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Quantum-well band structure effects on the emission polarization
from a spin-polarized electron reservoir
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Many spin-polarized-based devices utilize the optical polarization from semiconductor quantum
wells (QWs) as a read out. Under ideal conditions at zero crystal momentum, 100% optical
polarization is obtained from these QWs for fully polarized electrons. However, carrier populations
typically extend over nonzero crystal momentum states, where band mixing results in nonideal
optical polarization. We investigate a single@a,_,As(x=0.2, and 0.08QW in GaAs in a typical

p-i-n spin injector structure, using eight band k.p theory including strain, electric field and
quantum-confined Stark effects. By evaluating the carrier distribution and wave functions of the QW
states, we find the resulting optical polarization is reduced 8% at 10 K, and further for high
temperature and high fields. We show that under certain conditions we can flip the sign of the optical
polarization, suggesting the possibility of an electric field controlled optical or spin polarization
switch. © 2004 American Institute of Physid®DOl: 10.1063/1.1786373

Semiconductor electronics has been built on the charge-doped GaAs regions and injected with completely spin po-
degree of freedom of electrons and holes. The spin degree &rized electrons from the side.p- andn-doping concentra-
freedom, used in magnetic storage devices, has long bedions are 5< 10'8 and 5x 10'° cmi 3, respectively. The lightly
neglected in semiconductors. However, because of advancesdoped region models an electron spin injeétdhe QW
in semiconductor science and technology, control, and mandium compositions of 8% and 20% are chosen to investi-
nipulation of the spin degree of freedom in semiconductors igjate the effects of strain and quantum confinement on the
becoming increasingly possibte® polarization of emitted light.

The optical emission from a semiconductor quantum  Consider the InGaAs—GaAs QW with a constant electric
well (QW) structure is often used for spin detection of trans-field (E) applied along the growth direction. An eight band
ported carriers through various materials and interfices. k.p methodl,o‘lztypically used in strained bulk semiconduc-
Ideal selection rules based on zone-center electron/hole waver systems, is used here to obtain the QW bound stationary
functions are typically used to correlate the degree of emittedtates. Under  the slowly  varying envelope
circular optical polarization with the degree of spin approximation;"*?the wave functions for each valence band
polarization® " quasibound state are written as the sum of four unstrained,

Here, we analyze the detailed carrier states inpulk zone-center until cell functionfj,>, each modulated
InGaAs/GaAs QWs of various alloy compositions startingby an envelope wave functior.!*'? For each set of in-
from first principles. This analysis is not concerned with spinplane Bloch wave vectolk, k,) andE, F is obtained as so-
relaxation processes, focusing instead on the optical polajytion of the matrix equatiorHowF=EF. The QW Hamil-
ization emitted from a completely spin polarized e|eCtr0ntonian,HQWis obtained by replacingk, by -t alaztin the
population assuming a thermalized electron distribution inqamiltonian for the bulk semiconductor which includes the
crystal momentun(k) space. Using eight-band k.p theory piaxial strain effects through the Pikus—Bir formulation.
with spin, we obtain the detailed wave functions and thegffects of other higher energy bands are included indirectly
corresponding eigenenergies for a few lowest lying bands ofhrough Luttinger parameters by way of the traditional Low-
guasiconfined states under an applied electric bias across tag, renormalizatiort**°
structure. Variation in the carrier density among different en-  This matrix equation is solved through the transfer ma-
ergy and angular momentum states as a function of applieglix approach where the QW structure is divided into suffi-
bias is then determined. We then investigate the radiativgjently small sections so that within each section the poten-
recombination of polarized electrons in the conduction bandja| can be approximated to be constant. Enforcing the
and unpolarized holes in the valence band via band to bangoundary condition? between all the sections we obtain
optical transitions, and thus determine the degree of emittedight possible values &, and the corresponding eighteigen-
circular polarization. We show that even at 10 K, the recomysectors. Through block diagonalization, we obtain two enve-
bination dynamics deviate significantly from that predicted|gpe wave functions, indexed We then solve for the four
by simplified selection rules, and reduced the polarization ofg\est valence band quantized energy states, ind@xéat
an Iny ;Gay gAs QW to 60%. Moreover, when an electric bias gifferent in-plane crystal momentum spanning about 10% of
is applied the optical polarization goes to zero then switChegne first Brillouin zone and for different values of bias. The
sign. _ __valence band wave functions are then written |ds;)

We ~ consider ~an undoped, 8nm  wide =3F}|uo;). Analogously, the wave functions and the corre-
In,Ga,xAs—GaAs QW or(001) GaAs surrounded by-and  gponding eigenenergies for the two spin degenerate conduc-
tion bands were obtained by solving the single band effective
¥Electronic mail: solomon@stanford.edu mass equation using the same transfer matrix approach. The
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FIG. 1. (a) Ing,Ga gAs heavy(HH1,2) and light(LH1) hole quasibound QW Electric Field (MV/m)

states for fields of Qlower) and 2(uppey MV/m across the QW. Energies
are referenced to the InGaAs unstrained, bulk valence band @gjgenve-
lope functions corresponding to the two zone center unit cell functions fo
three different quasibound statles=0, k,=0.01, andk,=0.1). Distances are
referenced to the barrier edge.

