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Mapping of strain and electric fields in GaAsÕAl xGa1ÀxAs quantum-well samples
by laser-assisted NMR
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The usefulness of semiconductor heterostructures derives from the possibility to engineer their electronic
and optical properties to match the requirements of many different applications. Optically detected nuclear
magnetic resonance provides the possibility to map microscopic properties of such samples with a high spatial
resolution through the splitting of resonance lines. In a multiple quantum-well sample, we measure the distor-
tion of the crystal lattice and find variations of the order of 1025 over distances of a few mm. Internal electric
fields also cause resonance line splittings. Comparing the electric field-induced resonance line splittings in
different quantum wells, we mapped the vertical variation of the electric field from a Schottky contact with a
spatial resolution of some 40 nm.

DOI: 10.1103/PhysRevB.67.085308 PACS number~s!: 73.30.1y, 76.70.Hb
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I. INTRODUCTION

The combination of different semiconductor materia
into heterostructure devices provides significant flexibility
adjusting electronic as well as optical properties of the
sulting devices.1 Epitaxial deposition of appropriate comb
nations of materials with different band gaps generates in
nal electric fields whose spatial variation yields the desi
device properties. As a result of this design flexibility, su
devices have found numerous applications in electronic
optoelectronic devices, such as lasers or photodetectors

In addition to the band gap, the component materials a
differ in their lattice constants. Accordingly, the resulting d
vices also include some degree of strain, whose magni
depends on the lattice mismatch between the compone
While strain may degrade the electronic or optical propert
controlled strain can also be used for modifying device pr
erties, e.g., by shifting the emission wavelength of semic
ductor lasers,2 or by controlling the growth, such as for sel
assembled InAs/GaAs quantum dots.3

The presence and spatial variation of strain can be m
sured with focused x-ray beams in grazing incidence wit
spatial resolution of 1mm2.4 This technique was also use
to measure the strain distribution among periodically
ranged quantum wires.5 But with focused x-ray diffraction
only distortions larger than a factor of 1024 can be measured
In contrast to diffraction experiments, NMR spectroscopy
sensitive to local variations of lattice constants down
variations of less than 1025.6 The distortion lowers the sym
metry of the nuclear sites, thereby creating an electric-fi
gradient~EFG! that couples to the nuclear quadrupole m
ment of theI 53/2 spins69Ga, 71Ga, and75As. As a result,
the single transition frequency of the ideal cubic crystal sp
into a triplet. The amount of splitting between these lines c
0163-1829/2003/67~8!/085308~5!/$20.00 67 0853
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be related directly to the lattice distortion.6

In a study by Sundfors,7 components of the so calle
gradient-elastic tensor were determined from III-V sing
crystal semiconductors under elastic strain. Gradient-ela
proportionality constants, which determine the relations
between applied strain and electric-field gradients at
nucleus, were calculated for InSb and GaSb.8 Bogdanov and
Lemanov determined components of theS tensor~sometimes
termed the ‘‘elastic compliance constants’’!, relating the EFG
to elastic lattice deformation.9

Various sources contribute to internal electric fields
semiconductor heterostructures. Even in nominally undo
systems the difference of the energy levels between well
barrier materials forces the carriers to migrate from one m
terial to another in order to equalize the difference in che
cal potential. Furthermore, electrical contacts create a
tional fields in the form of a Schottky barrier: electrons a
transferred to the metal, leaving ionized donor states in
neighboring semiconductor. Therefore, an electric field
velops at the metal-semiconductor interface, which is a fu
tion of position within the sample in the ‘‘vertical’’ or growth
direction ~normal to the metal-semiconductor interface!.

While homogeneous electric fields do not couple direc
to the nuclear quadrupole moment, they distort the cha
distribution at the nuclear sites, which do not have invers
symmetry. As a result, electric fields can also cause splitti
of the nuclear spin transitions.10 The coupling constant be
tween the electric field and the EFG at the nuclear site
been determined for bulk GaAs by various groups.10,11

While earlier measurements of these effects in bulk Ga
were done with conventional magnetic resonance techniq
they are not sensitive enough for measurements on quan
confined structures. For such systems, optical pumping, o
in combination with optical detection12–14 is necessary for
©2003 The American Physical Society08-1
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providing sufficient sensitivity and selectivity to perfor
measurements on single quantum films. Earlier studies
GaAs materials have used optically detected nuclear m
netic resonance~ODNMR! methods for studying defects,15

the Overhauser shift,16 magneticg factor,17,18 exciton spin
relaxation,19 response of the material to an ac electric field20

and fractional quantum Hall effect.21,22The presence of qua
drupolar splittings was demonstrated by various groups.23,24

It has been suggested that ODNMR is capable of resolv
individual epitaxial layers.25,26 In addition to quantum films,
ODNMR has also been applied to quantum dots.27–29 Here
we use ODNMR to map lattice distortions and electric
fields in semiconductor heterostructures with a resolution
the mm to nm range.

