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Spin injection through the depletion layer: A theory of spin-polarized p-n junctions
and solar cells
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A drift-diffusion model for spin-charge transport in spin-polarized junctions is developed and solved
numerically for a realistic set of material parameters based on GaAs. It is demonstrated that spin polarization
can be injected through the depletion layer by both minority and majority carriers, making all semiconductor
devices such as spin-polarized solar cells and bipolar transistors feasible. Spin-pglanzedctions allow
for spin-polarized current generation, spin amplification, voltage control of spin polarization, and a significant
extension of spin diffusion range.
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Spintronic$? has played an important role in defining ap- model for GaA$. In addition to the approximations used in
plications that are either not feasible or ineffective with tra-deriving the usualunpolarized equations® we assume that
ditional semiconductor electronics. Spintronic devices haveill the dopants are fully ionized, the carrier populations non-
found their niche in industries for magnetic read heads andegenerate and varying only in 06 direction. Further, we
nonvolatile memory cells. Here we propose and demonstratgssume the spin polarization to be carried solely by conduc-
a scheme for spintronics, a spin-polarizpen junction?  tion electrons(that is, consider holes unpolarizeas is the

Which a”."p”ﬁ.es spin den;ity, sigpificant[y exten_ds fche rang&ase of 111-vV semiconductors like GaAdest candidates for
of spin diffusion, electronically tailors spin polarization, and, photospintronics.

in combination with light as a spin-polarized solar cell, gen- . . )
erates spin-polarized currents with tunable spin polarization The foIIov_v!ng parameters describe our rpodel. acgeptor
donop densitiesN, (Np); electron(hole) densitiesn (p), in

We prove these concepts by solving drift-diffusion equation 7 D/ ) ) 5
for a realistic device model based on GaAs, which demon&auilibriumng (po); intrinsic carrier densityy; (ni’=nopo);

strates that spin polarization can be injected through th&lectron(hole) number current densitied, (J,); electron
depletion layer. Possibility of injecting spin polarization (hole) mobilities and diffusivitiesw, (wp) and D, (Dy);
through a transistor is also discussed. bipolar photoexcitation rateG; intrinsic generation-
The electrical injection of spin-polarized carriers within recombination rate constamt and spin-relaxation timd ;.
all-semiconductor structuredrom a magnetic into a non- Electron parameters, J,, and G will carry spin index\
magnetic ~ semiconductor was  recently realized (A=1,7 for spin up and\=—1,| for spin down: n;+n,
experimentally (the scheme proposed in Rej. ®ptical in-  =n, Jni+Jdn=J,, andG;+G,=G. We also define spin-
jection of spin-polarized carriergboth minority®> and  related quantities: spin densisy= n,—n;, spin polarization
majority"©) has been known for some time. In addition, the «=s/n, and spin photoexcitation ra@*=G, -G, .
relatively long spin diffusion length%! coherent spin trans- The time evolution and spatial distribution of carrier and
port across semiconductor interfaces, a successful fabricatiapin densities is described by three sets of equationBois-
of a magnetic/nonmagnetip-n junctior’ based on the son’s equatior2¢/dx?= — p/e, whereg is the electrostatic
(Ga,MnAs materiaf} and the recent demonstration of a gate-potential (related to the electric fielE= —dg/dx in the x
voltage control of magnetization itn,Mn)As,'® make semi- direction, ¢ is the sample dielectric permittivity, ang
conductors promising materials for spintronic applicatidns. =e(Np—Nx—n+p) is the local charge density with the el-
In this paper we investigate the spin-charge transport irmentary charge. (i) The linear response equations for the
semiconductors under the conditions of inhomogeneous barticle currents,J,, = —u,n,E—Dy(dn,/dx) and J,=
polar doping(there also exist theoretical proposals for semi-+ wpPE—D(dp/dx). The mobilities and conductivities are
conductor unipolar transistors and diotfesa very different  connected via Einstein’s relati@D=KkgT u; kg is the Bolt-
case from ouns we are not concerned with spin injectiper  zmann constant, andl the absolute temperaturéii) The
se Our model device is a spin-polarizgdn junction with  continuity equations
spin polarization induce(kither optically—in which case we
get a spin-polarized solar cell-or electronically minority

