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Spin injection from „Ga,Mn…As into InAs quantum dots

Y. Chye, M. E. White, E. Johnston-Halperin, B. D. Gerardot, D. D. Awschalom, and P. M. Petroff
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~Received 11 July 2002; published 19 November 2002!

Using a spin light emitting diode~spin-LED! we study the injection of spin-polarized holes and electrons
from a ~Ga,Mn!As epitaxial film into self-assembled InAs quantum dots~QDs!. The electroluminescence
polarization, integrated over the QD ensemble, is;1% for both carrier types, consistent with quantum well
~QW! spin-LEDs. However, spectrally resolved measurements reveal a monotonic decrease in polarization
with increasing energy for hole injection, while no spectral dependence is observed for electron injection. This
is in contrast to previous measurements of QW based structures.

DOI: 10.1103/PhysRevB.66.201301 PACS number~s!: 72.25.Dc, 72.25.Hg, 75.50.Pp, 73.63.Kv
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In recent years, several proposals have been sugge
which utilize spin in a quantum dot~QD! as a quantum bit
~q-bit!.1 These proposals have found support in the meas
ment of long spin coherence times for resonantly photo
cited carriers,2 and efficient spin relaxation for nonresona
excitation.3 While these optical measurements are promisi
it may also prove useful both for issues of scalability a
control toelectrically inject spin-polarized carriers into QDs
In addition, since understanding spin-polarized currents
important for the future development of a spin-based e
tronics ~spintronics!,4 understanding spin relaxation pro
cesses under a variety of conditions is essential. Prev
studies have demonstrated electrical injection into quan
wells ~QWs! using ferromagnetic semiconductors,5–8 ferro-
magnetic metals,9 and paramagnetic semiconductors10 as
spin aligners, suggesting a promising route to achieving
injection. Here we present measurements of a~Ga,Mn!As-
based spin light emitting diode~spin-LED! which has been
adapted from these previous studies by substituting s
assembled InAs QDs for the QW active region. We ha
found that the electroluminescence~EL! circular polarization
is consistent with the range of values obtained from the Q
spin-LEDs for both hole5,6 and electron7,8 spin injection. In
addition, our studies show that hole spin injection is sensi
to variations in QD size and/or material composition, wh
electron spin injection appears insensitive to these effec

First, we study hole spin injection into QDs using
standard p- i -n LED. A sample schematic can be se
in Fig. 1~a! with the following details: 300 nmp1-doped
~Ga,Mn!As/30 nm GaAs/InAs QD layer/50 nm GaAs/n-
doped GaAs:Si (531018 cm23). Here the designation
p1-doped for the~Ga,Mn!As layer refers to the native hol
doping found in this alloy, typically;131019 cm23 for
these Mn levels.11 The ~Ga,Mn!As layer acts as a hole spi
polarizer.5,6 A nonmagneticp- i -n LED control sample in
which the ~Ga,Mn!As layer is replaced by a GaAs:B
layer (131019 cm23) is also measured. Second, we stu
electron spin injection by employing a Zener diode/n-i-p
LED device7,8 ~ZD LED! with the following structure:
300 nm p1-doped ~Ga,Mn!As/10 nm n1-doped GaAs:Si
(231019 cm23)/200 nmn-doped GaAs:Si (531016 cm23)/
30 nm GaAs/InAs QD layer/50 nm GaAs/p-doped GaAs:Be
(531018 cm23). A sample schematic and its energy ba
diagram for this structure can be seen in Fig. 1~b!, where the
0163-1829/2002/66~20!/201301~4!/$20.00 66 2013
ted

e-
-

,

is
-

us
m

is

lf-
e

e

~Ga,Mn!As layer and then1-doped GaAs:Si layer form the
Zener diode. When a reverse bias is applied across this j
tion, theelectronsfrom the ~Ga,Mn!As valence band tunne
across the bandgap into the conduction band of then-GaAs
and subsequently flow into the QDs.

