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ABSTRACT: We have measured the 75As signals arising
from the interface region of single-crystal semi-insulating
GaAs that has been coated and passivated with an
aluminum oxide film deposited by atomic layer deposition
(ALD) with optically pumped NMR (OPNMR). Using
wavelength-selective optical pumping, the laser restricts
the volume from which OPNMR signals are collected.
Here, OPNMR signals were obtained from the interface
region and distinguished from signals arising from the
bulk. The interface region is highlighted by interactions
that disrupt the cubic symmetry of the GaAs lattice,
resulting in quadrupolar satellites for nuclear =I 3

2
isotopes, whereas NMR of the “bulk” lattice is nominally
unsplit. Quadrupolar splitting at the interface arises from
strain based on lattice mismatch between the GaAs and
ALD-deposited aluminum oxide due to their different
coefficients of thermal expansion. Such spectroscopic
evidence of strain can be useful for measuring lattice
distortions at heterojunction boundaries and interfaces.

Semiconductor heterojunctions are created in solid-state
electronic devices when two materials with dissimilar band

gap energies are chemically bonded to one another.1 For
higher-performing electronic devices to be created, a better
understanding of the interface at the heterojunction is
necessary. The heterojunction studied here (Al2O3/GaAs) has
been proposed for metal-oxide semiconductor field-effect
transistors (MOSFETs),2,3 MOS capacitors,3 and as a
passivation layer for GaAs.2−5 By determining the interfacial
structure in heterojunctions, manipulation of growth and
synthetic procedures can be followed for their effect on the
electronic performance of devices.
Solid-state nuclear magnetic resonance (NMR) has been

used to study inorganic semiconductors;6 however, conven-
tional NMR techniques are usually incapable of measuring
spectra from interfaces due to the limit of ∼1016 spins for
detection. Hyperpolarization7 allows a lower detection thresh-
old for NMR spectroscopy of such samples.
Optical pumping in direct gap semiconductors uses laser

excitation to form polarized conduction electrons. By using
circularly polarized light, optical absorption selection rules
create nonequilibrium electron spin populations within the
conduction band that are subsequently captured at defect sites.
Hyperfine interactions between captured electrons and

proximate nuclei result in the transfer of electron spin
polarization to the nuclei. Optically pumped NMR
(OPNMR)8,9 detects the nuclear magnetization with traditional
radio frequency NMR methods. The OPNMR signals are
photon energy dependent, and vary as a function of the laser
penetration depth because the laser-excited electrons are the
origin of the hyperpolarization.10 Thus, the laser intensity and
spatial distribution throughout the sample determines the
portion of the sample being detected.
The nuclear isotope studied here is quadrupolar 75As

(nuclear spin quantum number, =I 3
2
), which couples to any

electric field gradient (EFG) present, resulting in a splitting of
the NMR resonance.11,12 Stress perturbs structures away from
perfect cubic symmetry through bond distortions; thus, lattice
strain can be detected from the amount a quadrupolar
resonance is split.13−15 Strain in GaAs has been studied
previously by OPNMR (and optically detected NMR) methods
to determine nuclear spin temperatures,16 bandstructure
effects,17 spatial inhomogeneities of strain,15 and dominant
polarization mechanisms.18−20

A 400 μm bulk semi-insulating single crystal of GaAs (ITME,
grown along [100], lot 2137, polished on one side) was used as
a substrate. A thin film of amorphous alumina, hereafter
denoted Al2O3, was deposited using atomic layer deposition
(ALD) on the polished side of the GaAs. The deposition
temperature was 300 °C. Four pulses of trimethyl aluminum
were used to remove the native oxides on the surface of the
GaAs substrate4,5 prior to ALD growth. The final thickness of
the Al2O3 film was 11.2 nm and is shown schematically in
Figure S1.
The experimental procedures for OPNMR have been

described previously with critical parameters noted:9,21 The
external magnetic field (B0) was 4.7 T. B1 excitation strength
was ∼20 kHz; σ+ polarization and laser power were held
constant at 100 mW. The sample was irradiated for a time
period of τL (90 s) after the saturation sequence; a short period
of time (τD) was inserted where the laser was shuttered (∼1 s),
and the NMR spectra were then acquired by a quadrupolar
echo22 pulse sequence (using 55° pulses) while the laser was
shuttered (Figure S2). Tip angles of 55° were used to observe
the asymmetry of the satellites and refocus the dipolar and
quadrupolar interactions.23−25 The 90°−τ−64° pulse sequence
of refs 23 and 24 results in symmetric satellites that do not
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properly depict the spin temperature. The 55°−τ−55°
sequence represents the best (approximate) trade-off between
optimal refocusing of the central transition and the satellites for
a spin-3