II. SAMPLE AND EXPERIMENT

The experiments were performed on two identical pie
of a multiple quantum-well sample grown by molecul
beam epitaxy~MBE! on a~001! oriented GaAs substrate. W
align our coordinate system along the growth direction a
the cutting edges of our sample, with the growth direct
pointing in thez-direction and thex axis aligned with one of
the @110# directions of the crystal~see Fig. 1!. One of the
pieces used in this study was coated with an indium tin ox
~ITO! layer on top of the sample to provide an electric

FIG. 2. The upper part shows a sketch of the sample with
AlGaAs and GaAs material symbolized by the dark and light g
areas, respectively. The lower part shows a PL spectrum with
appropriate quantum well placed directly above each resonanc

FIG. 1. The coordinate frame (x8, y8, z8) is aligned to the
external magnetic fieldBext and the (x, y, z) frame to the crystal-
lographic axes of the sample. The incident laser light is paralle
the growth direction of the sample (z), and the radio frequency
field Brf is applied perpendicular toBext .
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contact while the other was left uncoated. The thickness
the wells varied between 2.8 and 19.7 nm, and they w
separated by 30.9 nm Al0.3Ga0.7As barriers~see Fig. 2!. The
distance of each quantum well from the crystal surface w
known from the MBE growth protocol. Five of the wides
quantum wells~6.8, 10.5, 11.7, 14.5, and 19.7 nm! were in
the range of the external cavity diode laser used for opt
excitation. These quantum wells are at distances of 260
471 nm from the top surface.

For the measurements, the samples were glued with s
print to the cold finger of a continuous flow cryostat, whic
cooled the sample to temperatures of 4–7 K. The laser l
used for excitation and optical pumping was focused to
proximately 50mm diameter and incident parallel to th
growth axis of the sample, which was oriented by an angle
74° with respect to the external magnetic field. If the light
circularly polarized, the photoexcited carriers are spin po
ized, and a significant fraction of this polarization is tran
ferred to the nuclear spin system.30

The photoluminescence~PL! emitted from the sample
was collimated, passed through a photoelastic modul
~PEM! for polarization modulation and a spectrometer f
wavelength selection, and detected with an avalanche ph
diode. The degree of polarization of the light was determin
by a lock-in amplifier, which was referenced to the PE
driver. The laser wavelength was set to the high energy s
of the optical resonance line of the quantum well to be st
ied, and the spectrometer was set to the low-energy sid
the same resonance line.

For the optical detection of NMR, a radio frequency~rf!
field was applied by a coil perpendicular to the external m
netic field. If the resonance condition for the rf field and t
nuclear transition frequency is met, the nuclear polarizat
is reduced, which can be detected as a change in the p
ization of the photoluminescence emitted by the sample.31 In
the experiments described here, NMR spectra were meas
at a fixed external magnetic field by scanning the radio f
quency over the nuclear transition frequency.

Figure 3 shows a typical experimental spectrum from
19.7 nm quantum well. For this spectrum only the nucle

e
y
e

FIG. 3. Example of an ODNMR spectrum from the 19.7 n
quantum well. The dots indicate the experimental data. The s
curve represents the theoretical spectrum calculated with the
lowing parameters: 15 kHz quadrupole splitting, 1.1 and 3.8 k
half width at half maximum for the central and the satellite line
respectively, and 130 mT width of the Hanle curve. The conv
tional NMR spectrum corresponding to these parameters is sh
in the inset.
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spins in a volume of cylindrical shape with the diameter
the laser focus and the height of the quantum well contrib
to the signal. In this example, the magnetic field was se
0.863 T, and the nuclear spins were optically pumped for
sec. After the nuclear polarization was established, the ra
frequency was scanned from 6.240 to 6.365 MHz while
PL polarization was measured. Three distinct steps in the
polarization can be attributed to the three resonances of
75As spins. A simulation of the spectrum~solid curve! agrees
well with the experimental data points for the paramet
given in the figure caption. Using the same parameters,
also calculated the conventional NMR spectrum, which
shown in the inset. The quadrupole splittings of both galliu
isotopes are smaller than that of75As and were thus no
investigated in this work.

