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We report investigation of the spin relaxation in InAs films grown on GaAs at a temperature range from
77 K to 290 K. InAs is known to have a surface accumulation layer and the depth profile of the concentration
and mobility is strongly nonuniform. We have correlated the spin relaxation with a multilayer analysis of the
transport properties and find that the surface and the interface with the GaAs substrate both have subpicosecond lifetimes 共due to the high carrier concentration兲, whereas the central semiconducting layer has a lifetime of
an order of 10 ps. Even for the thickest film studied 共1 m兲, the semiconducting layer only carried 30% of the
total current 共with 10% through the interface layer and 60% through the surface accumulation layer兲. Designs
for spintronic devices that utilize InAs, which is attractive due to its narrow gap and strong Rashba effect, will
need to include strategies for minimizing the effects of the surface.
DOI: 10.1103/PhysRevB.74.075331

PACS number共s兲: 78.47.⫹p, 72.25.Rb, 72.10.Fk, 72.25.Fe

I. INTRODUCTION

II. SPIN DYNAMICS

Spin dynamics in semiconductors have been studied extensively, because of their importance for the development of
spintronic devices.1 Due to its very well established growth
and the band-gap energy being within the range of widely
available ultrafast Ti:sapphire oscillators, most investigations
have been focused on bulk or heterostructures of GaAs-based
semiconductors.2
Narrow-gap semiconductors 共NGS兲 are of particular interest in terms of potentially important device applications involving infrared detectors and long-wavelength optoelectronic devices. Additionally very high speed electronic
transistor devices have been made from NGS due to their
high electron mobility.3 NGS materials could be also very
beneficial for designing future spintronic devices because of
their strong spin-orbit coupling. The presence of spacecharge accumulation or inversion layers at the surfaces of
Hg1−xCdxTe 共x ⬍ 0.3兲, InAs, InSb, and InAs1−xSbx could be
used to design a contact with metallic materials without a
significant resistance mismatch and consequent need for
Schottky barrier.4 This makes them potential candidates for
applications utilizing spin injection from ferromagnetic metals. The effect of surface accumulation due to a native surface defect above the bulk conduction band edge is known to
be particular strong with InAs 共Refs. 5–7兲 and Hg1−xCdxTe.8
Electron spin relaxation strongly depends on the scattering
rate and electron kinetic energy. Thus layers with different
carrier concentration and mobility have different spin lifetime and different spin relaxation processes could dominate.
In this paper we describe an investigation of the effect of
inversion layers on the spin-dynamic properties of InAs films
grown on semi-insulating GaAs substrates by molecularbeam epitaxy 共MBE兲.

There are three main spin relaxation processes:
D’ykonov-Perel’ 共DP兲,9 Elliot-Yafet 共EY兲,10 and Bir-AronovPikus 共BAP兲.11 The last one is only significant in p-type
semiconductors.
The EY spin relaxation rate in bulk material is given
by10,12
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where the electron kinetic energy Ek, and the momentum
relaxation time p are determined by temperature, concentration, and mobility. 共For high concentrations, electronelectron scattering may become more important than mobility scattering.兲 The band structure determines ␣ = ␥共1
− ␥ / 2兲 / 共1 − ␥ / 3兲, where ␥ = ⌬ / 共⌬ + EG兲, ⌬ is the spin-orbit
splitting of the valence band, and EG is the fundamental energy gap. A is a dimensionless constant, the value of which
depends on the orbital scattering interaction and is predicted
to be 6 for ionized impurity scattering and 2 for lattice
scattering.12
The DP spin relaxation rate in bulk material is given
by9,12
1
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where ␤ = 共4␥ / 冑3 − ␥兲共m / m0兲 where m is the electron effective mass. Q is a dimensionless factor, predicted to be in the
ranges of 0.8–3, depending on the dominant momentum relaxation process.12 For scattering on ionized impurities and
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defects Q ⬇ 32/ 21, whereas for lattice scattering Q ⬇ 96/ 35.9
In the limit of degenerate statistics the typical electron
kinetic energy is given by EF, the Fermi energy, and in the
opposite limit of nondegenerate statistics it is kBT. Therefore
the DP dominates at high temperature because of the higher
power of T in Eq. 共2兲 than in Eq. 共1兲. For semiconductor
material with high electron mobility the EY mechanism
dominates only at temperatures below 6 K.12
As can be seen from Eqs. 共1兲 and 共2兲 the spin lifetime in
the case of the DP relaxation mechanism is inversely proportional to the electron mobility, whereas in the case of the EY
mechanism it is linearly proportional. This means that for
materials with low-electron mobility the role of the EY
mechanism is increased, and the crossover temperature is
higher. It has already been demonstrated that for InSb single
quantum wells with low-electron mobility the crossover between DP and EY mechanisms occurs around the electron
mobility of 1 m2 V−1 s−1 and could be achieved at 200 K.13
For spintronics applications it is essential not only to have
long spin lifetime, but also for the spin-FET the DP process
should dominate, because an externally applied electric field
can change its magnitude through the Rashba effect.14 This
gives us the opportunity to control the electron spin lifetime,
especially in NGS, which have a large predicted Rashba effects. The EY process is not strongly affected by the electric
field.
III. EXPERIMENT AND RESULTS

