Measurement of the shear strain of the Gd2O3/GaAs(001) interface by photoreflectance
difference spectroscopy
N. A. Ulloa-Castillo, L. F. Lastras-Martínez, R. E. Balderas-Navarro, R. Herrera-Jasso, and A. Lastras-Martínez
Citation: Applied Physics Letters 105, 181905 (2014); doi: 10.1063/1.4901168
View online: http://dx.doi.org/10.1063/1.4901168
View Table of Contents: http://scitation.aip.org/content/aip/journal/apl/105/18?ver=pdfcov
Published by the AIP Publishing
Articles you may be interested in
Structural and electrical characteristics of Ga 2 O 3 ( Gd 2 O 3 ) ∕ Ga As under high temperature annealing
J. Appl. Phys. 100, 104502 (2006); 10.1063/1.2386946
Electron energy barriers at interfaces of GaAs(100) with La Al O 3 and Gd 2 O 3
Appl. Phys. Lett. 89, 092103 (2006); 10.1063/1.2338893
Chemical and electrical characterization of Gd 2 O 3 ∕ GaAs interface improved by sulfur passivation
J. Appl. Phys. 96, 4811 (2004); 10.1063/1.1785851
Comparison between optical techniques for the measurement of the surface electric field in (100) oriented GaAs
Appl. Phys. Lett. 73, 1520 (1998); 10.1063/1.122192
Oxide–GaAs interfacial electronic properties characterized by modulation spectroscopy of photoreflectance
J. Appl. Phys. 83, 2857 (1998); 10.1063/1.367047

This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.org/termsconditions. Downloaded to IP: 62.141.165.1
On: Wed, 26 Nov 2014 12:34:33

APPLIED PHYSICS LETTERS 105, 181905 (2014)

Measurement of the shear strain of the Gd2O3/GaAs(001) interface
by photoreflectance difference spectroscopy
N. A. Ulloa-Castillo,1,a) L. F. Lastras-Martınez,1,b) R. E. Balderas-Navarro,1,2,c)
R. Herrera-Jasso,1 and A. Lastras-Martınez1

1

Instituto de Investigaci
on en Comunicaci
on Optica,
Universidad Aut
onoma de San Luis Potosı,
Alvaro Obreg
on 64, San Luis Potosı 78000, Mexico
2
Paul-Drude-Institut f€
ur Festk€
orperelektronik, Hausvogteiplatz 5-7, 10117 Berlin, Germany

(Received 2 August 2014; accepted 27 October 2014; published online 6 November 2014)
In this work, we report on photoreflectance (PR) and photoreflectance-difference (PR-D) measurements of GaAs(001) upon deposition of Gd2O3 thin films. The study is focused on two different
substrates: a semi-insulating (SI) with Cr impurities and a Si-doped n-type. PR-D results show that
Gd2O3 induces a tensile strain on the GaAs surface and a direct piezo-electric dipole is created.
Such strain changes the crystal symmetry from cubic to orthorhombic and renders the quadratic
electro-optic (QEO) component anisotropic. For the SI substrate, both linear electro-optic (LEO)
and QEO components contribute to the PR-D spectrum, whereas the n-type PR-D spectrum is
dominated by the LEO component. In both cases, a tensile strain induces a rigid redshift of
C 2014 AIP Publishing LLC.
20 meV to low energies of the E1 and E1 þ D1 optical transitions. V
[http://dx.doi.org/10.1063/1.4901168]

