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Hard x-ray photoelectron spectroscopy and electrical characterization study of the surface potential
in metal/Al2O3/GaAs(100) metal-oxide-semiconductor structures
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Hard x-ray photoelectron spectroscopy (HAXPES) has been used to study metal-oxide-semiconductor (MOS)
structures fabricated with both high (Ni) and low (Al) work-function metals on 8-nm thick Al2O3 dielectric
layers, deposited on sulfur passivated n- and p-doped GaAs substrates. A binding energy difference of 0.6 eV
was measured between the GaAs core levels of the n- and p-doped substrates in the absence of gate metals,
indicating different Fermi level positions in the band gap. Subsequent photoemission measurements made on the
MOS structures with the different work-function metals displayed very limited change in the GaAs core level
binding energies, indicating that the movement of the Fermi level at the Al2O3/GaAs interface is restricted. Using
a combination of HAXPES measurements and theoretical calculations, the Fermi level positions in the band gap
have been determined to be in the range of 0.4–0.75 eV and 0.8–1.11 eV above the valence band maximum for
p- and n-type GaAs, respectively. Analysis of capacitance voltage (C-V) measurements on identically prepared
samples yield very similar Fermi level positions at zero applied gate bias. The C-V analysis also indicates a
higher interface defect density (Dit ) in the upper half of the GaAs bandgap.
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I. INTRODUCTION

The recent increased interest in the nondestructive analysis
of buried interfaces, such as those in metal oxide semiconduc-
tor (MOS) structures, has been facilitated by the development
of a high energy variant of x-ray photoelectron spectroscopy
(XPS) known as hard-XPS (HAXPES). The increase in
the analysis depth, from 5–7 nm for conventional XPS up
to 15–30 nm for HAXPES,1–4 facilitates the measurement
of core level signals from all the relevant layers in MOS
structures which can also be electrically characterized by
capacitance-voltage (C-V) techniques. The ability of HAX-
PES measurements to provide information on band bending
at the semiconductor/dielectric interface and to detect the
presence of a potential difference across the dielectric provides
complementary information on the electronic structure of
the MOS to that deduced from C-V measurements.5 This
is of particular interest in cases where it is difficult to
extract definitive information from conventional C-V analysis
due to high interface state densities, as is the case with
GaAs.6

In this paper we report on a study exploring the application
of HAXPES analysis to determine the surface Fermi level
position in n- and p-doped GaAs MOS structures, where the
oxide is an Al2O3 (8-nm) thin film deposited by atomic layer
deposition (ALD). The samples studied included Al2O3/GaAs
structures with no metal gates and samples capped with 5-nm
thick high (Ni) and low (Al) work-function metals, to explore

if the low and high work-function metal layers modulate the
surface Fermi level position. Using a photon energy of 4150 eV
in these investigations allowed the detection of photoemission
signals from metal, oxide, and substrate core levels. The
relatively wide band gap of GaAs (1.42 eV) increases the
possibility of detecting differences in the binding energy (BE)
of the n- and p-doped substrate core levels which directly
reflect different Fermi level positions in the band gap.7 The
surface Fermi level positions obtained from the HAXPES
analysis are compared to the reported location of the pinning
positions in the GaAs band gap for n- and p-doped substrates
from other studies.8–10

In conjunction with the HAXPES analysis, Al2O3/GaAs
MOS samples with n- and p-doped GaAs substrates and Ni
or Al gate contacts were examined using C-V analysis. The
GaAs/oxide interface is known to display capacitance-voltage
characteristics in MOS devices indicative of a high density
of interface states, which restricts the movement of the
Fermi level at the GaAs/oxide interface upon application of
a gate voltage. To fully characterize the interfacial electronic
properties in the high-κ/GaAs MOS system it is necessary
to determine the energy distribution of the interface states.
In the case of an MOS system with a high interface state
density, such as GaAs, the conversion of the gate voltage
in the C-V response to the corresponding energy position
in the interface state analysis is an established problem.11

It would be highly beneficial to the community working in
the electrical characterization of III-V MOS interface states
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to have an independent method of evaluating the surface
potential for a given gate voltage, as this would provide a
higher degree of certainty for energy mapping of the interface
states.

The results presented in this paper illustrate the ability of
HAXPES to detect Fermi level positions at the GaAs/dielectric
interface, and the presence of any potential differences across
the dielectric layers. The results from the HAXPES analysis
are also compared to the analysis of the C-V response, and a
good agreement is obtained for the surface Fermi level position
for the case of zero applied gate voltage (Vg).