Three undoped InAs films of different thicknesses 共d
= 0.15, 0.27, and 1 m兲 were grown on semi-insulating
GaAs共001兲 substrate by molecular-beam epitaxy 共MBE兲.
A circularly polarized pump-probe experiment was performed to study spin dynamics. The induced-transmission
change of the probe beam was measured as a function of the
time delay between pump and probe pulses having the same
circular polarizations 共SCP兲, and the opposite circular polarizations 共OCP兲. The optical polarization 共SCP− OCP兲 / 共SCP
+ OCP兲 is proportional to the spin polarization in the sample.
The light source was a difference frequency generator, which
mixes the signal and the idler beams of an optical parametric
amplifier, itself pumped by an amplified Ti:sapphire oscillator. The time resolution of the experiments was about 200 fs.
A ZnSe photoelastic modulator was used to modulate the
polarization of the pump beam. The detailed description of
the experimental technique is given elsewhere.15 The wavelength was tuned at each temperature to the InAs band edge
and was in the range of 3 – 3.5 m 共although the laser is
time-bandwidth limited to 0.3 m width anyway兲.
The decay of spin population at room temperature as a
function of time for undoped InAs films is shown in Fig. 1.
The electron-spin lifetime as a function of temperature for all
samples is shown in Fig. 2. In addition to thin undoped films,
the results for a 3-m-thick lightly Si-doped 共5.2⫻ 1016
cm−3兲 sample 共IC313兲 previously used for doping density
dependence investigations15 are presented as well.
IV. TRANSPORT PROPERTIES

As already mentioned the spin dynamics depend on the
charge density and scattering rate. The mobility, , and sheet

FIG. 1. The time evolution of spin population measured at room
temperature for the undoped InAs films of different thicknesses,
0.15 m 共triangles兲, 0.27 m 共circles兲, and 1 m 共squares兲.

carrier concentration, ns, were obtained by Hall measurements in a cloverleaf van der Pauw geometry. Their temperature dependences in the range T = 4 – 300 K are shown in Fig.
3. The effective three-dimensional 共3D兲 concentration assuming homogeneous material, n3D, is given by ns / d and is
shown for room temperature in Table I.
However, the properties of the InAs films can only be
fully understood by taking into account the inhomogeneous
depth profiles of the carrier concentration and mobility and
the resultant parallel conduction paths. The fall and rise of
the carrier density 共Fig. 3兲 is characteristic of material in
which both semiconducting and metallic transport processes
are occurring. Similar results have been observed for impurity band conduction in Si and Ge 共Ref. 16兲 and more recently in GaN.17
In addition to the inhomogeneity near the surface due to
the accumulation layer, growth on GaAs substrates produces
inhomogeneity at the interface. The cross-sectional TEM of
the GaAs/ InAs interface of one of the available samples is
shown in Fig. 4. The dislocation density in the samples appears to be very high for approximately the first 0.1 m of

FIG. 2. The temperature dependence of the spin lifetime from
the population decay curves 0.15 m 共triangles兲, 0.27 m 共circles兲,
and 1 m 共squares兲. In the case of the 0.27 m film the decay has
two components; the slow component is shown with open symbols
and the fast component with solid symbols. Also shown are data for
a doped 3-m-thick InAs film from Ref. 15 共solid diamonds兲.
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TABLE I. Measured and derived properties of the samples studied. All lengths in units of m, mobilities in 103 cm2 V−1 s−1, sheet
concentrations in 1012 cm−2, and 3D concentrations in 1016 cm−3.
Samples
U24041