The high-j dielectric/III-V interface is extremely important for metal-oxide-semiconductor (MOS) technology and
can exhibit either a high or low interface state density
depending on both the intrinsic properties of III-V surfaces
and the nature of their oxidation chemistry.1,2 In particular,
Gd2O3 has been investigated due to its high dielectric
constant,3,4 large band gap5 and excellent thermodynamical
stability in semiconductors.6,7 As a matter of fact, a low
interfacial density of states was demonstrated in Gd2O3/
GaAs MOS devices.8,9 However, as GaAs has piezo-electric
character, a polarization charge will be induced by the stress
at the insulator-semiconductor interface when the dielectric
layer is deposited, thus modifying the electric properties at
the interface by this induced charge. In this regard, probing
of interface states evolution for process control during interface formation is of particular importance, preferably in situ.
Optical spectroscopies are non-invasive and can be operated
in any environment.
Two linear optical spectroscopies employed to probe
surface piezo-electric phenomena in semiconductors are
reflectance-difference (RD) and photoreflectance-difference
(PR-D) spectroscopies.10–13 On the (001) surface of zincblende semiconductors, RD measures the difference in
reflectivity between [110] and [110] light polarizations,10,14
whereas PR-D accounts for the difference between a PR
spectrum for polarized probe light (along either [110] or
[110]) and the corresponding spectrum for unpolarized probe
light.15 Furthermore, PR spectra comprise both linear
electro-optic (LEO) and quadratic electro-optic (QEO) components. PR-D spectra involve only the LEO component as
the QEO contribution is nominally isotropic. However, when
the crystal symmetry is modified, as in the case of an
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external stress applied along [110], the QEO component
becomes anisotropic as well.16 For instance, the strain caused
by dimers at the GaAs(001)-c(4  4) surface reconstruction
induces a direct piezo-electric dipole (DPD) that opposes the
electric field (F) of the space-charge layer within the first
tens monolayers into the crystal.10 Another example is the
hydrocarbon ring molecule adsorption onto the As surface
dimers of GaAs(001)-c(4  4), which reduces the surface
band bending causing an increment of F.17 Therefore, a
modification of the surface states influences significantly the
surface electro-optical properties.18
In this work, we report on in situ PR and PR-D measurements of two GaAs(001) surfaces: a semi-insulating (SI)
with Cr impurities and a Si-doped n-type. PR and PR-D
measurements were done around E1 and E1 þD1 optical transitions in order to investigate changes of the surface states
caused by modifications in the surface electric field upon
deposition of Gd2O3 on GaAs. The results for the SI substrate show that Gd2O3 modifies the GaAs(001) by building
up a tensile shear strain which renders the QEO component
anisotropic, whereas, for the n-type substrate, the LEO component dominates the lineshapes even after Gd2O3 deposition. We note that, because we are interested on the PR-D
evolution upon surface modifications, the critical points at
E1 (2.92 eV) and E1 þ D1 (3.13 eV) optical transitions were
used, as the penetration depth of the probe light is only
170 Å for GaAs. This contrasts the case at E0 (1.42 eV),
where probe light can penetrate down to the back-face in
thin GaAs substrates, thus washing out any optical anisotropy coming from the front surface.
PR and PR-D measurements were carried out in ultrahigh vacuum (UHV) on the S1 and S2 substrates which are
described in Table I. Both samples were chemical etched in
H2O:H2SO4:H2O2 (1:5:1) and immediately introduced into
the UHV chamber. The samples were then heated up gradually to obtain a clear (1  1) reconstruction as monitored by
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TABLE I. Samples used for the Gd2O3 deposition.
Sample
S1
S2

Substrate
SI-GaAs(001):Cr
n-GaAs(001) (n  1017 cm3)

RHEED. The deposition of Gd2O3 was performed through
an e-beam evaporator operated at a high voltage of 1.1 KV
with an emission current of 60 mA. The temperatures of samples S1 and S2 were T ¼ 350  C. The base pressure in the
UHV chamber was maintained at Pbase ¼ 8  1010 Torr, and
the maximum pressure registered during the evaporations
was Pmax ¼ 4  108 Torr. The whole process was monitored
with a residual gas analyzer, and the deposition of Gd2O3
was probed in real time using the RD spectrometer in order
to register changes in the surface anisotropy response as
induced by the Gd2O3 deposition. Our criterion was to keep
going on with the Gd2O3 deposition until changes in the RD
signal became detectable. The thicknesses of the deposited
Gd2O3 films were estimated by a scanning electron microscope in ex situ mode and were found to be 20 nm and
40 nm for samples S1 and S2, respectively.
For the optical measurements, a photoelastic modulator
(PEM)-based spectrometer was attached through a strainfree optical viewport into the UHV chamber. For further
experimental details concerning the operation of this spectrometer, see Ref. 15.
Fig. 1 shows the energy bands of sample S1 under different surface conditions. Fig. 1(a) represents the energy
bands for a clean surface. Fermi level at the surface is pinned
at around midgap,19,20 a weak electric field is formed, and
flat bands are expected due to the lack of free carriers. Under
this situation, when the laser beam in a PR experiment
impinges the sample, electron-hole pairs are both created

FIG. 1. Band diagrams schematics for a semi-insulating GaAs crystal
under different surface conditions. Clean surface in the dark (a) and under
laser irradiation (b). In case (a), flat bands condition is obtained, while in
case (b), a charge dipole FD is induced due to the difference in diffusion
constants for holes and electrons due to the Dember effect. (c) GaAs surface after the deposition of a Gd2O3 layer. This layer induces a piezoelectric field (FDPD ) that bends the bands. The band bending in case (c) can
be reduced upon laser irradiation as is shown in (d) by a screening of the
FDPD field by dF ¼ FDPD  F. F is the field induced by photoelectrons when
the laser impinges the sample.

