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Hard X-ray photoelectron spectroscopy (HAXPES) analyses were carried out on metal-oxide-
semiconductor (MOS) samples consisting of Si, thick and thin Al,O3, and a Ti metal cap. Using Si
1s and C 1s core levels for an energy reference, the Al 1s and Si s spectra were analyzed to reveal
information about the location and roles of charges throughout the MOS layers. With different
oxide thicknesses (2nm and 23 nm), the depth sensitivity of HAXPES is exploited to probe differ-
ent regions in the MOS structure. Post Ti deposition results indicated unexpected band alignment
values between the thin and thick films, which are explained by the behavior of mobile charge
within the Al,O3 layer. © 2015 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4919448]

Ideally, deposited thin films would be studied in their
un-affected, device ready state. Unfortunately, this approach
makes chemical analyses of buried layers prohibitively diffi-
cult. There have, however, been advancements in synchro-
tron based photoemission techniques,' and in conjunction
with the continued scaling of devices, interfacial regions of
multilayered films are within probing distances. Given the
high brilliance and energy ranges of hard X-ray photoelec-
tron spectroscopy (HAXPES) chemical state as well as
electronic information can be obtained non-invasively.>™
While numerous non-invasive elemental state analysis
techniques like Raman spectroscopy, Auger electron spec-
troscopy (AES), or even standard X-ray photoemission
spectroscopy (XPS) are available it may be difficult to quan-
tify band alignments (Raman and AES), or will be prohibi-
tively surface sensitive without further sample modification
(AES and XPS).>®

Exploiting the robust capabilities of HAXPES for
elemental analyses and large probing distances allowed us to
investigate the effects of oxide thickness on the band align-
ments within a metal-oxide-semiconductor (MOS) multilayer
film. This technique is especially beneficial for modern elec-
trical devices and chemical processes due to decreasing layer
thicknesses and increasing importance of interfaces and
energy band alignments. Our work demonstrates a powerful
tool to elucidate the role that interlayer thickness plays in
overall band alignments. With this in mind, HAXPES could
foster significant advancements in work function (WF)
engineering as industry attempts to optimize each layer’s per-
formance by selectively introducing novel material composi-
tions; a non-exhaustive search in relevant work function
engineering literature can be found elsewhere.”™

AlLO5 was chosen for its wide band gap'® and usage in
solar cells and transparent thin film oxides."'™* Ti was cho-
sen as a low WF metal with WF of ¢®,, . =4.33eV."*

Al>,Oj films were deposited on 100 mm p-type (10-20 Q
cm) Si(100) substrates. Al,O3 was deposited by atomic layer
deposition (ALD) using trimethyl aluminum (TMA) and
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H,O at 300°C in a Picosun showerhead ALD system.
Deposited Al,Oj3 thin films were 2nm and 23 nm thick as
determined by spectroscopic ellipsometry (not shown). Prior
to Ti deposition, all samples were subjected to a thermal
treatment of annealing (400 °C, 20 min) and firing (760 °C,
3s). The firing step was similar to the one used for photovol-
taics described elsewhere.'® Ti deposition was carried out by
evaporation using Cerac Ti pellets (99.8%) and a
Thermionics VE-100 Vacuum Evaporator; deposition was
carried out for 74 s at a rate of 0.07 nm/s as monitored by a
quartz crystal microbalance (QCM) at a pressure of
3 x 10~ ®Torr for a thickness of 5.2nm. The uncapped 2nm
and 23 nm thermally treated samples will be referred to as
2-Al and 23-Al, respectively, and Ti capped films will be
referred to as 2-Ti and 23-Ti with numbers indicating the
appropriate Al,Oj3 thickness.

HAXPES experiments were carried out in ultra-high
vacuum with end station pressure maintained below
2x 10 ®Torr at National Institute of Standards and
Technology (NIST) beam line x24A at the National
Synchrotron Light Source at Brookhaven National
Laboratory. Wavelength selection was carried out by a dou-
ble Si(111) crystal monochromator; feedback-stabilization
was also used to compensate for thermal effects on the crys-
tals. The photon energy range available was 2.1-5 keV. Final
focusing was carried out by nickel-coated quartz toroidal
mirror. Nominal beam energy adjustment was referenced
using a clean silver foil, and the Ag 3ds,, peak binding
energy (BE) 368.3eV (Ref. 16) which was detected by a
Scienta R4000 hemispherical electron energy analyzer
located at a take-off angle of 85° with a pass energy of
200eV. We used a nominal photon energy of 4500eV to
excite core level electrons present in the Ti cap layer, Al,Os,
and Si substrate. Strong signals from Al 1s and Si ls core
levels were present at this energy because of a large photoio-
nization cross-section and were chosen over Al 2p and Si 2p
levels for this reason. Like traditional XPS, we deduced peak
BE shifts and peak intensities to infer chemical states and

© 2015 AIP Publishing LLC
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energy band lineups. Approximate error associated with this
measurement is +/— 50meV."’

