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Robust electrical spin injection into a semiconductor heterostructure
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We report efficient electrical injection of spin-polarized carriers from a non-lattice-matched magnetic con-
tact into a semiconductor heterostructure. The semimagnetic semicondugtgiMESe is used as a spin-
injecting contact on a GaAs-based light-emitting diode. Spin-polarized electrons are electrically injected across
the 1I-VI/III-V interface, where they radiatively recombine in a GaAs quantum well and emit circularly
polarized light. An analysis of the optical polarization which includes quantum confinement effects yields a
lower bound of 50% for the spin injection efficiency.

Spin injection and transport in semiconductor heterostrucnescence to demonstrate that optically excited carriers be-
tures represent a promising avenue to add new spincame spin aligned in a Gd,Mn,Te layer, and that spin-
dependent functionality to the many attractive properties opolarized electrons were transferred into an adjacent CdTe
semiconductor devicésThe seminal proposal by Datta and layer with little loss in spin polarization.

Das of a spin-polarized field-effect transistorjth magnetic We report here robust and efficient electrical injection of
source and drain contacts for spin injection and detectionspin-polarized carriers from a non-lattice-matched semimag-
has stimulated a great deal of effort to better understand theetic semiconductor contact into a semiconductor hetero-
behavior of spin-polarized carriers in semiconductor hoststructure. This is demonstrated by the fabrication of a spin-
under conditions of dynamic transport. Optical pumping hagolarized light-emitting diod€ (spin-LED) structure based
routinely been used to create spin-polarized carrier populaen a GaAs quantum well. In a normal LED, electrons and
tions in semiconductor heterostructures and has provided trdtoles recombine in the vicinity of p-n junction or quantum
mendous insight into their behavidiery recently, extraor- ~well to produce light when a forward bias current flows. This
dinarily long spin lifetimes and diffusion lengths have beenlight is unpolarized, because all carrier spin states are equally
observed in optically pumped systefits:spin diffusion  populated, and all dipole-allowed radiative transitions occur
lengths of many micrometers have been reported in GaAswith equal probability. In a spin-LEB! carriers are electri-
for example, illustrating that a spin-polarized mode of opera<ally injected from a contact with a net spin polarization into
tion is certainly feasible for every modern transport device.a semiconductor heterostructure where they radiatively re-

It is very desirable to inject spin-polarized carri@igec- combine. Radiative recombination of spin-polarized carriers
trically via a magnetic contact to increase the potential forresults in the emission of righto{") or left (¢™) circularly
practical applications. This would provide a very simple andpolarized light along the surface normal as given by well-
direct implementation of spin injection in which the contactknown selection rule$? We observe a maximum circular
area defines the spin source. Electrical spin injection hapolarization of 50% at 4.2 K. Polarization analysis of the
been an elusive goal, however. Several attempts using ferr@lectroluminescence¢EL) effectively interrogates the spin
magnetic metal contacts to @Ref. 6) or InAs-based two- polarization of the carriers involved. Thus the existence of
dimensional electron gas structut@ave resulted in very circularly polarized EL demonstrates successful electrical
similar and modest spin injection effects measured at or bespin injection, and an analysis of the circular polarization
low the 1% level. Such small effects make it difficult to using these selection rules provides a quantitative assessment
either unambiguously confirm spin injection or successfullyof injection efficiency.
implement new device concepts. Spin scattering at the inter- As this manuscript was submitted, similar results were
face between the magnetic contact and semiconductor hoptiblished by Fiederlingt al,r® who also utilized this semi-
appears to be the limiting factor, but very little is known magnetic semiconductor spin-aligner conc®pb demon-
about such interfacial contributions. Schmédtal. have re-  strate efficient electrical spin injection from the lattice-
cently suggested that the large mismatch in conductivitiesnatched  quaternary  BgMngoZnpeSe  into  an
precludes the use of a common ferromagnetic metal as Alg Ga g7AS/GaAs/Ab odGay 97AS LED structure. They re-
spin-injecting contact to a semiconductor based on a classport a maximum circular polarization of 43% at 2.5 K, and
cal diffusion-equation-based model. derive an electron spin polarization of 86% if the light hole/