III. LATERAL VARIATION

The splitting of the resonance lines by the interaction
the nuclear quadrupole moment with a strain-induced E
has been investigated in bulk GaAs~Ref. 32! and GaAs
quantum wells.6,23,24 Guerrier and Harley6 have calibrated
the quadrupole splittingnq as a function of uniaxial straine
by applying a well defined force to the sample, for whi
they found the linear relatione5nq 4.731026 kHz21.

The quadrupolar splitting is thus a useful probe for t
local strain in the sample. We measured a number of spe
at different positions in the sample. Figure 4 shows four s
spectra which were measured in the 19.7 nm quantum w
at a depth of 471 nm from the top surface of the sample
our experimental setup, the spatial resolution is limited
the diameter of the laser beam focused on the sample, w
diameter is on the order of 50mm. For these spectra, th
quadrupolar splitting varies from,1 kHz to 12.2 kHz~cor-

FIG. 4. Lateral change of quadrupole splitting. All spectra we
recorded for a single quantum well of width 19.7 nm in an a
smaller than 4 mm2.
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responding toe,4.731026 and e55.731025, respec-
tively! over an area of approximately 2 mm2. The strain val-
ues are calculated for uniaxial stress in growth directi
They should only represent an order of magnitude for
strain in any direction in the sample.

At all positions measured in the uncoated sample,
quadrupole splittings depended only on the lateral positi
not on the depth from the surface~see the upper two data se
in Fig. 5!. This suggests that the strain gradient is very sm
in the vertical direction.

The observed variation of strain over the sample m
originate from a number of sources, such as variability of
growth conditions or the substrate. An additional source
sociated with the experimental setup may be the mountin
the sample: the sample, support, and the silver print used
mounting the sample all have different thermal expans
coefficients. No attempt was made in this study to cont
these effects. All these sources may generate stress insid
sample pointing in arbitrary directions. Due to the tens
character of the coupling between quadrupolar splitting a
strain, the observed quadrupolar splitting varies with the
rection of the stress and its magnitude.

IV. DEPTH PROFILE

A typical source of electric fields is the Schottky barri
associated with the metal-semiconductor interface betw
the GaAs crystal and a surface electrode. Such electrode
used in many device applications as well as in many exp
mental setups, where electric fields or injected carriers
required.

While the nuclear spin does not couple to a homogene
electric field E it does interact with the EFG through th
nuclear electric quadrupole momentQ. Since the nuclei in
GaAs are located at positions that lack inversion symme
an electric field applied to the sample causes a distortion
the orbitals and nuclear structure in such a way that it
duces quadrupole coupling.10,11,20 This indirect coupling
makes quadrupolar spins located at sites without invers
symmetry sensitive probes of electric fields. We use this f
to probe the electric field variation in a multiple quantu
well sample.

On this sample, we measured NMR spectra whose lat

a

FIG. 5. Quadrupolar splittings of75As as a function of depth
within the multiple quantum-well sample. The upper two sets w
measured on a piece of the sample without an ITO layer on top,
the lower set was from a piece with an ITO layer on top. All thr
measurements were made at different positions on the sample
8-3



th
tin
ak
he
n
o

le
b
e
nc
th
tin

b
d
th
tia
t
s

co

ld
te

a

-

he
h
ric

e-

le
in

g.
the

ach
ds
me
y

f

s
lds

nding
tant
ed
s

al
ble
t is

the
in
ea-

pa-

o-

m-

ings
ical
not
di-
re;
sor
etic
ole
nce,
the
ose

EICKHOFF, LENZMANN, SUTER, HAYES, AND WIECK PHYSICAL REVIEW B67, 085308 ~2003!
position was defined by the laser beam position, while
vertical position was defined through the wavelength set
of the laser and the spectrometer. Figure 5 shows data t
from a series of75As NMR spectra that were measured at t
same lateral position, but from different quantum wells a
therefore at different depths in the sample. The quadrup
splittings marked by (s) were taken on the piece of samp
without an ITO layer, and the measurements indicated
(L) were taken on the piece capped with an ITO overlay
While the quadrupolar splitting is almost constant as a fu
tion of depth in the uncapped sample, the sample with
overlayer shows a clear increase of the quadrupole split
with depth.