or majority carriers. By studying spin-charge transport nu- dn, dJn, n,—n_,
merically across the depletion layer, we observe phenomena, —=+ —5; == ~W(MP—NoPo/2) ———=—+G,, (1)
all resulting from the fact that spin polarization is transferred !
(what we call injectedthrough the depletion layer.
We introduce a drift-diffusion model for spin-charge dp dJ
transport in an inhomogeneously-doped semiconductor illu- P8 _
minated with circularly-polarized lightand later solve the gt T ax - W(nP=nopo) G, 2
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10 ; = ered. The task is to find the steady-state distribution of elec-
10" R 3 tron and hole densitiea and p, as well as electron spin
5 10" 7\\7 LI T densitys=n;—n; and polarizatiorw=s/n, as a function of
210° S = X.
g 10° ‘\ ! — We solve the equation set§-iii) numerically, in the
_'; 10° \l = steady-state regime, with the boundary conditiop$0)
B o B i [ =Po(0)+5p _ (where  pg(0)=08N,+ (N +4n)°9),
S 10 / — . n(0)=po(0)/n{+n, and «(0)=0.5, reflecting bipolar
g 10 i === photoexcitation and spin orientation processes at the illumi-
S10° 5 Tt | P nated surfacéthere is no illumination in the bulkG=0);
7 S— : e ! n(2)=ne(2) (where ny(2)=0.5Np+(Nj+4n?)%9),
'  (um) ' p(2)=ne(2)/n?, and a(2)=0, maintaining equilibrium at
the right surface. For electrostatic potentialwe use(0)
FIG. 1. Spin injection through thp-n junction. Electron and = —(kgT/€)In(py(0)/n;) and ¢(2)=(kgT/e)In(ny(2))/n;)
hole densities andp are shown as a function of the distancieom —V, whereV is the applied bias, conventionally defined with

the illuminated surfacex=0). The dashed line is the doping pro- respect to the dark built-in valdé.The room-temperature
file fglo—j\laA (scale not shown it is p-type SWItQSNA=3 parameters of GaAs used in our model #rethe
X 10" cm™? on the left andr-type withNp=5x 10" cm*onthe  intrinsic carrier densityn;=1.8x 10° cm 3, electron and
right; the transition region is between 0.25 and 0:68. Also plot-  hole mobilities fen="10u,=4000 cm-V~1.s71 electron

ted is spin densitg=n; —n, and spin polarizatiom=n/s in the — anq pole diffusivities(from Einstein’s relation D,=10D,
inset. The remarkable result thatextends well beyond the transi- _ 103 5 ¢r3.s° 1 and dielectric permittivity e=13.1e,

tion layer(ands is amplified demonstrates both spin injection and (where €, is the permittivity of free spage As for the
0