II. EXPERIMENTAL

The n- (Si, 5 × 1017 cm−3) and p- (Zn, 5 × 1017 cm−3)
doped GaAs samples consisted of 400-nm thick GaAs layers
grown by metal organic vapor-phase epitaxy (MOVPE) on
epi-ready GaAs substrates. The samples received a surface
treatment using a 10% solution of (NH4)2S in deionized
water for 20 min at room temperature immediately prior to
being transferred into the ALD chamber with less than 3 min
air exposure.12 The 8-nm Al2O3 was deposited by ALD at
300 ◦C using alternating TMA (Al(CH3)3) and H2O pulses.
The samples were split into three groups: A, B, and C, each
containing one n- and one p-type GaAs sample. Group A was
left without a metal gate, group B was capped with a 5-nm
Ni blanket film, while group C was capped with a 5-nm Al
blanket film. All metal deposition was achieved by electron
beam evaporation. Additionally, two further groups, D and E
were produced for C-V analysis in an identical fashion to that
mentioned above, with group D samples capped with a 160-nm
Al film, while group E samples were capped with a 70/90 nm
Ni/Au film for electrical probing. The metal gate areas for the
C-V characterization were defined by a lithography and lift-off
process.

HAXPES measurements were carried out on the NIST
beamline X24A at the National Synchrotron Light Source
(NSLS) at Brookhaven National laboratory (BNL). A double
Si (111) crystal monochromator allowed for photon energy
selection in the range of 2.1–5.0 keV. An electron energy
analyzer was operated at a pass energy of 200 eV giving an
overall instrumental energy resolution of 0.52 eV at the chosen
photon energy of 4150 eV. In order to ensure correct energy
calibration throughout the experiment, metallic Ni Fermi edge
reference spectra were acquired immediately before and after
the acquisition of the Al2O3 and GaAs substrate core level
peaks. The resultant error associated with this photon energy
correction procedure is estimated to be no more than 50 meV.
The maximum depletion region width for the 5 × 1017 cm−3

doped GaAs substrate is calculated to be 61 nm. The total
sampling depth of the HAXPES measurement using a photon
energy of 4150 eV is estimated to be 23 nm13 which ensures the
detection of photoemitted electrons from the 5-nm metal and
8-nm dielectric layers, as well as approximately 10 nm into the
GaAs, which is obtained from the inelastic mean free path of
the As 2p photoemitted electrons, which have kinetic energies
of 2827 eV.14 The XPS core level spectra were curve fitted,
using Voigt profiles composed of Gaussian and Lorentzian
line shapes in a 3:1 ratio with a Shirley-type background, to
increase the accuracy of locating the peak centers.

FIG. 1. (Color online) Normalized As 2p core level spectra
acquired at a photon energy of 4150 eV for the uncapped Al2O3/GaAs,
Ni (5 nm) capped and Al (5 nm) capped Al2O3/GaAs samples,
showing the shifts in the core level after metal for (a) n-type, and
(b) p-type GaAs substrates. The dotted lines show the energy
separation between n- and p-type samples without metal gates.

III. RESULTS AND DISCUSSION

Figure 1 shows the As 2p core levels acquired at 4150 eV
photon energy for both n- and p-doped GaAs with the 8-nm
Al2O3 dielectric layer, with and without the presence of a metal
overlayer. Measurements on the uncapped samples reveal that
the binding energy position for the p-type GaAs peaks was
found to be 0.6 eV lower than the n-type substrate consistent
with the Fermi level residing closer to the valence band
maximum. The difference is however less than the expected
value of 1.34 eV, which is based on the calculated Fermi
level position difference for n and p GaAs with a doping
concentration of 5 × 1017 cm−3, indicating that there is band
bending at the Al2O3/GaAs interface for both dopant types,
even in the absence of a metal contact.15

In order to determine whether the band bending displayed
at the interface reflected Fermi level pinning, both high (Ni
5.01 eV) and low (Al 4.08 eV) work-function metal films 5-nm
thick were deposited on the dielectric.16 By ensuring electrical
contact between the metal overlayer and the GaAs substrate,
Fermi level equalization across the MOS structure resulting
from the differences in work functions occurs. If the Fermi
level at the Al2O3/GaAs interface is free to move, it would
be expected to align with the metal work function resulting
in a reduction in band bending (increase in core level binding
energy) for the n-type substrate with the low work-function Al
contact and an increase in the band-bending (reduction in core
level binding energy) for the high work-function Ni contact.
The same dependence of core level binding energy on metal
work function would be expected for the p-type substrate,
however, the magnitude of the shifts would differ, so for an Ni
gate a much larger core level binding energy shift should be
recorded for n type than for p type, while for an Al gate we
would expect a larger shift for p type than for n type.