U24T4

Measured properties
Total InAs thickness d
0.15
8.1
ns 共300 K兲
 共300 K兲
1.43
6.8
ns 共4 K兲
 共4 K兲
1.56
Derived properties
Effective average
n3D 共300 K兲
Semiconducting
ns 共300 K兲
Semiconducting
 共300 K兲
Semiconducting
layer thickness
Semiconducting
3D density 共300 K兲
Interface ns
Interface 
Surface ns
Surface 

FIG. 3. Temperature dependence of 共a兲 Sheet carrier density
ns and 共b兲 mobility  for film thicknesses 0.15 m 共triangles兲,
0.27 m 共squares兲, and 1.00 m 共circles兲. Solid symbols are the
experimentally measured data. The open circles are the derived data
for the semiconducting layer in the 1.00 m sample after subtraction of the metallic contribution 共data are scaled up or down by 10
as indicated兲. The lines are the fits as described in the text.

growth, but then reduces towards the surface. This produces
a corresponding reduction in mobility, most markedly at the
interface. We note that the semi-insulating GaAs substrates
do not themselves contribute to the transport of the samples,
and have been used for InAs growth because they are readily
available, are transparent in the spectral region of interest,
and offer the possibility of integrating with advanced GaAs
technology.
Although the mobility and density profiles are expected to
be smoothly varying, we have considered the InAs films on
GaAs to consist effectively of three distinct regions: 共i兲 a
surface accumulation layer 关or two-dimensional electron gas
共2DEG兲兴 with high carrier concentration and of order
0.05 m thick;18,19 共ii兲 an n-type interface layer 共at the junction with the substrate兲 of about 0.1 m thick, which has a
high dislocation density, is also highly degenerate, and has
low mobility; and in between them 共iii兲 a central region with
comparably low carrier concentration and high mobility. We
identify the semiconducting component observed in the
transport with the central portion of the film, and the interfaces and surface constitute the metallic regions.
Our analysis of the mobilities and carrier concentrations
uses the standard multilayer Hall effect technique, derived
from the basic two-layer method of Petritz.20 In this model,
the combined effective sheet carrier density, ns, and average
effective mobility, , are related to the sheet densities and
mobilities in the i component layers, nsi and i, by
ns = 兺 nsii

54

2.5± 0.5
1.5± 0.5
4.5± 0.5
1.5± 0.5

U24T24

0.27
2.4
5.75
2.9
6.97

1.00
3.1
9.22
3.5
6.08

9

3.1

0.2± 0.2

0.58± 0.05

10± 5

17± 2

0.10

0.85

2.0± 2.0

0.7± 0.1

2.5± 0.5
1.5± 0.5
4.5± 0.5
5.0± 0.5

2.5± 0.5
1.5± 0.5
4.5± 0.5
5.0± 0.5

ns2 = 兺 nsi2i .

共4兲

i

The left-hand sides of Eqs. 共3兲 and 共4兲 are plotted in Fig.
5. To extract the properties of the semiconducting layer of
each film, we make two assumptions. First we assume that
the metallic layer properties are independent of temperature,
so that they contribute a constant baseline to Fig. 5. This is
justified by the fact that the data for the 0.15 m sample,
which is thin enough to have no semiconducting layer are
nearly flat. Second, we assume that the semiconducting layers are frozen out at low temperatures, so that the values of
the metallic contributions to Fig. 5 are simply determined by
the intercepts. After subtraction of the metallic contribution,
the remainder is due to the temperature-sensitive semiconducting region, shown in Fig. 6. The strong temperature dependence of Fig. 5 in the case of the 1 m film implies
significant transport through the semiconducting layer, in
spite of the very small concentration in comparison with the
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FIG. 4. Cross-sectional TEM of GaAs/ InAs interface.
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FIG. 5. Temperature dependence of the quantities 共a兲 n and 共b兲
n2, for which contributions from different layers in each sample
are additive according to Eqs. 共3兲 and 共4兲. Symbols are the experimentally measured data for film thicknesses 0.15 m 共triangles兲,
0.27 m 共circles兲, and 1 m 共squares兲. The lines are smoothed versions of the data used to extrapolate to the intercept.