The devices are grown by molecular-beam epitaxy~MBE!
on semi-insulating GaAs~100! substrates. To ensure hig
luminescence quality for the QDs, the QD layer and t
doped/undoped GaAs layers are grown in an MBE cham
optimized for optoelectronic materials. All GaAs layers a
grown at 580 °C except the QD layer, which is grown
540 °C. The QDs are grown using the partially covered
land technique12 to tune the ground-state luminescence
;1.25 eV. An amorphous As protective cap is deposited
room temperature before transfer into a second MBE ch
ber optimized for low-temperature~Ga,Mn!As regrowth. In

FIG. 1. ~a! and~b! The schematic structures,I -V characteristics,
and EL spectra for the standardp- i -n LED and ZD LED, respec-
tively. An in-plane magnetic field is applied along@110# and the EL
is collected from the~110! cleaved edge. TheI -V and EL spectra
are taken atT55 K. The shaded areas in the spectra indicate
region of polarization integration over the QDs ensemble. Bottom
the schematic of the tunneling process for the ZD LED.
©2002 The American Physical Society01-1
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this chamber, the As cap is evaporated by annealing
;350 °C under an As flux before the~Ga,Mn!As is grown at
260 °C. The Mn composition is 5.1% for thep- i -n LED
~5.2% for the ZD LED! as measured by MnAs reflectio
high-energy electron diffraction oscillations.13 Finally, a con-
trol sample with the~Ga, Mn!As layer replaced by ap-GaAs
layer is also grown.

Devices are fabricated using standard photolithogra
and wet chemical etching resulting in a wedding-cake str
ture with a mesa stripe 200mm wide on top of a mesa strip
400mm wide. A 100mm-wide Ti:Au stripe is deposited ont
the top mesa for electrical contact. The mesa stripe is
ented along@110# and the device is cleaved along@ 1̄10# on
both ends to facilitate edge emission along@110#. Measure-
ments are done in an optical cryostat~at temperaturesT
53 – 300 K) with a hand-wound electromagnet that gen
ates a magnetic field parallel to the LED emission. Figu
1~a! and 1~b! show theI -V characteristics with turn-on volt
ages of about 1.25 and 1.7 V for thep- i -n LED and the ZD
LED, respectively.

The EL spectra of both LEDs, taken at 5 K, are shown
the insets in Figs. 1~a! and 1~b! for the p- i -n and the ZD
LEDs, respectively. The emission peak is centered at;1.25
eV for thep- i -n LED and;1.28 eV for the ZD LED. They
both have a full width at half maximum of approximately 5
meV due to the inhomogeneous size distribution of
QDs.14 The EL collected from the cleaved edge pas
through a broadband quarter wave plate with retardation
curacy of6l/100 over a bandwidth from 900 nm~1.38 eV!
to 1270 nm~0.98 eV!. The quarter wave plate transforms th
left and right circularly polarized luminescence~LCP and
RCP! into vertical and horizontal linear polarizations, r
spectively. This linearly polarized light is then analyzed u
ing a linear polarizer and spectrally resolved using a Si-ba
liquid-nitrogen-cooled charge coupled device attached t
spectrometer. The intensities of the LCP and RCP light
measured and the polarization, defined asP5(I LCP

2I RCP)/(I LCP1I RCP), is calculated. HereI LCP and I RCP are
the integrated intensities of LCP and RCP luminescence
spectively, with the range of integration as shown by
shaded areas in the spectra in Figs. 1~a! and 1~b!.

In Fig. 2~a!, we show the hysteresis plot of the polariz
tion of the EL ~triangles! for the p-i-n LED measured atT
55 K and at a voltage bias of 1.7 V. Note that a fiel
independent background of approximately 3% has been
tracted from the polarization to facilitate comparison w
magnetization data. The magnetization hysteresis of
~Ga,Mn!As layer, as measured on an unprocessed sam
with a superconducting quantum interference dev
~SQUID! magnetometer, is also shown in Fig. 2~a! ~dashed
line!, and is consistent with the measured polarization. T
discrepancy in the coercive field between the polarizat
and the magnetization may arise from the fact that the c
civity is an extrinsic property; as such it can be modified
demagnetizing fields, domain wall pinning, etc. which m
be dependent on the details of the device processing. A
tionally the electrical currents present in the polarizat
measurement may have some impact on the magnetic p
erties of the~Ga,Mn!As film. Figure 2~b! shows the polar-
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ization of the photoluminescence~PL! ~circles! for the p-i-n
LED excited by a linearly polarized He-Ne laser~633 nm or
1.96 eV! and the EL~squares! for the control sample taken a
5 K using the same geometry. A field-independent ba
ground of approximately21.4% has been subtracted fro
the PL polarization and21% from the control sample EL
polarization. The absence of field dependence in the PL
control sample EL polarizations excludes artifacts due to
minescence scattering from the dichroic~Ga,Mn!As layer15

or to strain-induced effects. The remnant polarization (PR)
as a function of temperature is shown in Fig. 2~c!, where it is
seen to decrease with increasing temperature and vanis
;70 K. We find a Curie temperature (TC) from SQUID
magnetometry for the~Ga,Mn!As layer of;70 K, agreeing
well with the measured temperature dependence ofPR .
These results verify that spin-polarized holes are injec
into the QDs.

