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a b s t r a c t

The surface Fermi level of semi-insulating and n+-type GaAs(0 0 1) was determined before and after
passivation with n-alkanethiol self-assembled monolayers (SAMs) by X-ray photoelectron spectroscopy.
Fermi level positioning was achieved using Au calibration pads integrated directly onto the GaAs surface,
prior to SAM deposition, in order to provide a surface equipotential binding energy reference. Fermi
ccepted 15 December 2010
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elf-assembled monolayers
-ray photoelectron spectroscopy

level pinning within 50 meV and surface barrier characteristics according to the Advanced Unified Defect
Model were observed. Our results demonstrate the effectiveness of the Au integration technique for the
determination of band-edge referenced Fermi level positions and are relevant to an understanding of
emerging technologies based on the molecular–semiconductor junction.

© 2010 Elsevier B.V. All rights reserved.

urface Fermi level
aAs

. Introduction

Knowledge of the surface barrier height is fundamental to the
evelopment of junction-based semiconductor devices, a unique
lass of which has emerged based on surface chemical architec-
ures for molecular junction and various sensor applications. In
his context, and as a fundamental material science, n-alkanethiol
HS-(CH2)n-CH3] self-assembled monolayers (SAMs) have been
nvestigated for their ability to provide a passivating interface to
aAs(0 0 1) through S-GaAs covalent bond formation [1–5]. A char-
cteristic parameter of the resulting barrier height is the surface
ermi level (FL).

In this letter, we report on the use of X-ray photoelec-
ron spectroscopy (XPS) to establish the equilibrium position of
he GaAs(0 0 1) surface FL before and after the formation of n-
lkanethiol SAMs. Measurements of the relative change of the
urface FL upon passivation of GaAs(0 0 1) with alkanethiols have
een made using Raman spectroscopy [6,7], a technique that

btains the band-bending from estimated changes in the depletion
epth. These experiments are subject to uncertainty introduced by
he establishment of a surface photovoltage, which screens differ-
nces in the equilibrium surface barrier, and that may be substantial
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owing to the large irradiances required to obtain a Raman signal.
Moreover, the Raman technique does not provide a band-edge ref-
erenced position of the surface FL. XPS methods have been used
for this purpose on doped substrates, by reference to an exter-
nal Au film using UV photoelectron spectroscopy, but relative FL
changes upon passivation with the SAM were not reported [8]. In
semi-insulating (SI) GaAs, the native barrier height is supported by
lower surface charge densities, relative to doped material, provid-
ing a more sensitive platform on which to investigate SAM-induced
FL effects. However, external FL referencing requires equipoten-
tial contact between the sample and the calibrant, usually via the
spectrometer ground, which is difficult to obtain for a SI material.
Post-process Au decoration can circumvent the insulating barrier,
providing an internal surface equipotential reference [9], but over-
laying may damage the ordered molecular structure of the SAMs,
and would not provide direct contact with the GaAs substrate. In
order to avoid these issues, Au binding energy reference pads were
integrated directly onto the GaAs surface before SAM deposition as
an effective approach to FL calibration at the molecular junction.

2. Experimental
Undoped SI and n+-type (Si-doped at 1 × 1018 cm−3) GaAs(0 0 1)
wafers were used for this study. Integrated Au reference pads were
evaporated on etched GaAs surfaces, following UV photolithogra-
phy on PMMA photoresist, with diameters of about 170 �m and
thicknesses in excess of 50 nm. Details on the preparation of hex-

dx.doi.org/10.1016/j.apsusc.2010.12.084
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laterally on the surface.
Table 1 (col. 7) lists the FL results for both SI and n+ substrate

types, based on a calculation of Ef using the uncalibrated energies
in cols. 2–5. In col. 6, no significant difference in �XPS is observed,
ig. 1. XPS As 3d core level (a) and valence band (b) regions of SI-GaAs for samples
re referenced to the VBE (solid line intersection), determined by extrapolation in
hotoelectron take-off angle: 90◦ .

decanethiol (HDT) [HS-(CH2)15-CH3] SAMs have been reported
lsewhere [10]. In order to provide a stabilized control, etched
nly GaAs wafers were allowed to reoxidize in air briefly (∼3 min).
amples prepared with SAMs were transferred directly to the XPS
acuum chamber from the N2 environment in which they were
repared, with only a few seconds of ambient exposure.

