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We theoretically investigate electron spin-injection and spin-polarization sensitive current detection at a
Schottky contact between a ferromagnetic metal anch-&ype or ap-type semiconductor. We use spin-
dependent continuity equations and transport equations at the drift-diffusion level of approximation. Spin-
polarized electron current and density in the semiconductor are described for four scenarios corresponding to
the injection or the collection of spin-polarized electrons at Schottky contactsyiee orp-type semiconduc-
tors. The transport properties of the interface are described by a spin-dependent interface resistance, resulting
from an interfacial tunneling region. The spin-dependent interface resistance is crucial for achieving spin-
injection or spin-polarization sensitivity in these configurations. We find that the depletion region resulting
from the Schottky barrier formation at a metal/semiconductor interface is detrimental to both spin injection and
spin detection. However, the depletion region can be tailored using a doping density profile to minimize these
deleterious effects. For example, a heavily doped region near the interface, suchdmped layer, can be
used to form a sharp potential profile through which electrons tunnel to reduce the effective Schottky energy
barrier that determines the width of the depletion region. The model results indicate that efficient spin-injection
and spin-polarization detection can be achieved in properly designed structures and can serve as a guide for the
structure design.
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[. INTRODUCTION can be of great benefit to efficient spin injection. A major
drawback to a spin device-physics model based on such uni-
Semiconductor physics is in the midst of a wide-rangingform conductivity treatments is that they do not describe the
exploration of physical phenomena and device concepts thainderlying electronic properties, the currents, and the poten-
are connected with the electron-spin degree of freedontials of real semiconductor structures. An obvious example of
Much work has focused on the optical generation and detea problem with uniform conductivity models for metal/
tion of spin populations. However, most spin based devicesemiconductor Schottky contacts is that they yield the sym-
concepts require an electrical means of injecting, manipulatmetric, linear current-voltage characteristics of resistors
ing, and detecting spin-polarized electron currents. Thus it isather than the rectifying characteristics of diodes. An initial
important to understand the fundamental physics of electrorstudy of spin injection including the effects of band bending
spin transport in the main structural components that make a depletion region at an-type Schottky contact showed
up semiconductor devices. The Schottky contact is an essethat the depletion region can have an important effect on spin
tial semiconductor device component. Schottky contactsransport and that a device-physics approach to the theory of
form at most metal/semiconductor interfaces. Electrical spinspin contacts is necessatry.
injection and detection schemes often involve ferromagnetic Experimentally, spin-dependent transport has been inves-
metal/semiconductor interfaces with Schottky contacts, so itigated at interfaces consisting of a ferromagnetic metal
is important to understand spin-dependent electron transpoor a heavily doped spin-polarized semicondut%dt contact
across these structures. and a nonmagnetic semiconductor. Both spin injection, in
Presently, theories for the injection or detection of spin-which the electron flux flows from the spin-polarized contact
polarized electron currents at metallic ferromagnet/into the nonmagnetic semiconductor, and spin detection, in
nonmagnetic semiconductor interfaces have been formulateshich the electron flux flows from the nonmagnetic semi-
in the spirit of transport at a ferromagnetic metal/normalconductor into the spin-polarized contact, have been consid-
metal interface. The description of spin transport is incorpo-ered. In the spin-injection measurements, detection of spin-
rated using variations on a spin-diffusion equatidn.these  polarized injection is often made using a spin-LEyht-
approache$;’ the semiconductor is described as a poorlyemitting diodeé configuration. In these experiments,
conducting metal, in the sense that the carrier density andlectrons are injected into amtype semiconductor from a
thus the conductivity of the semiconductor are taken to bespin-polarized contact and are subsequently transported to a
spatially uniform. Important insights gained through thesedetection region, typically a quantum well, where they re-
models include the following(i) the large conductivity mis- combine with unpolarized holes transported from an adjacent
match between a highly conductive metal and a comparap-type doped region. Given the optical selection rules in
tively weakly conductive semiconductor is a major obstacldll-V semiconductors, the relative intensity of right and left
to spin injection; andii) a spin-selective interface resistance circularly polarized luminescence gives a measure of the spin
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polarization of the electron density in the recombination re- The design of the interface is central to spin-injection and
gion. In the spin detection measurements, spin-polarizedetection structures. In particular, spin-dependent interface
electrons are often optically generated in IlI-V semiconduc+esistances resulting from spin-dependent tunnel barriers
tors and a spin-dependent voltage signal is sought as thgave been argued to be essential for effective spin injection
electron flux is transported into a spin-polarized contact.  or detection at metal semiconductor interfatesPossible