metallic layers, which is compensated by the much higher
mobility. The product n is proportional to conductivity, and
one can see from Fig. 5共a兲 that the temperature sensitive
semiconducting layer carries a maximum of approximately
30% of the current 共for temperatures above ⬇100 K兲. By
contrast the much weaker temperature sensitivity for the
0.27 m film has made the semiconducting properties much
harder to resolve on top of the temperature-independent metallic contribution.
For the thickest sample, the semiconducting concentration
follows an Arrhenius behavior, with an activation energy of
8 meV, and a room temperature sheet density of 7 ⫻ 1011
cm−2. Above about 50 K the mobility decreases with temperature as expected for lattice scattering, though at low temperatures a switch to impurity scattering is apparent. The
room temperature mobility in the thickest film is ⬃60% of
that for bulk material at the same doping level, consistent
with the presence of dislocation scattering near to the interface. The room temperature values of the inferred mobility
and concentration are given in Table I.
At this point we note that to determine the properties of
the semiconducting layer in the 1 m film, instead of subtracting the assumed metallic contribution as described
above, we could have subtracted the experimental values for
the 0.27 m sample to give the properties of a thickness of
0.87 m of semiconducting material. Since the values of n
and n2 for the assumed metallic layer for the 1 m film and
those determined experimentally for the 0.27 m film 共Fig.
5兲 are nearly equivalent, subtracting either gives almost identical results 共though the latter gives more scatter兲. This gives
added confidence in our assumptions. The differential analy-

FIG. 6. After subtracting the intercepts from Fig. 5, the remaining temperature-dependent contribution can be rearranged to find
the sheet density and mobility of the semiconducting layer, shown
in 共a兲 and 共b兲, respectively. Note in 共a兲 the reciprocal temperature
on the ordinate axis, and the axis break with different scales either
side. Symbols are for film thicknesses 0.27 m 共circles兲, and 1 m
共squares兲. For the thick sample the density follows a thermal activation behavior 共shown by the straight line兲 with characteristic temperature of ⬃100 K. The error bars include a systematic contribution from the uncertainty in the intercepts of Fig. 5 and are,
therefore, small only when the semiconducting contribution is large,
compared with the metallic contribution. The points at the ends of
the temperature scale for the 0.27 m sample have been removed
because of the large uncertainty.

sis between layers of different thicknesses, has been used
previously for InSb layers.21,22
We now attempt to separate the metallic contribution into
the surface and interface layer components, though this requires further assumptions that produce high systematic uncertainty. There is a distinct difference in the 4 K metallic
properties between the thinnest film and the two thicker
ones; the latter have approximately half the sheet density and
four times the mobility of the former. We attribute this to the
defects from the interface layer having propagated far
enough to affect the surface mobility in the thinnest sample.
Thus the 0.15 m film can be treated as approximately uniformly defective, so that the mobilities at the interface and
surface are similar and equal to the average 共1.6⫻ 103
cm2 V−1 s−1兲. If we further assume that all metallic layer
properties are independent of film thickness 共apart from the
reduced surface mobility of the thinnest sample兲, the best fit
to the combined metallic contributions deduced above is
given in Table I. The surface 2DEG density is very close to
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FIG. 7. Theoretical band-bending profiles for the three samples
studied here at 300 K.

previously reported values.19 As already mentioned there is a
strong covariance between these parameters and a correspondingly high systematic uncertainty which we have endeavored to indicate in Table I.
These deductions allow an approximate band-bending
diagram to be calculated at 300 K using Poisson’s equation,
and this is shown in Fig. 7 for the three-layer thicknesses
studied. Since the exact charge distribution at the interface is
unknown, we have represented this by a uniformly doped
slab 0.1 m thick, based on the average defected layer thickness, Fig. 4. It can be seen that the overall thickness of the
interface layer controls the band edge position in the nominally undoped central region, so that this region should appear more lightly doped in thicker samples. For the thickest
film the semiconducting layer sheet density can be converted
into an approximate volume figure of 7 ⫻ 1015 cm−3 by using
a thickness of 0.85 m for the central region, estimated from
Fig. 7. For the intermediate thickness sample, using a central
layer thickness of 0.10 m, we obtain an increased volume
density of 2 ⫻ 1016 cm−3 because of the increased influence
of the accumulation layers.
V. DISCUSSION