. Results and discussion

.1. X-ray photoelectron spectroscopy

The As 3d core level and valence band regions are plotted in
ig. 1(a) and (b), for both SAM prepared and etched/reoxidized SI-
aAs surfaces. The As 3d core levels are shown calibrated such that

he zero of binding energy corresponds to the valence band-edge
VBE), which was estimated by visual extrapolation in the logarith-

ic domain to a precision of ±75 meV. Note that the GaAs density
f states (XPS intensity) converges to the same zero for both sample
ypes. Therefore, a constant VBE referenced core level energy (As
dVBE) is validated. Specifically, we referenced the well-resolved As
d5/2 spin–orbit branch by spectral decomposition and obtained a
alue of 40.73 eV. Application of the As 3dVBE energy for the deter-
ination of GaAs surface FLs has been previously demonstrated

8,11].
XPS spectra were also recorded in the Au 4f region where the

L was referred to the Au 4f7/2 line, as indicated in Fig. 2(a), which
rovides a stable FL reference at 84.00 eV [12]. Complementary O
s spectra are plotted in Fig. 2(b). The O 1s spectra were collected
t a 30◦ photoelectron take-off angle in order to emphasize surface
xide concentrations in contrast to the 90◦ take-off used for the
ther measurements. The O 1s panel shows the oxide level asso-
iated with the etched/reoxidized reference wafer (upper series)
nd the null oxide level following SAM passivation (lower series).
he shape of the O 1s region background near 532 eV is due to a
eriodic Ga LMM Auger feature, observable after cleaving under
acuum conditions [13], and thereby demonstrates, within the
imit imposed by this background, that the surface oxide concen-

ration is negligible.

When the Au and GaAs materials are equipotential, a mea-
urement of the difference between the Au 4f7/2 and As 3d5/2
ncalibrated core level energies (�XPS) yields the calibrated posi-
ion of the GaAs surface FL in terms of the energy (Ef) above the VBE
les) passivated with HDT SAM, and (triangles) etched only and reoxidized. Spectra
garithmic domain. GaAs phase As 3d peaks are labeled with spin–orbit branching.

as follows, Ef = 84.00 − �XPS − As 3dVBE. This calibration is graphi-
cally represented in the energy level diagram of Fig. 3. Note that this
method is insensitive to work function differences that may arise
from oxidation, surface dipoles associated with the SAM, or the
effect of any thiol adsorption on the Au pads. In order to verify that
the two materials were equipotential, biasing applied by a charge
neutralization (C/N) current (thermionic emission) shifted the core
levels up to 1.1 eV, where it was observed that �XPS remained con-
stant within normal peak fitting error (≤40 meV). In addition, GaAs
spectra were recorded laterally separate from and immediately
adjacent to the Au pads (relative to the 300 �m × 700 �m XPS field
of view), and were found to have equivalent peak energy positions,
with and without bias shifting applied. Moreover, since the Au pads
were made to a thickness (50 nm) much greater than the XPS sam-
pling depth (∼5 nm), any band-bending variation directly below
the Au pads was not detected in the measurement. Therefore, it
was sufficient to verify spectral invariance and potential uniformity
Fig. 2. XPS spectra. (a) Au 4f peaks labeled with spin–orbit branching. (b) The O 1s
region includes spectra following passivation with HDT SAM (lower series) and from
the etched and reoxidized GaAs reference surface (upper series), shifted vertically
for clarity. Spectra are not energy calibrated. Photoelectron take-off angles: Au 4f,
90◦; O 1s, 30◦ .
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Fig. 3. Energy level diagram illustrating the XPS binding energy referencing used in
order to determine the surface FL position above the VBE. Core levels refer to the
spin–orbit components identified in Figs. 1 and 2. Inset: optical image showing a Au
calibration pad integrated onto the GaAs surface.

Table 1
Evaluation of the VBE referenced surface FL in SI and n+-doped GaAs(0 0 1) prepared
with [HS-(CH2)15-CH3] SAMs using Au XPS core level calibration.

Sample type C/N off C/N on ı (eV) Ef (eV)

As 3d5/2 Au 4f7/2 As 3d5/2 Au 4f7/2

SI-GaAs (Ref) 41.61a 84.67 40.96 83.99 −0.03b 0.21c

SI-GaAs (SAM) 41.74 84.75 40.62 83.61 −0.02 0.26
n+-GaAs (Ref) 41.79 84.37 41.66 84.26 0.02 0.69
n+-GaAs (SAM) 41.80 84.35 41.65 84.24 0.04 0.71

a Columns 2–5, uncalibrated XPS binding energy in eV.
b

w
c
r
g
w
w
a
b
i

The degeneracy factor is the ratio g = g0/g1, where the gi are the
degeneracies of the defect state when occupied by i = 0, 1 electrons,
q is the elementary charge unit, k is the Boltzmann constant, T is

F
i
s

Variation of GaAs-Au peak separation (�XPS) with up to 1.1 eV bias.
c Values calculated from columns 2 and 3. Estimated error ± 90 meV.

ith and without C/N biasing applied, confirming the equipotential
ontact between the GaAs and Au materials. In subsequent tests, Ef
epeatability within 60 meV was observed, which accords with the
iven uncertainties. As a relative measure of error, repeatability
ithin 10 meV specific to the increase in Ef after thiol treatment
as obtained. Table 1 indicates that the passivating effect of n-

lkanethiol SAMs is limited to a 50 meV reduction in equilibrium
+
and-bending for SI-GaAs and a 20 meV reduction for n -type GaAs,