HAXPES measurements for samples with an Al gate show
that the peaks shift 0.11 eV and 0.15 eV to higher BE, for
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n- and p-type samples, respectively, with no detectable change
for the Ni gate. The limited ability to move the Fermi level
of either dopant type suggests high Dit at the Al2O3/GaAs
interface. The small shift in the GaAs core levels following
the deposition of the low work-function Al contact indicates
that there is a limited ability of the Fermi level to move towards
the conduction band. These combined results indicate that the
band bending observed at the Al2O3/GaAs interface for the
n- and p-doped substrates in the absence of a metal contact
broadly reflects the position of the partially pinned Fermi level,
as no significant Fermi level movements occurred following
the deposition of metals with different work functions. The
measurements also suggest that the partial Fermi level pinning
for n- and p-doped substrates at different positions in the band
gap are caused by different interface state defects consistent
with previous studies.9,17,18 This result is in agreement with the
recent work of Caymax et al.9 for electrical measurements on
sulfur treated Al2O3/GaAs MOS capacitors on n- and p-doped
substrates which reported different defect state distributions in
the GaAs band gap and the limited ability of sulfur treatment
to passivate the mid-gap defect states. The reduction in signal
to noise apparent in the spectra for the GaAs substrate peaks
following the metal deposition reflects an intensity attenuation
of 84% in the case of the Al contact and a 91% reduction
for the Ni contact which highlights the necessity for the large
sampling depth and high brilliance capabilities of HAXPES
measurements.

Following the work of Kraut et al.,19 the position of the
VBM in relation to a reference metallic Fermi level was
determined by theoretically calculating the density of states
(DOS) from first principles. The theoretical DOS is then
weighted by the cross section of each atomic orbital, and
convolved with a Gaussian curve, σ = 0.5 eV full width at half
maximum, in order to accurately model the VB as measured
by photoemission.20 Figure 2 shows the good agreement

FIG. 2. (Color online) Total theoretical DOS, convolved cross
section weighted DOS and experimental photoemission valence band
spectra of n-type GaAs/Al2O3. A Gaussian of σ = 0.5 eV was used
in convolution. The VBM position is indicated by the vertical line.
The Ni Fermi edge was used to determine zero binding energy on this
scale which reflects the Fermi level position.

FIG. 3. (Color online) Simulation of the band bending in a p-type
GaAs MOS structure based on 0.4-eV band bending as measured by
HAXPES.

between the calculated DOS and the VB spectrum for n-type
Al2O3/GaAs as measured by photoemission. The VBM for
this n-doped substrate is determined to be approximately
1.0 ± 0.1 eV below the reference Fermi level, which would be
at zero binding energy on the x axis, while the corresponding
VBM for the p-type Al2O3/GaAs, determined using the same
method, was 0.4 ± 0.1 eV below the Fermi level.

In order to assess the magnitude of the error in determining
the Fermi level position from the HAXPES measurement,
a simulation of the band bending for 5 × 1017 cm−3 doped
p-type GaAs resulting from a 0.4-eV surface potential was
performed by numerically solving Poissons equation. The
resulting band-bending diagram shown in Fig. 3 indicates that
for a sampling depth into the GaAs substrate of 10 nm, the error
in determining the VBM position is a maximum of 0.15 eV.
However, due to the exponential fall off in the weighting of
the photoemitted electron contribution with depth, it would
be reasonable to assume that the actual error is likely to be
less than 0.1 eV. This analysis allows the determination of the
Fermi level position for the p-type sample without a metal
cap, or with an Ni cap, to be in the range of 0.4–0.5 eV above
the VBM, while for the sample with the Al cap the Fermi level
is 0.55–0.65 eV above the VBM. For the equivalent n-type
sample, assuming a similar band-bending derived error, the
Fermi level is in the range of 0.9–1.0 eV above the VBM for
uncapped and Ni capped samples, and 1.01–1.11 eV for Al
capped samples.

