavior is consistent with @5 inhomogeneities
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across the contacts, as measured current is dominated by
lower-®; “patches” within the interface, whereas C—-V
measurements yield the mean @y across the interface
area.’”**> However, the agreement in the trends between the
two measurement techniques allows for generalization about
the impact of the high-k composition on @ Limited data exist
in the literature on ®y modulation utilizing high-x layers as
thin as those in the present study. However, the I-V—-T-
measured @Dy increase of 0.1 eV with AlO, addition is
consistent with a corresponding 0.1 eV @y decrease measured
on p-type Si in ref 18, which used a similar ALD process to
deposit AlO,, onto chemical SiO,.

Single temperature current density versus voltage (J—V)
measurements also provide a qualitative assessment of @y
(Figure 2). Specifically, if a similar tunnel barrier is presented

a

-
S )
N o

Current Density (A/cmz)
3
B

-
S
>

107 : -
-1 0.5 0

Applied Bias (V)

0.5 1

Figure 2. Representative J—V data were collected from diodes with
each type of tunnel oxide insulator at room temperature.

to the majority carrier electrons by each oxide layer, and
assuming recombination currents are small relative to
thermionic emission currents, the reverse saturation current
densities (J, V < 0 V) should be inversely related to @j.
Indeed, the LaO, and SrO, samples exhibited larger ], values
in reverse bias relative to the SiO, control sample, and the
diodes with the other oxide compositions displayed lower J,
values relative to a representative SiO, control sample. Further,
the diodes with oxides that yielded the largest @3 values in MS
measurements displayed the lowest ], values (ie., AlO, and
HfO,). Quantitatively, the log of the saturation current density
plotted against the C—V and I—V—T-derived @y exhibits linear
R? values of 0.83 and 0.34, respectively (Figure S3). A poor fit
is not surprising as the current values are impacted not only by
@y, but also by the oxide tunnel barrier, which will be affected
by oxide composition. However, the qualitative trend provides
further evidence of the correct quantification of ®5 values and
trends in these samples. Further, changes in ], values over 2
orders of magnitude with the same semiconductor substrate
and metal composition demonstrate the practical importance
of @y control with interfacial layers.

LEIS measurements were used to examine whether full
coverage of the Si substrate was achieved by the high-x oxide
depositions or whether films contained exposed SiO, surfaces
(Figure 3). The ALD films were compared with a Si substrate
coated in thermally grown SiO, that was cleaned with the
standard RCA process, treated with atomic oxygen, and
sputtered using a 0.5 keV Ar * jon beam with a fluence of 1 X
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Figure 3. LEIS spectra in the Si energy range from 0.5 nm films of
each high-x oxide and a thermal SiO, substrate (top).

10" ions/cm? LEIS is highly sensitive to ions scattered by the
outermost layer of atoms, in which case a “surface peak” is
observed as can be seen for Si and Mg in the thermal SiO, and
MgO,, samples, respectively. Subsurface scattering from a given
element is also observed and will result in ion detection at
lower energies than this surface peak.”* Thus, the absence of a
surface peak for Si is expected to be a good qualitative criterion
for the total coverage of the SiO, surface by the high-x film.
AlO, was not included in these measurements because the Al
and Si peaks are too close together to be easily distinguished.

The NbO,, spectrum contains a peak between 1700 and 1750
eV, where the Si peak is observed, indicating that some Si
surface atoms are exposed and the NbO, coverage is not
complete. None of the other high-k oxides exhibited a surface
peak at these energies, indicating that the surface was
completely covered with the deposited high-x oxide. All oxides
exhibited increases in ion yield at ion energies lower than 1800
eV due to subsurface scattering from Si below the deposited
oxide surface. Regardless of incomplete coverage, NbO, had a
demonstrable effect on ®; and was still considered in the
overall trends below.

Several potential factors that may influence @y are compared
against the experimental @y data including the parent metal
work function, parent metal Pauling electronegativity, meas-
ured oxide dielectric constant, and estimated OAD (Figure 4).
These comparisons are made based on the C—V data; however,
similar results were obtained fitting the qualitatively similar I—
V—T data. A weak positive association was found between the
observed @y shifts and the known parent metal work functions
(R* = 0.62, Figure 4a), as well as the parent metal Pauling
electronegativities (R* 0.56, Figure 4b).”> NbO, was
excluded from work function analysis because of the wide
range of work functions reported for Nb.** No apparent trend
was found between the ®j shifts and the measured dielectric
constants of the ALD oxides (R* = 0.09, Figure 4c). However,
when comparing the shifts with the estimated OAD values, the
strongest correlation is observed among the theories tested (R*
= 0.81, Figure 4d). Specifically, larger OADs for the high-x

0.4
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e} 2 _
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Figure 4. Schottky barrier height shifts quantified from C—V data plotted against the corresponding high-k oxide’s (a) parent metal work function,
(b) parent metal Pauling electronegativity, (c) measured dielectric constant, and (d) estimated OAD. The arrow in (d) indicates the approximate

OAD of SiO,, where the @y shift would be expected to be zero.
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layers resulted in larger @y values. The changes in @y relative
to the SiO, control samples are also consistent with the OAD
model. Assuming a stoichiometry of SiO, and a film density of
2.2 g/cm’, the interfacial SiO, would have an OAD of
approximately 1.2 X 10" cm™."” All of the films with higher
OADs than that of SiO, exhibit an increase in @y upon
introduction of the high-x layer, and both of those with a
smaller OAD exhibit decrease.