Differential charge correction is an important step in the
analysis of XPS data, and for HAXPES data where photon
energy may not be exactly known this step is especially cru-
cial. In standard XPS, most X-rays are generated from either
an Al or Mg filament which emits at known wavelengths
1486.6 eV and 1253.6¢eV, respectively. Often charge correc-
tion and photon energy are determined using elemental peaks
from a clean metal surface. Unfortunately, the challenge
with this technique is that the photon energy may drift over
time due to changing thermal loads on the monochromator,
potentially skewing the energy referenced at an earlier time.

We use a modified adventitious carbon peak energy
referencing method,18 which can be used for future
HAXPES studies. With a conductive channel to the sample
surface to ground, elemental peaks from adventitious carbon
and the silicon substrate were collected. Both of these refer-
ence spectra play a central role in our analysis. First, let us
consider peak referencing to the adventitious carbon peak.
Adventitious carbon is a layer of material that is seen to de-
posit on many samples when exposed to the atmosphere; as a
result, the C 1s BE peak associated with this layer has been
used with some success in the past. Of particular concern
with this method is sample surfaces with high polarity, high
density materials as in Al,Os.'"” Additionally, the adventi-
tious carbon should be electrically isolated from the sample
which may not be the case for a metalized surface.'® To sys-
tematically correlate energy scales in each of our samples in
this work, we used the adventitious carbon C 1s peak to com-
plement the Si 1ls peak energy as the primary reference. A
strong signal from the Si bulk was available for both the thin
samples 2-Al and 2-Ti with our HAXPES probe; which pre-
vious work on similarly doped substrates assigned a value of
1839.5eV.>"" Shifting all peaks present in 2-Al and 2-Ti rel-
ative to their Si ls peak, we now record the C 1s BE peaks as
BE-Al and BE-Ti, respectively, and notice that indeed BE-
Al and BE-Ti differ by a value of 0.45eV.? For the thicker
samples 23-Al and 23-Ti, the Si 1s peak intensity drops sig-
nificantly and possesses an unacceptable signal-to-noise ra-
tio, we then utilize the carbon C 1s peak collected from the
thinner samples as a reference. Our complimentary peak
referencing method is outlined below:

 Set the Si Is BE to 1839.5eV for samples 2-Al and 2-Ti.
Shift all XPS spectra from 2-Al and 2-Ti relative to the Si
1s shifts; record the C 1s BE as BE-Al and BE-Ti, respec-
tively. BE-Al and BE-Ti were found to be 286.15eV and
285.7 eV, respectively.?”

(a) (b) 1566 1565 1564
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 Shift all spectra collected from sample 23-Al relative to
the C 1s shift from BE-Al

 Shift all spectra collected from sample 23-Ti relative to
the C 1s shift from BE-Ti

Fig. 1 shows a representation of the deposited films
(Fig. 1(a)) and the Al 1s core level spectra (Fig. 1(b)). The
interfacial regions present after deposition are denoted as IL-
1 and IL-2 for the oxide and Ti metal deposition, respec-
tively. Both 2-Al and 23-Al show no BE shift within the
error but BE shifts of —0.17eV and 0.33 eV were seen post
metallization for 2-Ti and 23-Ti, respectively. Though 2-Al
and 23-Al possessed the same BE, closer inspection of 2-Al
reveals significant peak broadening compared to 23-Al
(Table I). First, it is important to point out the IMFPs at the
photon energy used are around 4-5nm.?! And, because of
inelastic scattering, the thinner oxide samples were probing
more Al 1s electrons near the Si interfacial layer IL-1 than in
the thicker film. Previous work eliminates the possibility of
peak broadening by sub-stoichiometric aluminum oxides or
the presence of phase changes for similar temperatures and
deposition methods.** Therefore, the conclusion made is that
the broader peak width is indicative of an electric field on
the A1203 side of IL-1.

The phenomenon initiating peak broadening of Al ls
peaks can be better understood by considering the electrical
environment on the Si side of IL-1. Katamreddy et al.
reported that there was growth of a thin interfacial SiO, layer
after heat treatments similar to this study.>? The thin SiO,
contained fixed positive charges, most likely because of oxy-
gen vacancies.”> > The presence of these positive charges
attracts negative charges from both the Al,O5 and the Si sub-
strate to IL-1, inducing dipoles on both sides. Confirmation
of interfacial SiO, growth is seen in Fig. 2, which shows the
Si 1s spectra referenced to BE-Al for 23-Al before and after
heat treatment. The silica peak (~1843.5eV) for the ther-
mally treated sample shows significant intensity increase rel-
ative to the elemental peak, proof of a thicker interfacial
SiO, layer. Additionally, the elemental Si ls peak shifted
—0.21eV (referenced to BE-Al) after thermal treatments
which can be explained by the presence of increased electron
density at the surface of the substrate.