In this paper, we theoretically investigate spin-polarizedspin-selective interface resistance layers, formed from thin
electron current at ferromagnetic metal/semiconductopagnetic insulators, have been experimentally investigated
Schottky contacts. We systematically treat the semiconduct@y Motsnyi et al'* In other work, Hanbickiet al. have in-
device operation and the spin physics at the same level gfestigated Schottky barriers with heavy doping near the in-
approximation. We consider bothtype andp-type Schottky  terface to study structures in which the current is dominated
contacts with the current flow corresponding to either for-by tunneling for spin injectiod® These results are promising
ward or reverse bias. We first treat the overall electrostaticgr the realization of future electron-spin based device de-
of the system and subsequently solve charge and spin contiigns. Interfacial spin-flip scattering, which would be detri-
nuity equations. We use a drift-diffusion transport model tomental to spin-injection or detection structures, is possible.
describe the charge and spin currents. The drift-diffusionstructures should be designed to minimize this process.
transport model is a strong scattering approximation appro- e consider four scenarios corresponding to the injection
priate for relatively high temperatures, such as room tempr collection of spin-polarized electron current at Schottky
perature. It is the approach used to describe most semico@pntacts ton-type orp-type semiconductors. The four cases
ductor device operation. Here we extend this approach t@re schematically shown in Fig. 1. The notation for the ap-
describe spin-dependent transport at Schottky contacts. Wslied bias as shown in the figure V4 where theR indicates
find that the depletion region associated with a Schottky enreverse bias and indicates forward bias in our labeling
ergy barrier can have a very strong effect on spin-polarizedystem. The other notations for the Fermi leveL), band
electron transport at ferromagnetic metal/semiconductor CONsdges Ec,Ey), barrier energy éé,), and built-in voltage
tacts. A large Schottky barrier is detrimental to spin injection(vbi) have their usual meanings. Para) of Fig. 1 illus-
and can also hinder spin detection. The model suggests strugates the case of spin injection into atype semiconductor.
ture design strategies for_ reducing the detrimental effects ofe diode formed by the Schottky contact is in reverse bias
the Schottky energy barrier. _ _ and the electron flux is from the ferromagnetic metal on the

The paper is organized in the following way: in Sec. Il We |eft into the semiconductor on the right. A heavily doped
describe the model, in Sec. Ill we present our numericalggion near the interface, as illustrated by the doping profile
results, gnd in Sgc. v we summarize and discuss our resulti, ‘the lower part of pane(a), can be designed to form a
Calculation details are included in the appendixes. sharp potential profile through which electrons tunnel. The
heavily doped region reduces the effective Schottky energy
barrier that determines the properties of the depletion
region!’ The total barriere¢, is divided into two parts, a