The EL measurements are also performed for the ZD L
to investigate the injection of spin-polarized electrons in
the QDs. The EL polarization hysteresis atT55 K in Fig.
3~a! shows that electron spin injection is indeed occurri
with a remnant polarization atT55 K of ;1.25%. Also
shown is the field independent PL polarization~circles! mea-
sured in the same geometry.PR as a function of temperatur
is shown in Fig. 3~b!, again consistent with aTC of ;70 K.

In attempting to quantitatively correlate the measured
tical polarization described above with the free-carrier s
polarization there are a number of distinct stages in the s
transport that must be considered. For convenience,
group these processes into four distinct categories:~1! spin
polarization in the ~Ga,Mn!As, ~2! transport across the
~Ga,Mn!As/GaAs heterointerface and through bulk GaA
~3! injection into the QDs and subsequent energy relaxat
and ~4! the efficiency of conversion from carrier spin to o
tical polarization via radiative recombination processe

FIG. 2. ~a! EL polarization~triangles! hysteresis for thep- i -n
LED. The dashed line indicates the in-plane~Ga,Mn! As magneti-
zation hysteresis measured with a SQUID magnetometer.~b! No
hysteresis is observed for thep- i -n LED PL polarization~circles!
and the control sample EL polarization~squares! measured in the
same geometry. Open symbols denote a down-sweep of the m
netic field and closed symbols an up-sweep. Note that a fi
independent background polarization has been subtracted.~c! PR as
a function of temperature.
1-2
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While there has been extensive theoretical work addres
the intrinsic spin polarization in~Ga,Mn!As,16 there is to our
knowledge no direct experimental evidence on this issue.
therefore focus the following discussion on the final thr
processes.

Previous measurements of coherent spin transpor
semiconductors have shown efficient electron spin-tran
across a GaAs/ZnSe heterointerface17 and through bulk
n-doped GaAs.18 Furthermore, measurements on QW sp
LEDs with paramagnetic injection layers10 have yielded op-
tical polarizations approaching 50% for all electrical electr
injection. Taken together these results strongly suggest
scattering during transport is not the limiting factor in t
electron-injection measurements. The picture is less clea
the holes as there have been recent reports of anisotr
hole spin transport in QW spin-LEDs,6 and a deeper under
standing of this process is required before assessing its
tive important. Regarding injection into the QDs, there h
also been work with optically pumped QD samples addre
ing the spin lifetime under nonresonant pumping conditio3

~the conditions most analogous to the situation in this stud!.
Photoluminescence polarizations as high as;12% were
measured when carriers were photo-excited in the GaAs
trix and subsequently relaxed into the QDs before recom
ing. Assuming optical pumping yields an electron spin pol
ization of 50% in bulk GaAs,19 and a 100% conversion
efficiency of this spin polarization into optical polarization
the luminescence,20 this yields a minimum spin-injection ef
ficiency of ;25%.

Finally, as discussed in detail regarding Q
spin-LEDs,5-7 it is important to consider that both heavy an
light holes~HH and LH, respectively! are present in the QDs
In other words, it is quite difficult to reconstruct the exa
exciton giving rise to the observed polarization without so
knowledge of which hole specie is participating in the
combination. For example, bothu13/2, 21/2& and u11/2,
11/2& excitons will give rise to LCP luminescence upon r
combination~where the notation refers touhole spin, electron

FIG. 3. ~a! EL polarization hysteresis~triangles! and PL polar-
ization ~circles! for the ZD LED as a function of an in-plane mag
netic field. Open symbols denote a down-sweep of the magn
field and closed symbols an up-sweep.~b! PR versus temperature
for the same device.
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spin& and the sign convention is chosen so that positive c
responds to spin oriented along the direction of propaga
of the luminescence!.19 In principle, one should be able t
resolve this ambiguity through a calculation of the HH-L
splitting in the QDs due to both strain and quantum confi
ment. However in practice the strain in this system is co
plicated by the superposition of the strained QD layer w
the strained~Ga,Mn!As layer, making such calculations dif
ficult. In addition, it is unclear whether attempts to dise
tangle the HH and LH based on symmetry arguments in Q
based spin-LEDs~Ref. 7! are applicable in this QD-base
device. It is important to note that these limitations apply
both hole and electron spin injection.