Oestreichet al. previously proposed the use of a Mn- heavy hole(LH/HH) splitting induced by confinement in
based diluted magnetior semimagneticsemiconductoas  their 150 A GaAs quantum well is neglectétiis splitting is
the spin-injecting contact, which would serve to align thecalculated to be-3 meV). In the work reported here, we use
spins of the electrons on a picosecond time scale in an a@ simpler ternary alloy (Zgp/MngeeSe) for the spin-
plied magnetic field® They used time-resolved photolumi- injecting contact with a lattice mismatch of 0.5%, a relatively

0163-1829/2000/62.2)/81804)/$15.00 PRB 62 8180 ©2000 The American Physical Society



PRB 62 ROBUST ELECTRICAL SPIN INJECTION INTO A . .. 8181

h The samples studied were grown on semi-insulating
d GaAg001) substrates by molecular-beam epita®BE) in

a multichamber system. The growth sequeffig. 1) con-

sisted of a Tum p-type GaAs buffer layer, a 500 A-doped

AlGaAs barrier, an undoped 150 A GaAs quantum well, and

an n(Si)-doped 500 A AlGaAs barrier. Dopant setbacks of

Ny 250 A were used on either side of the well, ap(Be)
=10¥%cm3. A 2000 A epilayer of n(Cl)-doped

p - GaAs Zny.9Mng geSe was grown in a second attached MBE cham-
GaAs(001) ber. This growth was initiated by exposing theX2)-As

reconstructed surface of the AlGaAs to the Zn flux for 60 s at
the growth temperature of 300 °C to minimize the formation
b) : of defects near the interfa¢® For these growth conditions,
the ZnSe/GaAs conduction-bari@B) offset is 100 me\}’

ZnMnSe

44§

ZnMnSe GaAs ) .
- with the ZnSe band edge at higher energy. The band gap of
L LI cB Zng oMMng oeSe is nearly equal to that of Zn$2.8 eV at 4.2
I AlGaAs AlGaAs K) due to band-gap bowing, while that of AlGaAs increases
Bxo = M p+ with Al concentration. An Al concentration of 0.1 was cho-
(5] sen for the barrier to minimize the ZnMnSe/AlGaAs CB off-
VB set, which is calculated to be10 meV, forming a staircase

potential profile. The lattice mismatch is 0.5%A doping
- - level of n=10cm 3 was used for both the AlGaAs and the

: ZnMnSe to minimize band bending. The depth of the GaAs
CB quantum well is~100 meV. A simplified flat band dia-
é;ram is shown in Fig. (b).

The samples were processed into surface-emitting LED
mesas 200—40@m in diameter using standard photolitho-
raphic techniques, and electrical contacts were made to the
nMnSe andp-GaAs base via Ti/Au liftoff. The top mesa
contact consists of concentric rings, leaving most of the mesa
large mismatch in semiconductor heterostructures. Our resurface optically transparent. The LED samples were placed
sults demonstrate that efficient electrical spin injection is noin a magnetic cryostat with optical access along the field
limited to perfectly lattice-matched structures, and thereforalirection (Faraday geometjy and electrically biased to in-
is widely applicable in more common heteroepitaxial sys-ject electrons from the ZnMnSe into the GaAs quantum well
tems. In addition, we explicitly consider the effects of theat current densities 6£0.01 A/cnf. The surface-emitted EL
LH/HH splitting resulting from quantum confinement. This was measured with a spectrometer using a combination of a
splitting is calculated, experimentally measured, and inquarter-wave plate and linear polarizer for polarization
cluded in the data analysis, resulting inlaver boundof  analysis.

50% for the electrical spin injection efficiency. These results Representative spectra of the light emitted from the spin-
are very encouraging for the future realization of magnetoinjected LED are shown in Fig. 2 for selected values of the
electronic device$? applied field. The spectra are normalized and aligned to the