When a metal/semiconductor interface is formed, theunneling region with barrier height¢, and an effective
Fermi energy is usually pinned within the energy gap of theSchottky barrier heighteV,;. The potential drop in the
semiconductor. The position of the semiconductor valencelepletion region consists of the effective Schottky barrier
and conduction bands, relative to the Fermi energy, at thbeight plus the applied reverse biagy. Two parameters of
interface does not depend strongly on the bulk doping of théhe tunneling region, its tunneling resistance and the magni-
semiconductor or on which metal is used to make the contude of the reduction of the effective Schottky barrier, can be
tact. For a given semiconductor, this energy matching posiseparately controlled by the parameters of the doping profile,
tion at the interface is largely fixed. Generally, the position offor example, the height and width of the heavily doped
the semiconductor valence and conduction bands relative tegion.
the Fermi energy at the interface, which depends on interfa- Panel(b) of Fig. 1 illustrates the case of spin-polarization
cial charge distribution, does not coincide with the corre-sensitive current detection at a Schottky contact between a
sponding energy position of the bands in the bulk of theferromagnetic metal and amtype semiconductor. A spin-
semiconductor, which depends on the bulk doping levelpolarized electron flux is incident from the semiconductor
There is a band-bending region near the interface which and the Schottky diode is in forward bias. In a typical ex-
zero applied bias is depleted of carriers, is charged becaugerimental situation, the structure is held under constant cur-
of the background doping, and has a large spatially varyingent bias and a change in voltage signal is sought when the
electric field. The Schottky energy barrier between thepolarity of the spin-polarized incident current is reversed.
pinned Fermi level and the semiconductor conduction bandhere may be a heavily doped region near the interface as in
at the interface results in the charged depletion region anganel(a).
has important consequences on charge current flow at metal/ Panel(c) of Fig. 1 illustrates the case of electron spin
semiconductor interfaces. For example, it leads to diode-typ@jection into ap-type semiconductor. Thp-type Schottky
current-voltage characteristics. Thus, it is not particularlydiode is in strong forward bias. There is an insulating tun-
surprising that this energy barrier and depletion region alsmeling barrier at the interface that limits the hole current,
have important consequences on spin current flow at thesghich nonetheless can be considerable. There is a hole accu-
interfaces. mulation region in the semiconductor near the interface. The

Il. DESCRIPTION OF MODEL
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FIG. 1. Energy diagram of a
Schottky contact for four cases:
(a) electron spin injection into an
n-type semiconductor,(b) spin
current detection from am-type
semiconductor(c) spin injection
into an accumulate@-type semi-
conductor, andd) spin current de-
tection from an optically polarized
p-type semiconductor.
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minority-carrier electron flux is from the ferromagnetic metal current flow in the ferromagnetic metal is

into the semiconductor. This structure can be interesting for

characterizing the spin-dependent transport properties of the ) I psle)

tunneling barrier. Js=os— @)
Panel(d) of Fig. 1 illustrates the case of spin-polarization

sensitive current detection at a Schottky contact between Here, |, is the current density due to electrons of spin type

ferromagnetic metal and @type semiconductor. Thetype  s(=71,]), o is the conductivity for electrons of that spin

Schottky diode is under zero or smadiither forward or re-  type, us is the corresponding electrochemical potentigis

verse bias. Spin-polarized electrons are optically generatedhe magnitude of the electron charge, ani$ the position.

by absorption of circularly polarized light. In a typical ex- Equation(1) assumes rapid wave-vector randomizing scatter-

perimental situation, the structure is held under constant cuing events, so that electrons of the same spin stay in local

rent bias and a fixed incident optical intensity and a changeguasithermal equilibrium with each other. However, spin-flip

in voltage signal is sought when the polarity of the circularly scattering can be comparatively slow so that electrons of

polarized incident light is reversed. This is essentially thedifferent spin may be driven out of local quasithermal equi-

same structure as in parie), except under different bias and librium by, for example, an applied current density. When

optical excitation conditions. These two experimental con-electrons with different spins are driven out of local quasith-

figurations can be used together to characterize the spigrmal equilibrium, so thaj, is not equal tou| at some

transport properties of a tunneling barrier at the ferromagnetboint in space, spin relaxation away from that spatial point is

semiconductor interface. described by a diffusion equation
We describe the ferromagnetic metal and the interface us-
ing a spin-dependent drift-diffusion equation, a spin- Pu_
diffusion equation, and spin-dependent interface conduc- =% 2
tances as in Ref. 4. The drift-diffusion equation describing IxX Ag
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Here A is the spin-diffusion length in the metallic contact the interface. The interface resistance conditions, {%.
and we use the notatiom.=u;*u . At the contact/ then lead to the interface matching conditions,
semiconductor interface, electrons of different spin can be

driven out of quasithermal equilibrium by current flow. Far B ej% A, ot NG -i%
from the interface, ag— *, the electrochemical potential Mo = m B —ac—(ac—z)T )
difference vanishesy_—0. The total steady-state current ee ¢ I+
density is a constant function of position. We assume no @)
strong spin-flip scattering at the interface so that the indi- ot o 0% ot
vidual current components for the two spin types are con- pu- —p- =eji [B7 (R+R)—R], ®)
tinuous at the interface. Current flow at the interface is de- . - .
scribed using an interface resistance = ul =ilB° (Ri—R)+R]. 9

o Aps These matching conditions apply for each of the four cases

JS_E’ (3) illustrated in Fig. 1.