In order to quantify any surface photovoltage (SPV) related
effect,21 caused by the generation of electron hole pairs in
the GaAs by a high incident photon flux, the following
analysis has been undertaken. SPV effects are characterized
by a rigid shift of both semiconductor substrate and metal
derived peaks towards the flat band positions.21 This has the
effect on p-type substrates of shifting the metallic Fermi edge
above the reference Fermi level by an amount equivalent
to the band flattening cause by SPV, but no such shift was
observed in this work. In addition, the relatively high doping
density (5 × 1017 cm−3), and the fact that measurements were
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FIG. 4. (Color online) Multifrequency (1 kHz to 1 MHz) C-V response at room temperature (∼295 K) for (a) Al/Al2O3/n-GaAs,
(b) Al/Al2O3/p-GaAs, (c) Ni/Al2O3/n-GaAs, and (d) Ni/Al2O3/p-GaAs MOS capacitors.

performed at room temperature both act to minimize any
SPV effect.22 Deriving similar Fermi level positions from
both metal capped and uncapped samples also indicates that
a significant SPV effect is not occurring, as the presence of a
metal cap should act to reduce the SPV effect.22 In any case,
studies by Bauer et al.22 would indicate that for the photon flux
used in these measurements (maximum of 1011 photons/s) and
the doping density of the GaAs substrates, an upper estimate
of the SPV effect would result in no more than a 0.1-eV shift
towards the flat band positions. Even taking these SPV-induced
shifts into account, and adding this to the error as a result of
the band bending, the results suggest that the Fermi level of
the p-type sample is in the range 0.4–0.6 eV above the valence
band maximum (VBM) for uncapped and Ni capped samples,
and 0.55–0.75 eV for Al capped samples, above its calculated
position of 0.04 eV above VBM. The corresponding analysis
for the n-type Fermi level position is in the range 0.8–1.0 eV
from the VBM for uncapped and Ni capped samples, and
0.91–1.11 eV for Al capped samples, below its calculated
position of 1.38 eV above VBM, which agree with the n-p
Fermi level separation of 0.6 eV as determined from the
core level peak shifts. These Fermi level positions are in
good agreement with those previously reported for p-type
GaAs, 0.4–0.6 eV,8 and 0.33 eV23 above the VBM. However
there is a greater discrepancy in the n-type Fermi levels, with
previous values of 0.61 eV23 and 0.7 eV.24 The presence of two
pinning positions close to the midgap is, however, consistent
with the unified defect model (UDM), which explains the two
pinning states as being related to acceptor (missing As atom)
or donorlike (missing Ga atom) states which are due to missing
atoms at the semiconductor/oxide interface.9,25

In order to fully characterize the presence of interface
states at the dielectric-semiconductor interface, both high and
low ac frequency C-V measurements are required. The C-V
responses recorded at a range of ac signal frequency (1 kHz
to 1 MHz) for the corresponding Al (160 nm) and Ni/Au
(70/90 nm) gate GaAs/Al2O3 MOS capacitors for the n- and
p-type GaAs are shown in Figs. 4(a)–4(d). A large frequency
dispersion at positive gate voltages is observed in the C-V for
the n-type GaAs, which is consistent with the high interface
state density in the upper half of the GaAs band gap. The
accumulation capacitance is not seen from the 1-MHz C-V,
suggesting that the Fermi level is pinned at a fixed energy
level at the Al2O3/GaAs interface for n type and cannot move
towards the conduction band to accumulate electrons. The
accumulationlike capacitance measured at 1 kHz is not only
due to the differential capacitance (Cs) of the n-type GaAs
but is a consequence of a capacitance contribution of an
interface state capacitance (Cit ) in parallel with Cs . As Cit

is large compared to Cs and Cox , according to the equivalent
circuit of a MOSCAP with the presence of interface states,15

a capacitance that approaches Cox can be observed but does
not indicate that accumulation is achieved. Because the Fermi
level is pinned at the fixed energy level, all the additional
gate charge is compensated by charging Al2O3/GaAs interface
defects. A similar C-V response was also observed for a
HfO2/GaAs MOS capacitor at 295 K.26 The multifrequency
C-V response for the p-type GaAs MOS capacitors shows
much smaller frequency dispersion at negative gate voltages,
with a maximum capacitance that approaches Cox at both 1 kHz
and 1 MHz, implying that the interface state density is reduced
in the lower half of the GaAs band gap in comparison to the
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FIG. 5. (Color online) Comparison of 1-MHz C-V between Al
and Ni gates for (a) p-GaAs and (b) n-GaAs.

upper half, thus the p type can more easily reach accumulation
than the n type.