.e., a strong pinning effect is realized.

ig. 4. (a) Ionized charge centre concentrations for the EL2 donor (solid) and carbon a
ndicated (dashed). (b) Net charge balance. The zero of charge marks the bulk Fermi leve
urface potential barrier (˚sb) and limit of ionization in the space charge region (SCR).
Science 257 (2011) 4543–4546 4545

3.2. Validation of the Fermi level results

In conjunction with known mechanisms of bulk charge balance
and the Advanced Unified Defect Model (AUDM) of the GaAs sur-
face [14], the characteristic parameters of the surface barrier are
now analyzed in order to verify the accuracy of the FL measure-
ments. In bulk GaAs material, the EL2 defect is attributed to AsGa
antisites, which in undoped SI-GaAs is compensated by extrin-
sic impurities such as carbon, a shallow level acceptor [15,16]. As
demonstrated below, this mechanism yields the intrinsic-like char-
acter in undoped material. In the AUDM, the EL2 is a deep double
donor, with levels around 0.75 eV and 0.50 eV above the VBE. These
donors, along with shallow level acceptors in the surface region,
often attributed to GaAs antisite defects, are required for mid-gap
surface pinning in n-doped material. Moreover, the AUDM speci-
fies that the surface FL shifts from the mid-gap closer to the VBE
by up to 0.5 eV when the surface is Ga-rich, a shift more easily
accommodated in SI-GaAs without an extrinsic n-type donor [14].
In agreement with the AUDM, Table 1 (col. 7) shows that the sur-
face FL exists at Ef values of 0.69 eV for n+-type GaAs and 0.21 eV
for SI material, which we observe to be about 15% Ga-rich (XPS
atomic percent) after NH4OH/H2O etching similarly with Ref. [17].
Our results also concur with evidence of a surface acceptor state
at 0.27 eV in undoped SI-GaAs that was found using photothermal
radiometric deep-level transient spectroscopy [18].

The surface barrier of SI-GaAs can now be characterized in terms
of the ionized charge concentrations (Qdd and Qsa) and the net con-
centration of free carriers (�Qfc) expressed as a function of the FL
energy (Ef). These terms are based on typical values for the volume
concentration, degeneracy factor and activation energies of the EL2
deep donor (Ndd, gdd, Edd) and carbon shallow acceptor (Nsa, gsa, Esa)
defects [15,16].

�Qfc(Ef ) = 2qni sinh
Ei − Ef

kT
(1)

Qdd(Ef ) = qNdd

1 + gdd exp[(Ef − Edd)/kT]
(2)

Qsa(Ef ) = qNsa

1 + gsa exp[(Esa − Ef )/kT]
(3)
the absolute temperature, and the value ni is the intrinsic carrier
concentration for GaAs. The intrinsic FL energy (Ei) is determined

cceptor (dotted) defect levels in undoped SI-GaAs. Free carrier concentrations as
l energy (Ebulk). The surface FL (Esurf) is determined experimentally and defines the
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rom the ratio of electron/hole effective masses rm = m∗
n/m∗

p in the
xpression 2Ei = Eg − (3/2)kT ln rm, where Eg is the band-gap energy.
qs. (1)–(3) are plotted in Fig. 4(a). The net charge balance for the
alues assumed is shown in Fig. 4(b) and is obtained by evaluating
he sum,

Q (Ef ) =
∣∣�Qfc(Ef ) + Qdd(Ef ) − Qsa(Ef )

∣∣ (4)

ielding an intrinsic-like bulk FL position of 0.77 eV at the charge
alance zero, to which the surface barrier is referred. Fig. 4(b)
lso indicates that, for SI-GaAs, the excess charge density is
.5 × 1016 cm−3, which is attributed to a uniform space charge
egion in depletion resulting from ionization of the native defects.

e also observe why filling of the surface acceptor states is limited
y native defect ionization in SI-GaAs; a charge balance in excess
f the ionized defect concentration would imply a further reduc-
ion of the surface FL, which is energetically unfavorable, since the
urface states would need to fill from the valence band in this case.

. Conclusions

XPS determination of the VBE referenced surface FL posi-
ion following passivation with n-alkanethiol SAMs revealed that
npinning of the surface FL was limited to less than 50 meV. This
esult validates recent calculations indicating that complete passi-
ation of the available surface sites is sterically hindered by the SAM
19]. For SI-GaAs, the surface FL was located at 0.26 eV above the
BE, which is indicative of a high concentration of surface accep-

or states and a barrier height of 0.51 eV consistent with both a

a-rich stoichiometry and ionization of the EL2 defect in its typi-
al bulk concentration (∼1016 cm−3). Similarly, the n+-GaAs surface
arrier was determined to be 0.76 eV based on a surface FL located
t 0.71 eV and ionization in the space charge region specified by the
ominal doping concentration.
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