spin-density amplification. generation-recombination rate (assumed to be a constant
independent ofn and p), we take the value of (1/3)
expressing the particle generation and recombination as welt 10°° cm®-s™ 1. The electron lifetime in thep-region is
as spin relaxation. Equation setdii ), together with appro-  thenr~1/(wN,)~0.1 ns. Finally, spin-relaxation timig, is
priate boundary conditions drawn from the actual physicataken to be 0.2 ns, a reasonable value for Gas.
situation, fully determine the steady statn(/dt=dp/dt We first discuss the case =0 (the applied reverse bias
=0) distribution of carrier and spin densities. from an external battery cancels the forward voltage due to
In a homogeneous case and steady state @ggnd(2)  photoexcitatioh, which is in Fig. 1. Electronic density starts
becomew(np—ngypy) =G and wsp+s/T,;=G3. Note that off with the value ofn~ dn atx=0, decreases somewhat in
the rate at which electron spin relaxes is ndt;1but rather  the depletion layer, then rises by more than a decade to reach
wp+ 1/T4, reflecting the disappearance of spin by recombi-its equilibrium value ofnyg~Np in the n-region. The hole
nation (spin is effectively transferred to holes which then density sharply decreases from approximatsly through
lose i9. This is more pronounced jprdoped samples. Let us the depletion layer until it becomesnf/ND, the equilib-
see if our equations recover what is already known aboutium value on then side. Spin densitg is 0.5n at the illu-
spin polarization in semiconductors. For polarization we geiinated surface, and essentially follows the spatial depen-
a=ag(1—ngpe/np)/(1+ 1LTwp), whereay=G®%G isthe  dence ofn through the depletion layer, but once in the
polarization at time of pair creation. Takepadoped sample. n-region it decays towards zetb.The surprising feature is
Then p~py, Nn>ng, and a=ay/(1+7/T1), with electron the increase of through the depletion layer. In effect, the
lifetime 7=1Mp,, expresses spin orientatibnif 7<Tj, magnetization of the sample increases by more than an order
which is usually the casey~ay and electron spins are ef- of magnitude as a result of spin injection. The polarization
fectively oriented throughout the sample. In ardoped (Fig. 1, inse}l starts at 0.5 at the illuminated surface, stays
sample wp~G/n,, and the spin polarization isyo/(1  almost constant through the transition region, then decreases
+no/GTy). This is optical spin pumping:spin polarization  to zero at the right boundatWe checked that these results
depends on the illumination intensi and is noticeable at are robust against changesTinand r by up to two decades,
G>ngy/Ty. as long as'1= 7 (so that appreciable spin polarization can be
Our prototype model device is a @2m long GaAs induced in thep-region in the first place
sample, doped withN,=3x 10" cm™ 2 acceptors on the left Spin polarization clearly survives the depletion layer. This
and with Np=5x 10" cm™2 donors on the right along the is not an ordinary spin injection in which certain number of
x-axis (the doping profile is shown in Fig)1The left surface  spin-polarized electrons tunnel through a contact and the
of the samplex=0, is illuminated by circularly polarized spin density is equal on both sides. What we have, rather, is
light which creates electrons and holes with photodensitiea spin pumping (leading to spin-density amplification
sn=6p=3x10*cm 3, and induces electronic spin polar- mechanism. Indeed, in optical spin pumgirarcularly po-
ization a(=0.5 (the value given by the band-structure larized light creates spin polarization of majority carriers
symmetry) at the surface. Since holes lose their spin orien{electrons inn-region by intensive illumination which gen-
tation faster than they gain falso a band structure effebt, erates spins at a faster rate thafi;1Here we illuminate the
their polarization is effectively zero and need not be considp- (not n-) region, so we do not have optical spin pumping.
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The physics is the following: light induces spin polarization 0.5
of minority carriers(electrons in thep-region through opti-

cal spin orientationsee Ref. 4 which diffuse towards the
transition region where they are swiftly pushed by the 0.3 4|
built-in field into their nativen-region. What we have ispin ' |

L4

pumping through the minority channedpin-polarized mi- 0.2 I-. "‘g:\
nority electrons bring spin into the-region faster than the 014 5 =
spin there relaxes or diffuses away. 0 4— B o B

In a sense, minority electrons play the role of circularly 5 - o )
polarized light. The evidence for that is in Fig. 1. In the '
n-region, spin imbalance is present even though the carrier 0.4 1 . R
populations are well relaxed in equilibrium. As a result, spin 0.3 === E:_?
diffusion is controlled by the majority diffusivity constant = . J-f - 0.4
D, (Ref. 4 rather than the minority constaBX,, as would 2 ‘E:
be the case of carrier diffusion. Spin decay beyond the deple- 1 1
tion layer is therefore described by the single exponestial \ 1.2

~exp(—x/Ly, whereL2= (D, T;)®%~ 1.4 um is the spin dif- 0 0o 05 | 1 15 2
fusion length of electrons in the-region. In thep-region '
spin-diffusion length id.2= (D ,75)® electrons diffuse with
hole diffusivity D, for a time 7= 7T, /(7+T,)~0.067 ns, FIG. 2. (Color Calculated spin polarizationa{) profiles for

so thatL2~0.26 um is of the order of the electron diffusion different voltages. The upper figure is for the solar cell. The lower
length in the p-region. Since Lg/ng(Dn/Dp)O'Sx(l figure is for an injection of spin by a ferromagnetic electrode at
+T1/7')0'5 (=5 in our mode), the effective range of spin =2 um. In both casesy extends beyond the transition region,
diffusion is extended far beyond the expected value. Thavhile the strong dependence @fonV is seen only in the solar cell.
depletion layer acts to extend the range of spin diffusion,The dashed line in both figures is the doping profile.