2
nucleus.25

The spatial regions where the light is absorbed determine the
portion of the sample that can be observed. The size of such
regions is governed by the beam diameter, the position of the
laser on the sample, and the penetration depth of the light. The
size of these regions has been used to previously model the
photon energy dependence of OPNMR spectra.10 In this study,
all photon energies used were much smaller than the band gap
of the Al2O3 (at ∼9 eV26), allowing the laser to pass through
the ALD film to the GaAs substrate underneath. The laser
intensity then decays exponentially with depth9 into the GaAs.
At high optical absorption values, the laser excites conduction
electrons in only the interfacial region where strain is present.
The minimal penetration depth of the laser is estimated as
<275 nm27 in the OPNMR experiments. At lower photon
energies, the laser will penetrate deeper into the sample and
observe a large fraction of the bulk (∼400 μm thick) GaAs
crystal away from the interface.
Because of the ALD deposition parameters (i.e., temperature

and surface pretreatment), the resulting Al2O3 film is
amorphous, reducing most of the strain due to the lattice
mismatch of the two structures. However, because growth of
the ALD film occurs at higher temperatures, thermal strain can
develop when the sample cools and the materials compress
according to their thermal expansion coefficients. The thermal
strain resulting from differing thermal coefficients of the film
and substrate is expressed as28

α αϵ = − −T T( )( )film substrate i f (1)

where ϵ is the resulting strain, α is the thermal expansion
coefficient, and T is the temperature of the growth initially (Ti
= 573 K) and the final temperature (Tf = 6 K). The difference
in thermal expansion coefficients is 1.3 × 10−6 K−1.29 The
resulting thermal strain expected for our experiments is 7.37 ×
10−4 (dimensionless units), which will be most intense at the
interface and dissipate with distance.30 The strain at 6 K will
create an electric field gradient (EFG) and results in splitting
into a quadrupolar line shape. Deeper into the GaAs bulk
crystal, the strain diminishes until the nuclear spin environment
is a single unsplit resonance owing to the cubic symmetry (zinc
blend crystal structure) of the lattice.
The diminishing amount of strain experienced by the 75As

atoms results in a distribution of quadrupolar environments
observed by conventional NMR (termed “thermally polarized”)
of the Al2O3-coated GaAs wafer at 6 K. A narrow “bulk”
crystalline resonance (fwhm ≈ 1.6 kHz) is found but with
evident broadening at the baseline (dashed line, Figure 1a). An
75As OPNMR spectrum from an uncoated GaAs wafer (“bare
GaAs”, solid line) is also shown, which has no interface strain
(optical pumping selects signals from the top region of the
sample). The NMR signal is a narrow single-crystal resonance
with little broadening at the base. OPNMR enhances the signal,
but without the ALD layer, only the crystalline bulk GaAs is
observed. Notably in the Al2O3-coated GaAs sample in Figure
1a, the limited number of nuclear spins at the interface are
overwhelmed by the large fraction of signal coming from the
bulk lattice when detected conventionally. The use of optical
pumping overcomes this issue by limiting the signal to layers

near the top of the sample, capitalizing on the shallow
penetration depth of the laser at specific photon energies.
Optically pumped NMR of the Al2O3-coated GaAs sample

(shown in red, Figure 1b) using photon energies in excess of
the excitonic absorption (∼1.517 eV) can be compared as well.
OPNMR of the Al2O3-coated GaAs produces three peaks; the
two outer peaks are the quadrupolar satellites, and the middle
peak is predominantly31 from the central transition. The
satellite intensities are asymmetric, indicating high levels of
nuclear polarization,16 which is evidence of spin cooling below
that of the “high temperature approximation”.32 With the large
polarization present, larger transition intensities are expected at
lower (positive spin temperature) or higher (negative spin
temperature) frequencies.
The first order quadrupolar splitting,12 given by

ν θ=
−

−
eQV

I I h
3

8 (2 1)
(3cos 1)Q

zz 2

(2)

relates the magnitude of the EFG to a splitting. In the equation,
eQ is the nuclear electric quadrupole moment, Vzz is the largest
component of the EFG tensor, and θ is the angle between the
EFG and the external magnetic field. The satellite peaks do not
fit to perfect Gaussian lineshapes as they have asymmetric
“tails” distributed away from the central transition (Figure 2);
this spectral feature is attributable to a distribution of EFGs,
and therefore νQs, arising from the perturbative effects of the
interface, detecting different amounts of strain likely as a
function of the distance from the top of the sample.
The two asymmetrically shaped quadrupolar satellites are

challenging to deconvolute given their lineshapes. Using the
central transition resonance in the “bare” GaAs spectrum
(fwhm ≈ 1.5 kHz), we can fit this portion and distinguish its
area from the two satellites. Using simple numerical integration,
their areas can be compared to that of the central transition.
Table 1 lists the relative intensities and splittings of the
satellites. In the work of Suemitsu and co-workers,23 radial
EFGs for isolated point defects were simulated using a function