The time evolution of the spin population of electrons in
the thick, doped sample 共IC313兲 can be described by a single
exponential decay with no evidence of the multiple components in the decay that might be expected if several layers of
different properties are important. It was found that the DP
process is the dominant spin-relaxation mechanism in the
temperature range from 77 to 290 K, and that the EY process
predicts a much longer lifetime than that observed.15 The
temperature dependence is less strong than that predicted by
substituting Ek = kBT into Eq. 共2兲 because the Fermi energy is
very close to the band edge, so that the electron distribution
is not fully Boltzmann-like.
The 1 m film also exhibits a single exponential spin
decay and similar temperature dependence. This suggests
that the spin lifetime in 1 m sample is also due to spin
orientation in the bulklike region. The 0.27 m film is found
to have two exponential decays in the spin population 共Fig.

FIG. 8. Spin lifetime as a function of the electron mobility for
different electron densities. The experimental data are the room
temperature values from Fig. 2 using the same symbols. The lines
represent theoretical predictions using Eqs. 共1兲 and 共2兲. At the left
共low mobility兲 EY dominates Eq. 共1兲, and on the right DP dominates Eq. 共2兲. For the nondegenerate model at 300 K 共Ek = kT
= 25 meV兲, appropriate for the central semiconducting region, two
versions of the DP prediction are shown for lattice scattering and
for ionized impurity scattering. For the degenerate models appropriate for the interface 共Ek = EF = 60 meV兲 and surface 共Ek = EF
= 300 meV兲 we assumed ionized impurity scattering dominates. The
predicted surface spin lifetime 共 = 5 ⫻ 103 cm V−1 s−1兲 is 0.02 ps
共extrapolating the EF = 300 meV curve兲.

1兲, and because of its similar magnitude to the thicker sample
results we assume that the longer lifetime component is due
to the central semiconducting layer.
The thin film results and the short component of the spin
lifetime of 0.27 m film are very similar 共see Figs. 1 and 2兲
which suggests that they have the same origin. There is no
semiconducting central region in the 0.15 m film so the
dynamics must relate to the higher concentration regions.
The Fermi energy of the surface inversion layer 共of all films兲
is about 300 meV 共see Fig. 7兲, corresponding to a large
Moss-Burstein-shift in the absorption edge. Consequently
optical creation of a spin population there is not possible. In
addition, while the surface-layer densities are assumed similar, the mobilities differ by more than a factor of 3 between
samples, so if this layer were responsible for the observed
dynamics, a large difference in magnitude would be seen. On
the other hand, the parameters of the electrons in the interface layers are assumed to be the same 共EF ⬃ 60 meV兲, and
we, therefore, identify the short spin relaxation component
with this layer. The Fermi energy is high in this layer, which
reduces the absorption due to the Moss-Burstein shift, but
does not forbid optical injection completely, especially in the
presence of a strong laser pulse. The relative contribution of
the interface layer into a pump-probe signal becomes smaller
for thicker samples. That is why we could only see one component in the 1 m film.
Before interpreting the temperature dependences of the
short spin lifetimes, let us return to more detail consideration
of spin-relaxation mechanisms. As has already been mentioned, the EY mechanism is linearly proportional to the mobility, whereas the DP mechanism is inversely proportional
to . The crossover between two mechanisms occurs at
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At room temperature, in the nondegenerate semiconducting
3
layer lattice scattering is dominant and 共co兲
lc = 3 ⫻ 10
2 −1 −1
cm V s at 300 K. The electron mobility is larger than
共co兲
lc , which means that the electrons obey the nondegenerate
DP spin-relaxation mechanism. In the degenerate interface
region impurity scattering is dominant, and the mobility
3
2 −1 −1
is smaller than 共co兲
at EF = 60 meV
ii = 5 ⫻ 10 cm V s
共taken from Fig. 7兲; thus the electron spin lifetime is determined by the EY process. We have summarized these conclusions in Fig. 8.
Extrapolating the degenerate EY process to EF = 300
meV, the spin lifetime in the surface layers can be estimated.
It is found that at room temperature the spin lifetime of the
electrons in the surface layer is around 0.02 ps. The sensitivity of our experiment is not enough to detect this short time.
Such a short spin lifetime for the surface layer would not
have such serious implication for spintronic devices were it
not for the fact that conductivity values produced from the
transport analysis 共Figs. 5 and 6兲 show that the majority of
the current flows through this layer. Conductivity values
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