The work-function difference between Al and Ni on the
MOS structures under investigation is estimated from the
C-V at 1 MHz as shown in Figs. 5(a) and 5(b) for p-
and n-type, respectively. In order to obtain the Fermi level
position, the GaAs surface potential is calculated based on
the measured capacitance at 1 MHz and zero gate voltage, as
the HAXPES measurement is carried out without applying
a gate voltage. It is crucial to do the calculation on the
premise that a true high frequency capacitance is obtained
at Vg = 0 V, otherwise the measured capacitance comprises
a Cit term which leads to an incorrect surface potential. A
model by Brammertz et al.6 that determines the interface
trap response at 295 K using a capture cross section of
1 × 10−14 cm2 is shown in Fig. 6. It is evident that only
the interface defects in the energy range Ev to Ev + 0.31
eV and Ec−0.27 eV to Ec can respond to an ac frequency
of 1 MHz. All the interface states outside this energy range
will only affect the C-V though a stretch-out along the gate
voltage axis without the addition of Cit to the total capacitance
of the MOS capacitor. As discussed earlier, the HAXPES
measurements indicate that the Fermi level is located in the
range of 0.8–1.11 eV and 0.4–0.75 eV above the VBM for the n

and p types, respectively. It is noted that these energy positions
are in the region where interface states cannot respond, giving
us confidence in calculating the surface potential using the
1-MHz capacitance at Vg = 0 V. In addition, it is worth
highlighting that for GaAs, the capture cross section can vary

FIG. 6. (Color online) Simulation of trap response using the
model by Brammertz et al.6 associated with the measurement at
295 K, assuming a capture cross section of 1 × 10−14 cm−2. The
horizontal dashed line corresponds to the high frequency of 1 MHz in
the C-V measurement and circled regions represent the energy levels
of interface states (Et ) in the GaAs band gap measured by HAXPES,
which are in the ranges 0.8–1.11 eV and 0.4–0.75 eV above VBM for
the n and p type, respectively, in the absence of metal contacts and
approximately the same after the deposition of the Al or Ni gate. For
smaller values of capture cross section the region of the energy gap
over which the interface states can respond is reduced.

over orders of magnitude.27 The calculations for the model
have been performed for capture cross sections which span
3 orders of magnitude (1 × 10−17 to 1 × 10−14 cm2), which
all show that no interface states at those energy levels can
respond to 1 MHz at Vg = 0 V. From the C-V at 1 MHz
the corresponding semiconductor depletion capacitance can be
calculated from the total measured capacitance (Cit = 0) and
an oxide capacitance value Cox = 9.5 × 10−7 F/cm2 assuming
an Al2O3 layer with nominal thickness of 8 nm is formed
during the ALD. This value can then be used to determine the
surface potential and hence the surface Fermi level position
with respect to the VBM. The C-V–based calculations indicate
that for the n type the Fermi level is 0.86 eV and 0.78 eV above
the VBM with Al and Ni gates, respectively, and for the p-type,
it is 0.41 eV and 0.30 eV above the VBM with Al and Ni gates,
respectively, which are in good agreement with the HAXPES
measured Fermi level positions. The comparative HAXPES
and C-V results (Vg = 0) for the surface Fermi level position
are presented in Table I. The difference between the Fermi
level position of Al and Ni is thus 0.08 eV over the n type and
0.11 eV over the p type, which is consistent with the Fermi
level shift between Al and Ni from HAXPES over both the n

TABLE I. Comparison of Fermi level positions recorded by HAXPES and C-V measurements at Vg = 0 V. Ef is the Fermi level energy;
Ev is the valence band energy.

Sample Ef -Ev (Al2O3/GaAs) Ef -Ev (Al/Al2O3/GaAs) Ef -Ev (Ni/Al2O3/GaAs) �Ef (Al-Ni shift)

n-type (C-V) n/a 0.86 eV 0.78 eV 0.08 eV
n-type (HAXPES) 0.8 – 1.0 eV 0.91 – 1.11 eV 0.8 – 1.0 eV 0.11 – 0.31 eV
p-type (C-V) n/a 0.41 eV 0.3 eV 0.11 eV
p-type (HAXPES) 0.4 – 0.6 eV 0.55 – 0.75 eV 0.4 – 0.6 eV 0.15 – 0.35 eV
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FIG. 7. (Color online) Al 1s spectra showing BE shift due to the
changes in the potential across the Al2O3 layer caused by different
work-function metals for (a) n-type and (b) p-type GaAs. The
presence of a metallic Al 1s signal at 1559.5 eV binding energy
originates from the metal cap.

type, of 0.11–0.31 eV, and p type, of 0.15–0.35 eV as shown
in Table I.