with the effect most pronounced fdr,> 7, which is typi-

cally the casdespecially at lower temperatuyes fects related to spin recoveryrhe reason whyr depends so

_ Our model scheme above constitutes a solar cell, as lightrongly onV is thatV changes the extent of the depletion
illuminates the surface within the electron diffusion length layer: asV increases, the width of the depletion layer
from the depletion layer. As the electron diffusion length decrease®® Since we are illuminating the same poit0
almost coincides with.2, electrons arrive at the transition i, )| cases, the amount of spin polarization that reaches the
region spin polarized. The built-in electric field then sweepsyepetion layer decreases as the width of the layer decreases
the electrons in therregion (and holes back intg). Be- (so that the distance from the surface to the center of the

cause of the spin. amp_lification in threregion, the resulting . layer increasesAt large forward voltagessay,V=1.2 V, in
electrical current is spin polarized and can be used for spin- ’ o

tronic applications(in a combination with ferromagnetic .F'g' 2 the injected spin essentially depayS.WItl.llb’ which
semiconductors or metalsOur spin-polarized solar cell has is shorter _than the distance from the |IIu.m|nat|on surface to
the usual 1-V characteristics, with 1.03 V open-circuit the depletion layer. Another effect affecting the dependence
voltage!’ of @ on V is the value of the built-in field, which also de-
How does spin polarization(x) change with the applied Ccreases with increasing. This electronic control of spin
biasV? The calculated profiles for our model device are inPOlarization could be measured by observing luminescence
Fig. 2 (top). There is a strong monotonic decreasexofiith ~ Of electrons in thex-region (by, say, forcing them to recom-
increasingV. To quantify this dependence we consider thePin€ with holes in heterostructures attached to the right sur-
change of the total spin accumulated in the ¢iitegral of face. The above effects are not limited to optical spin injec-
the spin densitys from x=0 to 2); the spin accumulates
almost exclusively in th@-region (where electron density 1
is large. The result is in Fig. 3. Total spin changes by almost
20 times when increasiny from —0.2V to 1.2 V. By
(loose analogy with junction capacitance, we call this effect
spin capacitance. The spin accumulation in pheegion es-
sentially follows the nonequilibrium density of electrons
(charges there, but in then-region, where spin-diffusion
length is much greater than carrier-diffusion length, nonequi-
librium spin accumulates to a much greater distance; spin o .
capacitance is not trivially connected with nonequilibrium 02 0 02 V%:age"f/) 08 1 12
charges. Clearly, after switching off the light the spin is lost,
so to “store” spins in the solar cell one needs to supply FIG. 3. Total spin in the solar cell as a function of applied
energy(the fact thatT,= 7 will lead to special transient ef- voltage.
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tion. The only requirement is that there is an electronic spirbefore, is injected through the depletion layiito minority
and carrier imbalancévhich can be also created electroni- electrons, but nowV does not affect(x) that much. Con-
cally) in the p-region. sider what would happen if amregion was now attached to
the sample from the left, that is, we haverap-n transistor.
0 : . The spin polarization in the bagp) would be injected and
the majority (here n)_ region (.Say.’ by ferromagnetic elec- amplified in then-collector (by the spin pumping from the
trodes. There is no light |IIum|ne}t!ng the sample, and all the minority channel we introduced abovelNe conclude that
parameters and boundary conditions remain as above, excegiin polarization can be injected all the way through a tran-
that atx=0 all the charge densities are the equilibrium onesgistor, from emitter into collector.

and«(2)=0.5 (a quite favorable cageThe calculatedy(x) We thank Paul Crowell for useful discussions. This work
for differentV are in Fig. 2(bottom). The polarization, as was supported by DARPA and the U.S. O.N.R.

Finally, consider the case of spin polarization injected in
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