This variation of the quadrupolar splittings appears to
superimposed to a constant background splitting cause
strain and can be rationalized with a simple model for
internal field generated by a Schottky barrier. The poten
difference between GaAs or AlGaAs and a metal contac
aboutVb

ITO'1 V.33,34The resulting accumulation of charge
near the interface creates a potential barrier in the semi
ductor that decreases quadratically with the distancez from
the interface

VITO~z!5Vb
ITOS z2d

d D 2

~ for z,d!, ~1!

whered is the width of the Schottky barrier. The electric fie
therefore decreases linearly with the distance from the in
face

EITO~z!52gradVITO~z!52Vb
ITOd2z

d2
. ~2!

As discussed above, this electric field couples to the qu
rupole moment. Writing the quadrupole interaction as

HQ5
eQ

4I ~2I 21!
Vz8z8~3I z8

2
2I 2!, ~3!

whereI is the nuclear spin,I z8 its component along the ex
ternal field direction,e the electron charge,Vi j the EFG ma-
trix elements, andQ the quadrupole moment. Because of t
symmetry of the sample, the electric field is aligned with t
growth direction. The EFG is proportional to the elect
field at the nuclear site

Vi j 5Ci j ,kEk , ~4!

whereCi j ,k is the element of the coupling tensor, which r
lates the EFG to the electric field in thek directionEk . If the
electric and magnetic fields are both oriented along the@001#
direction, the only relevant tensor element isCxy,z . For
75As, this coupling constant is approximatelyC1453
31012 m21, with the indices given in Voigt notation.10,11

In our setup, the magnetic field is oriented along thez8
direction, which is tilted byu574° with respect to the
growth direction ~see Fig. 1!. For such a rotation Brun
et al.35 calculated the whole coupling tensor. The only e
ment generating an EFG by applying an electric field
growth direction is
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Cz8z8,z53 sin2u cosuC1450.76C14 ~ for u574°!. ~5!

According to Eq.~3!, this EFG causes a quadrupole splittin
The observed quadrupole splittings of the narrowest and
widest quantum well, which are 210 nm separated from e
other, differ by 3.2 kHz. This change of splitting correspon
to a change of the electric field of 390 kV/m over the sa
distance. According to Eq.~2!, and assuming the Schottk
voltage to beVb

ITO'1 V, the thicknessd of the Schottky
barrier is approximately 1mm. The expected thickness36

d5A2««0uVb
ITOu

ne
~6!

evaluates to'1 mm if we use the dielectric constant o
GaAs, «512.53, and a carrier concentration ofn51.3
31015 cm23.

An electric-field contribution to the observed splitting
cannot be excluded for the uncapped sample. Electric fie
can be caused, e.g., by surface states causing band be
and carrier depletion. However, due to the nearly cons
depth profile of the quadrupole splitting in the uncapp
sample~see Fig. 5 upper two traces! such an influence seem
to be quite small.

Similarly, the ITO layer may contribute to the mechanic
strain in the sample. Such effects are not distinguisha
from other sources of strain, and we estimate that its effec
negligible compared to those discussed here.

V. CONCLUSION

We have shown that ODNMR can be used to map
distribution of internal electrical fields and mechanical stra
in GaAs / AlGaAs heterostructures. The strain can be m
sured with a precision of'1026, while electrical fields can
be measured with a resolution of'100 kV/m.

In our setup, we could map these interactions with a s
tial resolution on the order of 50mm in the lateral direction,
limited by the diameter of the laser focus. Using tighter f
cusing, resolution could be increased to,1 mm.37 In the
vertical direction, the resolution is on the order of nano
eters, limited by the width of the quantum wells.

We have shown that the observed resonance line splitt
can be explained in terms of electric fields and mechan
strain. The separation into these two contributions is
straightforward with the present experimental setup. In ad
tion, we only could quantify the strain with a scalar measu
it would be highly desirable to measure the full strain ten
instead. This goal may be achieved by rotating the magn
field and therefore the direction onto which the quadrup
coupling is truncated. From such an orientation depende
it should then be possible to determine all components of
strain tensor and to separate the effect of strain from th
induced by electrical fields.
8-4
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