and spatially separated through a Dember effect due to the
difference in diffusion constants for holes and electrons.21 In
this case, a Dember electric field (FD) is induced causing a
band profile as is shown in Fig. 1(b). Fig. 1(c) shows the
band diagrams of GaAs after the deposition of a Gd2O3
layer. Gd2O3 is an ionic crystal with a lattice constant of
10.81 Å.5,22 In contrast, the bonds in GaAs are mostly covalent and the crystal has a lattice constant of 5.65 Å. In consequence, due to the difference in lattice constants between
Gd2O3 and GaAs, a surface tensile stress induces a strain
field that penetrates into the GaAs crystal. This strain produces a DPD and the piezo-electric field (FDPD) associated to
the DPD contributes to the band profile as shown in Fig.
1(c). When the laser beam reaches this surface, the electonhole pairs partially screen the piezo-electric field by an
amount F, thus reducing the band bending as is illustrated in
Fig. 1(d). Note that, additional to the Dember effect, the PR
spectrum includes the component associated to the screening
(i.e., by F) of the FDPD, which is expected to be larger than
the Dember modulation and therefore dominates the PR
mechanism.23 By comparing the band profiles of Figs.
1(a)–1(d), the PR lineshape of Gd2O3/S1 sample is expected
to have an opposite sign in comparison to that of clean-S1.
The PR spectra of the clean-S1 and Gd2O3/S1 are shown
in Fig. 2. Two differences can be pointed out: the strength of
the PR spectra of the clean-S1 sample is approximately 2
times larger than the spectra of Gd2O3/S1; additionally, PR
spectra are reversed in sign and exhibit different lineshapes,
confirming the band model discussed above.

FIG. 2. Photoreflectance spectra for sample S1 (a) before deposition and (b)
after deposition of Gd2O3. The spectra represented by open and solid symbols were taken with polarized probe light along [110] and with unpolarized
probe light, respectively.
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FIG. 3. Photoreflectance spectra for sample S2 (a) before deposition and (b)
after deposition of Gd2O3. The spectra represented by open and solid symbols were taken with polarized probe light along [110] and with unpolarized
probe light, respectively.

FIG. 4. Photoreflectance-difference spectra of sample S1 (a) before deposition and (b) after deposition of Gd2O3. After deposition of Gd2O3, a strain is
induced on the GaAs surface and a piezo-electric field is created. The solid
line represents the fit obtained with Eq. (1) considering the fitting parameters
indicated in the figure, where C1 ðC2 Þ is the broadering parameter for
E1(E1 þ D1) optical transition.

Appl. Phys. Lett. 105, 181905 (2014)

For sample S2, a surface electric field is generated due
to the Si doping and consequently a band bending. Fig. 3
shows PR spectra of the clean-S2 and Gd2O3/S2 samples. It
can be seen that their lineshapes are less sensible than in the
case of the sample S1 and also that the strengths of the PR
signals are at least one order of magnitude larger than for the
case of sample S1.
Fig. 4 shows the PR-D spectra for sample S1 retrieved
from the data in Fig. 2. As we can see in Fig. 4(a), before
deposition of Gd2O3, the surface electric field is close to
zero as we expect from the band diagram of SI-GaAs in
Fig. 1(a). In addition, the Dember effect responsible for the
PR signal appears too weak to produce a measurable signal;
such value has been estimated to be in the range of
260 V/cm.24 After deposition of Gd2O3, as shown in Fig.
4(b), a strain is induced on the GaAs surface and a DPD
has built up.
For sample S2, Fig. 5 shows the corresponding PR-D
results from the PR spectra in Fig. 3. As it was expected, the
lineshapes before and after deposition of Gd2O3 are similar,
which is an indicative that the surface electric field induced
by the native carrier concentration is larger than the FDPD.
Furthermore, as discussed below, the deposition of the
Gd2O3 layer decreases the strength of the surface electric
field.9
In order to model the interfacial electric field formed
between Gd2O3 and the corresponding substrate, we have
used the PR-D lineshape in the region of the E1 and E1 þ D1
optical transitions, given by10