The QD system consists of an ensemble of dots with
ferent sizes and material compositions21 producing a broad
luminescence spectrum. Analysis ofPR as a function of
emission energy may therefore yield insights into the s
injection efficiency in different kinds of QDs. To obtain th
spectrally resolvedPR , we calculatePR for each emission

FIG. 4. ~a! EL spectra and the spectrally resolved ELPR versus
emission energy for thep- i -n LED ~circles!, ZD LED ~triangles!,
and control sample~crosses!. The center emission peaks are 1.2
1.28, and 1.27 eV for thep- i -n LED, ZD LED, and control sample,
respectively. The measurements are taken atT55 K. ~b! PR for EL
emission energyE51.25 eV as a function of applied bias voltag
~c! EL spectra atV51.4 and 2.5 V for thep- i -n LED. Emission
from the first QD excited state atE;1.285 eV is seen in the spec
trum atV52.5 V. The Gaussian fit for the ground state EL peak
also shown~dashed line!. Inset shows EL spectra of the first excite
state, obtained by subtracting the Gaussian fit to the ground-s
peak from the EL spectra. Spectra are shown fromV51.4 V to 2.5
V with a 0.1 V increment. The onset of the first excited state is
V;1.7 V ~line plus circles!.
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energy measured in the EL spectra. Figure 4~a! shows EL
spectra andPR versus emission energy for thep-i-n LED
~circles!, ZD LED ~triangles!, and control sample~crosses!.
For thep-i-n LED, PR decreases with increasing EL emi
sion energy~independent of the applied voltage!. This trend
disappears when the sample temperature is raised aboveTC .
On the other hand, the spectrally resolved polarizations
the ZD LED and control sample are found to be const
across the spectrum@Fig. 4~a!, triangles and crosses, respe
tively#, excluding artifacts associated with the instruments
the background polarization. The electron and hole traje
ries are almost identical in both types of QD spin LED d
vices and therefore device geometry should have mini
effects on the EL path. The results of the ZD LED and co
trol sample therefore exclude a wavelength dependent
chroic scattering effect when the EL propagates in thep-i-n
LED as the origin of the wavelength-dependent polarizat
signal. This suggests that the variation is likely associa
with changes in QD size and/or material composition.

A possible explanation for this behavior is that as the Q
potential becomes shallower, i.e., for decreasing In con
or smaller dot radius/height, the carriers are less confin
Under these conditions, processes such as up-convers22

and increased interaction between polarized holes within
QDs and the carriers in the wetting layer are possible
may play a role in spin scattering. The fact that the measu
PR versus emission energy for the ZD LED is almost co
stant across the spectrum@Fig. 4~a!, triangles# would then
suggest that electrons are less sensitive than holes to cha
in the size or material composition of the QDs. Other pot
tial explanations for this difference between the conduct
20130
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and valence band include differing spin lifetimes, residu
doping, spin-orbit interactions, etc.

For thep- i -n LED, we also observe a variation inPR as
a function of the applied voltage for emission energies ra
ing from 1.225 to 1.275 eV. A representative scan taken a
energy of 1.25 eV~the center of the QD ensemble groun
state! can be seen in Fig. 4~b!. The decrease of polarizatio
takes place at roughly the same voltages where excited
EL is first observed@;1.7 V, Fig. 4~c!#. This is consistent
with previous results from optically pumped QDs that ha
shown both a shorter spin-lifetime for the excited state a
an overall decrease in polarization with the onset of excit
state luminescence.3 Possible explanations for this behavi
include partial hybridization of the excited state with wettin
layer states or carrier-carrier scattering within the QD.

To conclude, we have successfully demonstrated the
jection of spin-polarized holes and electrons into QDs from
~Ga,Mn!As epitaxial layer. The measured EL polarization f
QD spin-LEDs is consistent with the range of values m
sured in QW spin-LEDs.5–8 Finally, in contrast to measure
ments of QW-based devices, spectrally resolving the opt
polarization arising from the injection of spin-polarized hol
into InAs QDs reveals a sensitivity to the QD size and
material composition. This sensitivity is not observed f
spin-polarized electron injection.
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