Figure 1. 75As NMR (black dashed line) and OPNMR (blue and red
solid lines) of GaAs. (a) Comparison of the conventional spectrum of
the coated GaAs (black) to an optically pumped spectrum of “bare”
GaAs with its native oxide present (blue). (b) Comparison of the
OPNMR (red) and NMR (black) spectra of the Al2O3-coated GaAs.
The optically pumped NMR spectra were recorded at a wavelength of
819.3 nm. The spectra have been normalized.
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to model combined dipolar and quadrupolar interactions. This
model does not fit our lineshapes.
Because the theoretical peak intensity in a quadrupolar =I 3

2
spectrum is 3:4:3 using small tip angles,33 the percent of signal
due to the strained nuclei can be calculated. Conservatively, if
an estimate is made from the average of the two satellites’
integrated areas,34 93.7 ± 5.9% (area = 9.37) of the observed
nuclei are strained based on the data in Table 1. We ascribe the
small fraction of extra intensity in the central transition to that
of unstrained 75As atoms being optically pumped.
It is worth noting that the observed NMR signal decays to

the baseline at approximately ±15 kHz, corresponding to a
maximum observed strain of 7.53 × 10−5.17 The expected strain
(see eq 1) is predicted to be even larger; that no satellites are
observed (at larger splittings) suggests that the “missing”
intensity could be indicative of either a depletion zone at the
interface18 or too few nuclear spins in the highly strained
portions for detection.
The effect of laser penetration depth, governed by the optical

absorption coefficient, can be seen from the OPNMR spectra
recorded as a function of photon energy in Figure 3. The
vertical lines correspond to the (theoretical) wavelengths for
the excitonic and band gap transition energies at 0 K.35 Because
our experiments were performed at 6 K, the precise photon
energies for the transitions should be slightly shifted to a higher
wavelength (lower energy). The spectrum at 821.3 nm (below
Eg, the band gap energy) shows a line shape dominated by the
central peak, which masks the satellite peaks due to the deeper
penetration of the laser (to tens or hundreds of micrometers).
We do observe broadening at the base similar to that seen by
conventional NMR. The spectrum pumped at 818.3 nm is

polarized by laser excitation of a bound exciton,36 which results
in a very shallow penetration depth because of the intense
absorption at this wavelength.10 Notably, it is at this photon
energy (wavelength) where the quadrupolar satellites are clearly
resolved. For the spectrum with an optical pumping wavelength
of 815.3 nm, the polarization remains relatively the same.
Because of the large increase in the absorption coefficient at
and above the band gap energy, all of the spectra above the
band gap originate from areas of strain, whereas the spectra
below the band gap cannot be deconvoluted due to the large
contribution of the unstrained GaAs.
Other recent studies in OPNMR of strained GaAs have

shown evidence of quadrupolar splitting, reporting a significant
dependence on laser power.18−20 Their studies used sub-
bandgap irradiation, revealing both a positive spin temperature
at low laser power (ascribed to quadrupolar relaxation close to
defect sites) and a resolved quadrupolar splitting attributed to
strain throughout the sample exhibited only with high laser
power arising from hyperfine relaxation (and negative spin
temperature) for σ+ light. With high laser power and sub-
bandgap irradiation, a line shape dominated by the central
transition is observed here. Our work has strain concentrated at
the near surface accessed by high photon energy whereas others
have strain throughout.
In conclusion, NMR spectra of the GaAs interface region was

obtained by optical pumping. The thin film Al2O3 on the GaAs
strains the underlying interface resulting in quadrupolar
splitting at cryogenic temperatures. Optical pumping was
required to observe this smaller number of spins by NMR.
Surface/interface enhancement allowed the quadrupolar split
signals of the near-interface As atoms to be discriminated; such
spectroscopy gives promise for characterization of interface
structures by OPNMR methods.
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Figure 2. 75As OPNMR of the alumina-coated GaAs showing the
central transition using a Gaussian peak with a line width fixed to that
of the “bare” 75As OPNMR. The spectrum was recorded using 819.3
nm light.

Table 1. Peak Parameters Acquired by Numerical
Integration of Figure 2a

resonance relative intensity contribution to central transition

central transition 10.0
satellite A 8.12 4

6
×8.12 = 5.42

satellite B 5.94 4
6
×5.94 = 3.96

∑ = 9.37 ± 0.59
aThe intensities are relative to that of the central peak intensity set to a
value of 10.0.

Figure 3. Intensity-normalized 75As OPNMR spectra at various
photon energies/wavelengths. The spectra (from left to right) are in
order of decreasing wavelength (increasing photon energy) with the
central transition positioned over the corresponding optical excitation
wavelength. Theoretical positions of the band gap and exciton
absorption energies are shown as dashed lines.
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OPNMR experimental setup, pulse sequence used for
acquisition of the data, and error calculations (PDF)
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