FIG. 5. Photoreflectance-difference spectra of sample S2 (a) before deposition and (b) after deposition of Gd2O3. The solid lines represent the fits
obtained with Eq. (1) considering the fitting parameters indicated in the figure, where C1 ðC2 Þ is the broadering parameter for E1(E1 þ D1) optical
transition.
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where, a and b are the Seraphin coefficients, esxy the surface
strain, d14 the converse piezo-electric coefficient (d14 ¼ 2:7
 1010 cm/V), D51 the interband orthorhombic deformation
potential for transitions of symmetry K (D51 ¼ 8:8 eV), D53 an
orthorhombic deformation potential for the valence band
(D53 ¼ 7:6 eV), D1 the spin orbit splitting energy for the
valence band (D1 ¼ 0:22 eV), r ¼ þ1ð1Þ refers to E1
(E1 þ D1), and F is the field induced by photoelectrons when
the laser impinges the sample (see Fig. 1(d));  is the dielectric
function of the sample, L is the quadratic component of the
PR, and DEso and DEh are defined in Ref. 16. The first two
terms of Eq. (1) correspond to the LEO component and the last
two correspond to the QEO component.10
The results of the fitting procedure outlined by Eq. (1)
are shown in Figs. 4(b) and 5 for samples S1 and S2,
respectively. For sample S1, we found that both LEO and
QEO components contribute significantly to the PR-D
spectrum. The best fit was obtained by using the values of
esxy and F listed in Table II. The electric
pﬃﬃﬃ field associated to
the DPD has a value of FDPD ¼ esxy ð 3e14 Þ=ð0 r Þ along the
[001] direction, where 0 is the permittivity of vacuum, r
the static dielectric constant, e14 ¼ d14 =S44 is the direct
piezo-electric coefficient, and S44 is the stiffness
component. One can further estimate the interfacial state
density (Dit) involved in the interface formation by assumlinked to the FDPD . This value is
ing that the Dit ispdirectly
ﬃﬃﬃ
given by Dit ¼ 3e14 esxy =q, where q is the free electron
charge. By taking the values of e14 ¼ 0:16 C=m2 ; r
¼ 12:5, and 0 ¼ 8:854  1012 F=m, one obtains Dit ¼ 2.6
 1011 cm2 eV1, which compares well with the Dit found
for Ga2O3(Gd2O3)/GaAs, measured previously using
the C-V quasistatic/high frequency method, in the range
from 2  1010 to 5  1012 cm2 eV1 at various band gap
energies.25,26
To achieve a satisfactory fit for sample S2, only the
LEO component was sufficient, indicating that the electric
field FClean associated to the doping level is larger than the
corresponding FDPD , and consequently the QEO component
accounting for the shear strain is negligible. Indeed, the surface electric field of sample S2 decreases upon deposition,
and is due to the passivation character of the Gd2O3 film
TABLE II. Surface shear strain and electric field strengths.
Sample description
Gd2O3/S1
Clean-S2
Gd2O3/S2

esxy

[V=cm]
3

1.5  10
…
…

F ¼ 7  103
FClean ¼ 1:2  105
FEvap ¼ 7:3  104

(see Table II). The decrease in the broadering parameters for
the E1 and E1 þ D1 transitions attests the modification of the
surface electric field in this sample. Finally, for both samples,
the presence of the tensile surface strain induces a hydrostatic
redshift DEh of the E1 and E1 þ D1 transitions: the fits in
Figs. 4(b) and 5(b) were rigidly shifted to lower energies by
DEh ¼ 23 meV and DEh ¼ 21 meV, respectively. Note the
excellent agreement between the experiments and the PR-D
piezo-electric strain model described by Eq. (1).
In conclusion, Gd2O3 thin films were deposited on
SI-GaAs(100):Cr and n-type GaAs(001) commercial substrates. Polarization contrast optical probes were employed
to investigate the possibility that the Gd2O3 film exerts a
strain field in a region close to the Gd2O3/GaAs interface.
Specifically, PR-D measurements of SI-GaAs clearly indicate that a shear strain esxy within the range of 103 is built
up and a piezo-electric field associated to the DPD is created
in the Gd2O3/GaAs interface. Such DPD is proposed to be
correlated to the appearance of interface states. The results
obtained for n-type GaAs show that the native surface electric field, which is larger than the DPD, dominates the lineshape even after the deposition of Gd2O3. However, it was
shown that the PR-D spectroscopy is able to detect changes
in this native surface electric field upon passivation.
The results reported in this paper show that the optical
probe employed is suitable to shed light onto details of the
interface formed between high-j dielectric materials and
(001)-oriented zincblende semiconductors on a quantitative
basis; in particular, on the existence of interfacial strain
and evolution of native electric fields during effective passivation, which are important processes in MOS-based
technology.1,27
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