Metal deposition in our MOS structure created a second
interface, seen in Fig. 1 as IL-2. After metallization, there
were three locations for charge accumulation: IL-1, IL-2,
and the surface of the Si substrate. As discussed earlier, the
presence of positive charge near IL-1 attracts electrons. For
IL-2, the proposed mechanism of charge transfer is known as
the “second nearest neighbor effect.” Electron density in the
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FIG. 1. (a) Visual representation of the
deposited films. Interfacial region IL-1
is present post-Al,O3 deposition and
IL-2 is present post-Ti deposition.
Dashed lines represent the two differ-
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TABLE I. BE and full width at half maximum (FWHM) of Al 1s core levels
obtained for all samples.

Al 1s
Sample BE (eV) FWHM (eV)
2-Al 1562.64 1.85
2-Ti 1562.47 1.89
23-Al 1562.66 1.67
23-Ti 1562.99 1.82
-021eV 44 Si1s
Sl

- - As Deposited )
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FIG. 2. Si ls spectra for 23 nm Al,O; before and after thermal treatments
(annealing and firing). Peak intensities normalized to the elemental Si peaks
to demonstrate increase in intensity of the satellite peak at 1843.5eV, identi-
fied as the signal from SiO, interfacial layer IL-1. Ag;;;=4.83 nm at photon
energy hv =4500eV.

(a) 2-Al
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oxide layer will increase because of the more electron donat-
ing nature of Ti relative to aluminum or oxygen.?® There is
also evidence of similar charge transfer in other metal-oxide
systems.27

The location of mobile charges as well as the proposed
band diagram can be seen in Fig. 3. Presence of induced
charges in the Al,O5; does not necessarily preclude the exis-
tence of fixed charges, but is beyond the scope of the present
study. To quantify the role of charges in this MOS system,
we need to consider the expected voltage drop across the ox-
ide known as the flat-band voltage. For the ideal case, which
ignores charge in the insulating oxide layer, the flat-band
voltage for a Ti metal and a p-type Si substrate is the differ-
ence between the Ti WF, 4.33eV, and the Si WE,
q®,=4.87eV."” Therefore, the ideal case would give a flat
band voltage drop equal to ¢®,,, =0.54eV.

It is possible to track the potential drop in the oxide by
monitoring the photoemission peak shifts from that layer; in
this case, it is the Al 1s core level. The potential drop in our
film stack demonstrated only at 0.33 eV BE shift in the Al 1s
peak between samples 23-Al and 23-Ti (Fig. 1(b)), which is
0.21eV smaller than the expected ¢q®,,;. Then, the sugges-
tion is to conclude the presence of negative charge in the
Al,Oj3 layer.

Effects of negative charge in the oxide can be under-
stood by decreasing the separation between IL-2 and IL-1,
which will enhance electrical influence the two interfaces

23-Al (b)

i i i Sio Si
Ti Al,O;  SiOy Si | Ti ALO: iOx
£m 23nm
Induced Charge | ‘Llnduced Charge
¥ . ®
CB -~ ® R cB Do CB o gg CcB
4Py = Fixed chargei}g ~ I IPums Fixed charge 3 5
054V Lo BE | 054eV .. E BE
1O VB VB
{95 |
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BE = 1839.5eV | BE = 1839.5eV
|
() 2-Ti Titanium 23-Ti
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........... Si1s
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FIG. 3. Energy band diagram for the uncapped thin 2 nm Al,0O3 film (a) and thick 23 nm Al,O3 (b) and Ti capped thin (c) and thick (d) films. Gray areas denote

location of mobile charge throughout the film stack.
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exert on each other. This situation is demonstrated in the Al
Ls spectra of 23-Ti and 2-Ti, Fig. 1(b). The metallic cap layer
acts as a source of electrons so that there would be an
increased electron density in the Al,Oj if the attraction is
strong enough. The presence of increased electron density
causes a BE decrease in 2-Al’s Al ls spectrum after metalli-
zation. This behavior is not observed in 23-Al because the
film’s Al ls spectrum is dominated by the charge neutral
bulk region. Combining the thin and thick film BE difference
gives 0.52 eV (Table I), which is in good agreement with the
expected value of 0.54¢V.

Given the decreasing thicknesses in material stacks used
in modern devices, the electrical and chemical processes tak-
ing place on smaller scales will play larger roles. In consider-
ation of the present study, one could imagine work function
engineering by only varying the thickness of the oxide. No
other material or process changes would be needed. Already
interfacial charges have been used for their beneficial screen-
ing and passivating properties,zs’28 HAXPES analysis would
enhance the characterization of similar material systems.

In summary, we have used elemental HAXPES BE
shifts to characterize the energy band alignment in a MOS
stack of Ti/Al,053/Si. The movement of the Al 1s core level
before and after metal deposition indicated dissimilar poten-
tial differences across the thick oxide and the thin oxide
interlayers. The dissimilarities are consistent with negative
charges in the Al,O3 layer accumulating near positive
charges in the interfacial SiO,. This demonstrates the benefit
of characterization techniques like HAXPES to probe buried
material layers for electrical environments and chemical and
elemental state analyses; thereby, supporting the develop-
ment of band engineering concepts.
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