Work-function differences between the metal and the
pinned GaAs Fermi level should be reflected in a potential
difference across the dielectric layer resulting in a binding
energy shift, and broadening of the associated dielectric core
levels.3 These changes would be expected to be most apparent
between the n-type GaAs and the Ni, or the p-type GaAs and
the Al, as these both represent the largest potential difference,
given the electron affinity of GaAs is 4.07 eV. Figure 7 shows
the changes in binding energy of the Al 1s oxide peak (located
at 1562 eV) for the n- and p-type GaAs substrate resulting
from metal deposition. For the n-type sample the deposition
of the low work-function Al results in a small increase in the
Al 1s peak BE (0.09 eV), which is less than the work-function
difference in the range of 0.3–0.5 eV. It is thought that this
discrepancy is partly due to trapped charge in the Al2O3, which
has previously been measured in the case of Al2O3/InGaAs
systems.28,29 If there is positive charge already present in the
oxide then the potential field needed to equalize the metal
work-function and Fermi level in the semiconductor is less in
the case of an Al cap, and greater in the case of an Ni cap, which
is the case in our results as shown in Table II. The presence of
a metallic Al 1s signal at 1559.4 eV binding energy originates
from the gate metal. For the Ni capped n-type sample, a

TABLE II. Comparison of the calculated and measured shifts in
the Al oxide peak due to the presence of a potential field across the
oxide layer.

Calculated Al2O3 Experimental Al2O3

Sample shift (eV) shift (eV)

Al/Al2O3/n-GaAs 0.3 – 0.5 0.09
Ni/Al2O3/n-GaAs −0.52 – −0.32 −0.59
Al/Al2O3/p-GaAs 0.66 – 0.86 0.54
Ni/Al2O3/p-GaAs −0.12 – 0.08 −0.26

significant decrease in the binding energy (−0.59 eV) of the
Al 1s oxide peak reflects a potential difference of the opposite
polarity across the dielectric caused by the high work-function
Ni contact, as previously explained by Walsh et al.5 and this
shift agrees well with the theoretical work-function difference
in the range from −0.52 to −0.32 eV. The corresponding
binding energy shifts for the p-type sample were 0.54 eV to
higher BE with the Al cap and −0.26 eV for the Ni cap, which
agree well with the expected shifts of 0.66–0.86 eV and −0.12
to 0.08 eV, respectively.

All of these changes are consistent with the difference in
the polarity of the potential difference in the dielectric layer
caused by the low and high work-function metals and further
reflect the restricted nature of the Fermi level movement in
the GaAs, as the work-function difference between GaAs
and metal caps is manifest as a potential difference across
the dielectric layer.3 The Al 1s peak widths for the metal
capped samples broaden when compared to the samples
without metal gates reflecting the gradient in the potential
across the dielectric layer. The small potential difference of
0.09 eV measured across the Al2O3 layer for the Al on
n type results in negligible broadening while a full width
half maximum (FWHM) increase of 0.36 eV for Ni on
the n-type reflects the larger potential difference across the
dielectric. In the case of the p-type sample, again negligible
differences in FWHM were measured for the Al contact, but a
0.18- eV FWHM increase was found for the Ni capped sample.
While these differences are smaller than would be expected,
this can be partially accounted for by the limited extent to
which these potential changes can be quantified by measuring
photoemission peak line shapes.30

IV. CONCLUSIONS

In summary, the large sampling depth of HAXPES has
been used to characterize band bending in metal/Al2O3/GaAs
(MOS) structures fabricated with both high (Ni) and low (Al)
work-function metals. The results are consistent with different
Fermi level positions for n- and p-doped substrates which
are largely independent of metal work function. Valence band
measurements indicate that the Fermi level positions in the
band gap are in the range of 0.4–0.75 eV and 0.8–1.11 eV
above the valence band maximum for p-type and n-type GaAs,
respectively. C-V analysis of near identical samples yield very
similar surface Fermi level positions at zero gate voltage for the
n- and p-type GaAs samples. The C-V responses also indicate
an Al2O3/GaAs interface with a higher Dit in the upper half
of the band gap. A potential difference across the Al2O3 layer
consistent with the difference in metal work functions was also
measured. The ability of HAXPES measurements to allow the
extraction of Fermi level positions at buried metal/dielectric
interfaces in the presence of metal capping layers facilitates
the study of MOS structures which are difficult to analyze
by C-V electrical characterization methods due to the limited
Fermi level movement. The fact that HAXPES measurements
can also provide information on chemical interactions makes
it a powerful analytical tool for the investigation of MOS
structures with layer thickness dimensions relevant to future
semiconductor device technology nodes.