A cross section of the spin-LED layered structure iszero-field spectrum to facilitate comparison. At zero field, no
shown in Fig. 1a). An epilayer of the II-VI semimagnetic optical polarization is observed, as expected, since
semiconductor Zn ,Mn,Se is used as the spin-injecting Zng ¢/Mng gesS€ is a Brillouin paramagnet which acquires a
contact to glll-V )-based LED structure, which consists of a net magnetization only in a magnetic field. The emission
GaAs quantum well flanked by {Ga ,As barrier layers. peaks near 1.524 eV, attributed to recombination with heavy
Semimagnetic semiconductors are well studied, and noteldoles, confirming that radiative recombination occurs in the
for the very large band-edge spin splitting they exhibit in anGaAs quantum well. The polarization rapidly increases with
applied magnetic fieldgiant effective Zeeman effect’ For  applied field as a spin-polarized electron population is cre-
modest fields, the spin splitting significantly exce&gd3 at  ated in the ZnMnSe and injected into the LED structure. The
low temperature. In particular, the splitting of the spin-up corresponding spectra reveal a significant difference in inten-
(mj=+3) and spin-down Ifyj=—3) electron states in sity between ther™ ando~ components of the EL even at
Zng o.Mng geSe is~10 meV at 3 T, so that the conduction 0.5 T. Other effects that might contribute to the optical po-
band effectively forms a completely polarized source of spindarization were carefully considered, and either eliminated or
down electrons. This same effect has been used in the pastittcluded in the error baré€ At B=4 T, two distinct features
create a static spin superlattice, in which carriers of oppositare visible at~2 and 4 meV to the low-energy side of the
spin occupy alternating layers of a multilayer structtre. HH peak, and are consistent with contributions from donor-
Under appropriate bias, these carriers are electrically injecteand acceptor-bound excitons, respectively. These features are
across the ZnMnSe/AlGaAs heterointerface and into themore distinct at 8 T, and will be discussed elsewhere. The
GaAs quantum well, where they radiatively recombine withfeature near 1.515 eV is attributed to recombination in bulk
an unpolarized hole population provided pstype doping, GaAs, and also exhibits a strong polarization, indicating that
and emit circularly polarized light. some portion of the spin-polarized electrons retain their spin

FIG. 1. (a) Schematic cross section of the samplest to scale
(b) Flat band diagram illustrating the conduction- and valence-ban
(CB, VB) offsets in the spin-LED structure. The CB of the
Zng.9dMng geSe splits with applied field, so that the spin-down states
are occupied. The holes in the GaAs quantum well are unpolarize%
The band offsets are exaggerated for clarity.



8182 B. T. JONKERet al. PRB 62

nd nT
-1/2 m +1/2
[ a) -z ) CB
1.5 3 1 1 3
\ \
o+ \G— o+ c—
2 A
:E I A VB
S 1 -3/2 +1/2 1/2 +3/2
£
©
= nd nT
‘D AR M 42
C 0.5 b) _— ! CB
g \
£ 3 3
o+ ‘oo
: i A
[ -3/2 — 432
+1/2 -1/2
05 L 40 i FIG. 4. Radiative interband transitions allowed by the selection
rules for the cases @f) degenerate angh) nondegenerate HH and

LH bands.

1510 1515 1520 1525 1530
Photon Energy (meV) Zny oMo oSe band below the Fermi level, diluting the ini-
tial electron spin polarization, and in part to the Zeeman

‘effect in GaAs, whose spin splitting is much smaller, but

right (67) circular polarization. The peaks are normalized andOppOSIte mt St'ﬁn (;0 thaé of Z)r-b‘}'vmomse‘ Int_a _Br(ljllom_n
shifted to lower energies by the following amounts to align with theparlamagne ’ e. ep_en ence of the magn.e izd#io Sp'r.]
zero-field spectrum: 0.5 .11 meVj, 1.5 T(0.61 meVj, 4 T (2.15 spllttmg) on appheq f|f4|(39and tempgratgre is well described
meV). The relative positions of the heavy- and light-hole featuresby a Brillouin function.™™The solid line in Fig. 3 shows the

(HH, LH) obtained from photoreflectivity measuremen&=(0)  SPIN splitting of Zr 9/Mng osSe calculated from a standard
are indicated. Brillouin function analysis and scaled by a multiplicative

factor to fit the polarization data. The excellent agreement
until they recombine in the-GaAs buffer layer. It should be Wwith the field dependence of the circular polarization Bor
noted that the observation of polarization in this dc measure<<5 T confirms that the polarization of the EL results from
ment clearly demonstrates that the electron spin lifetime ispin-polarized electrons which are electrically injected from
much longer than the radiative recombination titde. the Zny 9Mng geSe.