The semiconductor near the interface is either depleted, as
where j2 is the current density at the interfadg, is the ~ shown in panelga), (b), and(d) in Fig. 1, or accumulated as
interface resistance, aniu is an interfacial discontinuity shown in panelc) in Fig. 1. We input the drop in electro-
in electrochemical potentia] for electrons of spin ty$)df static potential between the semiconductor side of the inter-
the interface resistance is zero, the electrochemical potentiafdce and the edge of the depletion or accumulation region. A
are continuous at the interface whereas for nonzero values #fnneling region, such as is illustrated in pa@lin Fig. 1,

R a discontinuity inus can develop at the interface. For is described by the interface resistanégsandR, , and is
notational ease, we set the Variabjgijijl . In the con- take.n to have negllglble Wldth The SemlC(?ndUthr side of
tact where the hole current is zero, the total Currje.ﬁi 4. the interface starts at the rlght of the tunnellng region. From
We take the electron density as a function of position to bdhe input potential drop, we calculate the current density, the
fixed, independent of the current densjtyin the contact. et bias voltage, which may include a contribution from the
The total conductivity of the contact is then independent ofinterface resistance, and the electrostatic profile. For the de-

the position and current density. It is convenient to define @leted cases, we use the usual depletion approximation to
contact polarization variabler, by o, =a.o. or o;=(1 describe the electrostatics in the semiconductor. For the ac-

— @), Whereo, is the total contact conductivity. cumulated case, we assume that the hole current is limited by

We take the contact on the lefk£0) and the semicon- an interfacial barrier, take a constant hole quasi-Fermi energy
ductor on the rightx>0) of the interface located at=0, as N the semiconductor as shown in Figc), and solve Pois-
in Fig. 1, so that the current density is negative for electrorSON’s €quation self-consistently to determine the electrostatic
injection into the semiconductor. Solving E(®) with the ~ Potential in the accumulation region. Details of the electro-

stated boundary conditions gives statics are described in Appendix A.
In the semiconductor, the electron and hole currents sat-
u_=u® e for x<O0. 4) isfy continuity equations
Quantities evaluated at the interface approached from the ﬂs__e( —r) (10)
contact and semiconductor are indicated by the superscripts IX 957 Ts
0~ and 0", respectively. From Eqg1) and(4), we find q
an
07 07
- I ) .
0" _ _ J
=eA .| —— — J
- C( o 0 ax e @
= L(jﬂ_ﬂf—z%j g‘), (5) whereg is a generation rate andis a recombination rate.
20cac(1-a) For spin-polarized electrons, there is a contribution to the

recombination rate from both spin-flip scattering and

and L
electron-hole recombination,

I _ 2ej (1-2a)
X o A

pl e¥ie, (6) n Mm—n

Ty Ts
The total current in the semiconductor jissj;+j;+j,  wherer, and r5 are the recombination and spin-flip times,
=]++]p, wherejy is the hole current density. Fortype  respectively, and an analogous expression applies, fowe
Schottky barrierg,=0, but not necessarily for the-type  use a drift-diffusion approximation to describe the electron
structures. It is convenient to defifeas the fraction of the and hole currents,
electron current carried by spin-up electrgbrs j, /j, . We
assume that there is no strong spin-flip scattering at the in-

terface so thaj® =j° . The total curren} is continuous at

&eMS/kT
Ix

— N
js= pny KTEOKT (13
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and whereuvy, is the surface recombination velocity an@f4 is
g~ mn/kT the equilibrium electron density at the semiconductor side of
| = o nkTeekT— 14 the interface. For the-type semiconductor cases, we set the
Jp Mpl; ) (14 . .