045322-6



HARD X-RAY PHOTOELECTRON SPECTROSCOPY AND . . . PHYSICAL REVIEW B 88, 045322 (2013)

ACKNOWLEDGMENTS

The authors from Dublin City University and the Tyndall
National Institute acknowledge the financial support of SFI
under Grant No. SFI/09/IN.1/I2633. The central fabrication
facility at Tyndall are acknowledged for the fabrication of
the experimental samples used in this work. Ian Povey from
Tyndall is acknowledged for the ALD growth of the Al2O3

layers. Abdul K. Rumaiz is acknowledged for the fitting of
the theoretical DOS used in this work. Access to the X24A
HAXPES beamline at Brookhaven National Laboratory was
obtained through a General User Proposal. Use of the National
Synchrotron Light Source, Brookhaven National Laboratory,
was supported by the US Department of Energy, Office of
Science, Office of Basic Energy Sciences, under Contract
No. DE-AC02-98CH10886.

*lee.walsh36@mail.dcu.ie
1K. Kobayashi, M. Yabashi, Y. Takata, T. Tokushima, S. Shin,
K. Tamasaku, D. Miwa, T. Ishikawa, H. Nohira, T. Hattori,
Y. Sugita, O. Nakatsuka, A. Sakai, and S. Zaima, Appl. Phys. Lett.
83, 1005 (2003).

2P. S. Lysaght, J. Barnett, G. I. Bersuker, J. C. Woicik, D. A. Fischer,
B. Foran, H.-H. Tseng, and R. Jammy, J. Appl. Phys. 101, 024105
(2007).

3K. Kakushima, K. Okamoto, K. Tachi, J. Song, S. Sato,
T. Kawanago, K. Tsutsui, N. Sugii, P. Ahmet, T. Hattori, and
H. Iwai, J. Appl. Phys. 104, 104908 (2008).

4R. Claessen, M. Sing, M. Paul, G. Berner, A. Wetscherek, A. Mller,
and W. Drube, New J. Phys. 11, 125007 (2009).

5L. A. Walsh, G. Hughes, P. K. Hurley, J. Lin, and J. C. Woicik,
Appl. Phys. Lett. 101, 241602 (2012).

6G. Brammertz, H. C. Lin, K. Martens, D. Mercier, C. Merckling,
J. Penaud, C. Adelmann, S. Sioncke, W. E. Wang, M. Caymax,
M. Meuris, and M. Heyns, J. Electrochem. Soc. 155, H945 (2008).

7C. C. Fulton, G. Lucovsky, and R. J. Nemanich, J. Appl. Phys. 99,
063708 (2006).

8D. Mao, A. Kahn, G. Le Lay, M. Marsi, Y. Hwu, and
G. Margaritondo, Appl. Surf. Sci. 56-58, Part 1, 142 (1992).

9M. Caymax, G. Brammertz, A. Delabie, S. Sioncke, D. Lin,
M. Scarrozza, G. Pourtois, W.-E. Wang, M. Meuris, and M. Heyns,
Microelectron. Eng. 86, 1529 (2009).

10I. Lindau, T. Kendelewicz, N. Newman, R. List, M. Williams, and
W. Spicer, Surf. Sci. 162, 591 (1985).

11R. Engel-Herbert, Y. Hwang, and S. Stemmer, J. Appl. Phys. 108,
124101 (2010).

12E. O’Connor, B. Brennan, V. Djara, K. Cherkaoui, S. Monaghan,
S. B. Newcomb, R. Contreras, M. Milojevic, G. Hughes, M. E.
Pemble, R. M. Wallace, and P. K. Hurley, J. Appl. Phys. 109,
024101 (2011).

13S. Tanuma, C. J. Powell, and D. R. Penn, Surf. Interface Anal. 43,
689 (2011).

14J. Chastain and J. F. Moulder, Handbook of X-ray Photoelectron
Spectroscopy : A Reference Book of Standard Spectra for Identifi-
cation and Interpretation of XPS Data (Physical Electronics, Eden
Prairie, 1995).

15E. H. Nicollian and J. R. Brews, MOS (Metal Oxide Semiconductor)
Physics and Technology (Wiley, New York, 1982).

16D. R. Lide, Handbook of Chemistry and Physics: 2004-2005 (CRC
Press, Boca Raton, 2004).

17L. Lin and J. Robertson, Appl. Phys. Lett. 98, 082903
(2011).

18W. Wang, C. Hinkle, E. Vogel, K. Cho, and R. Wallace,
Microelectron. Eng. 88, 1061 (2011).

19E. A. Kraut, R. W. Grant, J. R. Waldrop, and S. P. Kowalczyk, Phys.
Rev. Lett. 44, 1620 (1980).

20A. K. Rumaiz, J. C. Woicik, G. A. Carini, D. P. Siddons,
E. Cockayne, E. Huey, P. S. Lysaght, D. A. Fischer, and V. Genova,
Appl. Phys. Lett. 97, 242108 (2010).