IJ:IG. 2. Percentage circular optical polarization as a function of applied
electric field across the InGaAs/QW, for three temperat(feslO, 30, and
300 K) and two In composition$0.08 and 0.2p Lines are a guide to the
eye.

wave function for the lowest conduction bamds written as
|he)=FJug o) Where|ug o> is the bulk conduction-band zone-
center unit-cell function.

no electrical bias, the emitted polarization is significantly
less than 100% at 10 K. 100% circular polarization only oc-

The calculated bands of bound of stationary states fofurs from recombination of zone-center electrons and holes.
the In, ;Ga, gAS QW structure are shown in Fig(a for two Since carriers occupy a distribution of states, the electron-
different values ofE(0 and 2 MV/m). The calculated va- hole recombination from nonzone-center states produces

lence band envelope functions are shown for three dif‘fererﬁ)h(y[()ns of mix_ed polari_za_tion_, and the relative polarization
values of crystal momentum in Fig(t. as the bias or the of the total emitted radiation is always expected to be less

crystal momentum increases, the nonparabolicity of théhan 100%. In addition, there is a small contribution due to

bands and the band mixing increases. Also, the quantum coft! approximate 5% LH band occupation. As the electric field

fined Stark shift is evident: the shift in the energy increase S increased, the LH envelope function increases in magni-

as the bias across the QW increases and the real space p glgle in the HH band, and the momentum matrix elements

tion of the envelope function changg&ig. 1(b)] associated with opposite polarization grows. In fact, as the
To determine the variation in the.carriér distribution field increases, the sense of circular polarization of emitted

among the bands ik space inside the QW as the electric radiation switqhe; This may be .useful as a polarization
bias across the structure is varied, a commercial simulatoF‘W'tCh elth'er f"pp'f‘g Fhe sign of spin polquzatlgn under op-
Atlas, was used, assuming a thermalized quasi-Fermi distrf-ic"]lI pumping or flipping the sense of optical circular polar-

bution. The resulting electron and hole quasi-Fermi Ievel§Zation under polarized spin injection. Figure 2 also shows

were then used to calculate the crystal momentum and su be expected temperature variation of the optical polariza-

band distribution of the carriers. I|c;_n. Al Ic;\r/]verLtsng)perdaturej :Eergllst .\t’)erty I|ttlef carrier pkgpu-
The relative flux of righ{RCP) and left(LCP) circularly ation in the and, an € distribution of carriersin

polarized photons with electric field vector in the QW pIaneSpaC.e is confined very close to the Zone center. A_s tempera-
ture increases, carriers spread farther in the Brillouin zone, as

s well as into the LH band, reducing the emitted peak optical
polarization. Because contributions from more than one band
f RHCP = (Pﬁvl4)J f[(E(K))]n rHcP dK, become more significant at higher at higher temperatures, not
(LHCP) k (LHCP) only does the peak polarization decrease but so does the
where overall change in polarization with field. Finally, Fig. 2
shows the variation of optical polarization as the In compo-
@iy |2 sition is varied. Because of weaker confinement at lower In
N RHCP :EJ Fhh F.| dz concentrations the separation of valence band states is re-
(LHeR) ! duced, increasing valence band mixing away frien0 and

thus reducing the optical polarization. Furthermore, with a
are related to the conduction and valence band wave functiosmaller In composition it is not possible to maintain the QW
overlaps p, =(Ug ¢|=i%1Vy|Ug ) is the momentum matrix el- confinement under high electric field. In practice, higher In
ement between the conduction and valence zone center uibntent QWs may lead to lower optical polarization because
cell functions andf[E(k)] is the quasi-Fermi distribution of less ideal QW interfaces and spin scattering dynamics;
function; V, , is the in-plane component of spatial gradient. however, these effects are not included in this model.

Figure 2 shows the variation of the relative optical po- In conclusion, the spin recombination dynamics in
larization as the electric field is varied. Even with our as-InGaAs QWSs are analyzed assuming a 100% spin polarized

sumption of preserved spin orientation in the QWs and withelectron population, unpolarized hole population, thermali-
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