A notable exception to the trend of the OAD versus @y is
that the addition of SrO, and LaO, induces similar @y shifts
despite the significant difference in the estimated OAD
between them. Atomic ratios determined by XPS measure-
ments indicated partial conversion of the films to SrCO; and
La(OH),, whereas the compositions used in the calculations
were SrO and La,Os;. Hence, the OADs estimated for these
films may be less accurate than those for the other oxides. A
separate plot (not shown) was made for adjusting the formulas
in Table 2 based on the atomic ratios measured via XPS. While
this approach resulted in a smaller OAD difference between
the Sr and La species, it yielded a poorer linear fit overall (R* =
0.65). The poor fit is attributed to the difficulty separating
contributions in XPS O 1s core level spectra from metal oxides,
metal hydroxides, and adventitious contamination, which could
lead to erroneous oxygen/metal atomic ratios. Even within a
given oxide composition, changes in @y are expected based on
thermal processing, native oxide characteristics, and film
thickness, such that a perfect correlation of OAD differences
and @y are not expected.”''® LaO, deposited on Si with the
ALD process used in the present study has also been suggested
to form an interfacial silicate, and as a result, there may not be
a clear SiO,/high-x interface with a single dipole.**”

Fermi level depinning was also considered as a possible
mechanism for the observed barrier height changes. Assuming
a work function of 5.2 eV for Ni, the unpinned @5 for n-Si/Ni
would be ~1.1 eV.*® According to the metal-induced gap states
(MIGS) theory of Fermi level pinning, the introduction of an
interfacial oxide reduces pinning by reducing the overlap
between the wave function of electrons in the metal and the
semiconductor surface. Such an overlap creates energy states
within the semiconductor band gap.38’39 In this case, it would
be expected that @y would increase with the introduction of
any high-x tunnel oxide as it approaches the unpinned value,
which was not observed. Thus, while Fermi level depinning in
addition to a dipole contribution cannot be ruled out, Fermi
level depinning alone is not a likely explanation for the
observed results.

Another theory suggests that tunnel oxides passivate intrinsic
defect states at the interface to reduce pinning.40 D, vs surface
potential data (Figure S4), calculated from representative C—V/
data from each MOSCAP, did not display any systematic
differences between high-®j oxides (i.e., AlO,, HfO,) and low-
@y oxides (LaO,, SrO,). The AlO, and SrO, D;-surface energy
curves closely overlapped through most of their ranges. These
results suggest that ®z modulation is not related to the
passivation of the interfacial states.

@y, shifts were also plotted against several other parameters,
including the parent metal valence, film stoichiometry (ie.,
atomic ratios), oxide fixed charge (estimated from measured
MOSCAP Vg), and conduction and valence band edge
positions below the vacuum level (data not shown). The
band edge positions were determined from literature electron
affinity and band gap data.*' ~>* No correlations were observed
in any of these cases. Thus, of the parameters investigated, the
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estimated OAD provides the most accurate prediction of the
change in @ when high-k oxides are added to a Si/SiO,/Ni
stack. Based on the C—V results, the @y shift when adding a
high-x oxide to the tunnel stack is approximately equal to
AD, = 5.8-107'(0AD) — 0.56 (4)
OADs also produced the strongest correlation with the I—
V—T data with an R? value of 0.76, and the linear fit

~“(0AD) — 0.50

AD, = 3.9-10 (s)

On other semiconductors, the introduction of tunnel
insulators has been shown to result in a similar or identical
®; shift when different metal top contacts are used.’”>’
Therefore, it is expected that trends similar to those observed
in the present study will apply to other semiconductor/metal
systems with an interfacial SiO,/high-k oxide tunnel stack.

The data presented support the hypothesis that the effect of
high-x tunnel oxides on @y is dominated by the OAD-induced
dipoles, though other effects on @y may exist. The knowledge
that the OAD can be used to predict changes in @y will help
guide the material choice in the design of future devices. For
example, a high-OAD tunnel oxide such as AlO, or HfO, can
be inserted to maximize ®p at a metal/n-Si contact or
minimize @y at a metal/p-Si contact. Conversely, a low-OAD
oxide such as LaO, or SrO, will minimize @y at a metal/n-Si
contact or maximize @y at a metal/p-Si contact.

B CONCLUSIONS

A systematic study has been conducted on the relationship
between high-k tunnel oxide composition and @y at n-Si/
SiO,/high-x/Ni contacts to test different hypotheses regarding
the source of @z modulation. The changes in ®; were
measured when adding each of seven different high-x tunnel
oxides to the interface. The results were compared to several
different factors proposed to cause the interfacial dipoles that
result in Vg, or @y changes. The data presented correlate most
closely with the model of a dipole at the SiO,/high-k interface
induced by the difference in the OAD, demonstrating that this
is the best available model to predict the effect of such tunnel
stacks on @g. The relationship between the oxide OAD and
the change it induces in ® was quantified in a linear fit to help
guide the design of future devices where control over @y is
beneficial, for example, minimizing or eliminating @y for
transistor source-drain contacts or maximizing ®y for char%e
carrier separation in photovoltaics and power electronics.””
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