21M. Alonso, R. Cimino, and K. Horn, Phys. Rev. Lett. 64, 1947
(1990).

22A. Bauer, M. Prietsch, S. Molodtsov, C. Laubschat, and G. Kaindl,
J. Vac. Sci. Technol. B 9, 2108 (1991).

23D. Yan, F. H. Pollak, T. P. Chin, and J. M. Woodall, Phys. Rev. B
52, 4674 (1995).

24T. Kendelewicz, P. Soukiassian, M. H. Bakshi, Z. Hurych, I. Lindau,
and W. E. Spicer, Phys. Rev. B 38, 7568 (1988).

25W. E. Spicer, I. Lindau, P. Skeath, and C. Y. Su, J. Vac. Sci. Technol.
17, 1019 (1980).

26P. K. Hurley, E. O’Connor, S. Monaghan, R. Long, A. O’Mahony,
I. M. Povey, K. Cherkaoui, J. MacHale, A. Quinn, G. Brammertz,
M. M. Heyns, S. Newcomb, V. V. Afanas’ev, A. Sonnet,
R. Galatage, N. Jivani, E. Vogel, R. M. Wallace, and M. Pemble,
ECS Transactions 25, 113 (2009).

27N. P. Khuchua, L. V. Khvedelidze, M. G. Tigishvili, N. B. Gorev,
E. N. Privalov, and I. F. Kodzhespirova, Russian Microelectronics
32, 257 (2003).

28B. Shin, J. R. Weber, R. D. Long, P. K. Hurley, C. G. Van
de Walle, and P. C. McIntyre, Appl. Phys. Lett. 96, 152908
(2010).

29R. D. Long, B. Shin, S. Monaghan, K. Cherkaoui, J. Cagnon,
S. Stemmer, P. C. McIntyre, and P. K. Hurley, J. Electrochem.
Soc. 158, G103 (2011).

30G. Margaritondo, F. Gozzo, and C. Coluzza, Phys. Rev. B 47, 9907
(1993).

045322-7

http://dx.doi.org/10.1063/1.1595714
http://dx.doi.org/10.1063/1.1595714
http://dx.doi.org/10.1063/1.2422746
http://dx.doi.org/10.1063/1.2422746
http://dx.doi.org/10.1063/1.3021461
http://dx.doi.org/10.1088/1367-2630/11/12/125007
http://dx.doi.org/10.1063/1.4770380
http://dx.doi.org/10.1149/1.2988045
http://dx.doi.org/10.1063/1.2181282
http://dx.doi.org/10.1063/1.2181282
http://dx.doi.org/10.1016/0169-4332(92)90227-O
http://dx.doi.org/10.1016/j.mee.2009.03.090
http://dx.doi.org/10.1016/0039-6028(85)90953-7
http://dx.doi.org/10.1063/1.3520431
http://dx.doi.org/10.1063/1.3520431
http://dx.doi.org/10.1063/1.3533959
http://dx.doi.org/10.1063/1.3533959
http://dx.doi.org/10.1002/sia.3522
http://dx.doi.org/10.1002/sia.3522
http://dx.doi.org/10.1063/1.3556619
http://dx.doi.org/10.1063/1.3556619
http://dx.doi.org/10.1016/j.mee.2011.03.053
http://dx.doi.org/10.1103/PhysRevLett.44.1620
http://dx.doi.org/10.1103/PhysRevLett.44.1620
http://dx.doi.org/10.1063/1.3524262
http://dx.doi.org/10.1103/PhysRevLett.64.1947
http://dx.doi.org/10.1103/PhysRevLett.64.1947
http://dx.doi.org/10.1116/1.585747
http://dx.doi.org/10.1103/PhysRevB.52.4674
http://dx.doi.org/10.1103/PhysRevB.52.4674
http://dx.doi.org/10.1103/PhysRevB.38.7568
http://dx.doi.org/10.1116/1.570583
http://dx.doi.org/10.1116/1.570583
http://dx.doi.org/10.1149/1.3206612
http://dx.doi.org/10.1023/A:1025528416032
http://dx.doi.org/10.1023/A:1025528416032
http://dx.doi.org/10.1063/1.3399776
http://dx.doi.org/10.1063/1.3399776
http://dx.doi.org/10.1149/1.3545799
http://dx.doi.org/10.1149/1.3545799
http://dx.doi.org/10.1103/PhysRevB.47.9907
http://dx.doi.org/10.1103/PhysRevB.47.9907