The degree of circular polarization is obtained from the The selection rules that govern the radiative recombina-
integrated intensity as Pg.=[1(c")—1(c7)]/[I(c™)  tion of spin-polarized carriers in cubic semiconductors in the
+1(o7)], and is summarized in Fig. 3 as a function of ap- Faraday geometry are illustrated in Fig>#.They permit a
plied field. P saturates arouh4 T at avalue of 50%, and simple analysis of the data which provides a quantitative
decreases slightly at the highest fields. This decrease is aneasure of the spin polarization of the carriers involved, and

FIG. 2. Electroluminescence spectra from a spin-LED for se
lected values of applied magnetic field, analyzed for left Y and

tributed primarily to the shift of the spin-dowm§=—% hence qf spin injectipn efficiency across the ZnMnSe/
AlGaAs interface and into the quantum well. In bulk zinc-
0.6 : : : : : : : : blende semiconductors such as GaAs, the conduction band is
: ] twofold degenerate at the center of the Brillouin zone, cor-
- 0.5 responding to spin-up and spin-down electrong = +1).
S The valence band is fourfold degenerate, and consists of
go4 heavy-hole and light-hole bands with large and small effec-
% 0.3 tive mass, respectively, which are each twofold spin degen-
o - erate ;= +3 +1) Radiative electron-hole recombination
Sonk is allowed for interband transitions that obey the selection
g : rule Am;==1. The probability of a given transition is
0.1 weighted by the matrix element connecting the levels in-
volved, so that transitions to HH states are three times more
0 L

: ' y ' : ' ‘ likely than those to LH states, as indicated in the figure.
°o 1+ 2 8 4 > ¢ 78 The net circular polarization of the light emitted
Magnetic Field (T) ‘e net circular polarization of the light emitted can
readily be calculated for a given occupation of the quantum-
FIG. 3. Magnetic-field dependence of the optical polarizationwell carrier states. Assuming an unpolarizézbeneratéiole

P.ic. The solid line is a simple Brillouin function fit to the data. population, a general expression for the degree of circular



PRB 62 ROBUST ELECTRICAL SPIN INJECTION INTO A.. .. 8183

polarization in the Faraday geometry follows directly from mentally measured value d?,.=0.5 indicates electrical
Fig. 4@, and can be written in terms of the relative popula-spin injection with an efficiency of 50%, i.e., half of the

tions of the electron spin stateﬁ(m,—=+%) andn|(m;= spin-down electrons injected from the ZnMnSe reach the
—3), where 6<n<1 andn]+n|=1: GaAs quantum well without experiencing a scattering event
. B N B that flips their spin. It should be noted th&t;. decreases
Pere=[1(c™)=1(c)J/[I(c7)+1(c7)]=0.5n] rapidly with higher current densities, indicating that local
heating at the ZnMnSe contact metallization is reducing the
—n)/(nl+n7). () . g

initial spin polarization, as expected from the strong tem-
The optical polarization is directly related to the electronperature dependence of a Brillouin paramadfigterefore,
Spin po|arizati0n (]l — nT)/(nl + nT) in the quantum We”, the V_al.ue Of 50% Should be regarded dewaer boundto the
and has a maximum value of 0.5 due to the degeneracy of thPin injection efficiency.

HH and LH bands. The measured valBg,.= 0.5 suggests In summary, we have demonstrated highly efficient elec-

spin injection with an efficiency of 100% e trical injection of spin-polarized electrons across a IlI-VI/
However. the HH and LH bands are éeparated in energ I-V semiconductor heterointerface, and subsequent trans-

by quantum confinement, which modifies Et) and signifi- ort into a quantum-well LED structure. An efficient spin-

cantly impacts the analysis. The HH/LH band splitting is LED. ef_fectwely couples carrier - spin W'th optical
typically several meV even in shallow quantum wells, and ispolanzatlon, SErves as an eff|C|enF carrer spin dgtector, and
much larger than the thermal energy at low temperaturénay ena}blelihe ”a_”Sm'SS'O” of spin- or po_larlzatl_on-enco_ded
(~0.36 meV at 4.2 K, so that the LH states are at higher information:~ Fabrication of practical devices will benefit
energy and are not occupied. For the structures studied heljé?m the use .Of. improved contacts anc_j stronger ferromagngts
a calculation that includes corrections for exciton binding®> e SoFI)m |njector,h perhaps including new ferromagnetic
energies yields a value of 5 meV for the HH/LH splitting, S€miconductors such as SaMn,As.”*" Future system-
slightly smaller than the value of 6 meV obtained from pho-2liC_studies of such structures promise to elucidate the
toreflectivity measurementshese positions are indicated in mechanisms that _contnbutg to spin scattering and provide a
Fig. 2. In this case, only the HH levels participate in the better understanding of spin transport in device structures.
radiative recombination process, as shown in Figp),4and
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