IX electron density at the depletion edge=(w) equal to the
bulk doping density so that the material becomes charge neu-
tral at this point:n, (w)=Ng, whereNy is the bulk doping
density. From the definition o)., we see that

where;n(p) is the electror{-hole) mobility, n; is the intrinsic
carrier concentratiornyy, is the electrochemical potential for
holes, andg is the electrostatic potential. The carrier densi-

ties are given by )
,u_=2thanh1(—>. (23
n; Q.
ns:_e(e¢+p,s)/kT (15)

2 Combined with Eq(7), this gives a boundary condition for

and Q_ at the semiconductor side of the interface. It is often
useful to write
p= nief(e¢+/xh)/kT_ (16)
dlnQ
It is convenient to go into a representation describing the O X
electron charge and spin degrees of freedom and we define a9 "m0 (28—-1) (24)
+ _
Qt:e,uT/kTie,ul kT (17) IX
so that and
—n 90+
= — ST — a0 _

and (Zﬁ_l):jtzafh . (25

n X

_ 1 edlkT
= 2 € Qe (19 This form can be useful because2 1) can become the

] ] o unknown in the matching condition of E¢B). In the doped
The corresponding generation and recombination rates agaterial beyond the depletion region, the electric field is
9-=01*g;, ry=n, /7, andr_=n_(2/7s+1/7). The  small and spatially uniform. In the usual treatment of current

continuity equations become flow in Schottky diodes, this small field is neglected. For
pe most of the cases, there is no generation term in(Et).and
%: —e(g.—r.). (200  We only need the homogenous solution for
Substituting the drift-diffusion form into the continuity equa- Q-OEw)=0Q_(wexd (w=x/¢,], (26)
tion gives a transport equation fér.. , where
PO, [ e dp\laQ. 1 ~ 2 2
- = __¢)___ZQ+:_eg+ee¢/kT, €:l=iﬁ+ ﬁ i (27)
ox?> \KT ax] ox A2 = 2kT 2kT A
(21)

N N . Here, E is the uniform electric field in the doped material
where 9. =g. /[ un(kT/€)(ni/2)], A2=(kT/e)u,7,, and beyond the depletion region. Substituting into E9), we
A2_=(kT/e);n(2/TS+ 1/r,) 1. An analogous equation holds obtain the more familiar notation of the “drift-diffusion”
for holes. Analytic solutions fof). are discussed in Appen- framework. In the bulkn_ relaxes according to

dix B.
Boundary conditions at the semiconductor side of the in- n-(x=w)=n_(w)exg(w=x)/{_], (28)

—Nnt 7 —
terface,_x—O , and at the _depletlon_ e_dgne,—w, are us_ed 0 \where ¢_ reflects the field modification of the diffusion
determine the two matching coefficiertsee Appendix B 601 at constant carrier densftyMatching the continuity
that appear in the solutions of E@1). Details of the bound- of O and its spatial derivative, the current from Ed), at

ary conditions differ somewhat for the individual cases anqhe edge of the depletion region gives the final boundary
will be specified in the discussion of these cases. For th%onditions.

charge degree of freedom, we use interface recombination
boundary conditions at the semiconductor side of the inter-

face Ill. CALCULATED RESULTS OF MODEL CONTACTS

ot ot We discuss results for each of the four cases shown in Fig.
evs(Ny —Neg), (22 1 sequentially.

0t _
|
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A. Injection at an n-type contact

This section discusses results for electron spin injection at
ann-type Schottky contact as shown in Figall The effec-
tive Schottky barrier of the contact can be varied by chang-
ing the doping profile in the semiconductor near the interface
as shown at the bottom of the panel. We consider a heavily
doped region near the interface that creates a narrow tunnel-
ing region. The effect of the narrow doping region is to re-
duce the effective Schottky barrier energy with the associ-
ated reduction in the depletion width. This approach to
tailoring effective Schottky barriers is well established in
semiconductor device applicatiots.

For this case, there is no hole current or optical genera-
tion. Consequently, we solve the homogeneous form of Eqg. 1 :
(21) matched to boundary conditions at the interface given 100 . : .
by Egs.(7)—(9) and at the depletion edge by Eq&6) and 10" E(b) ' '
(1). The tunneling regions are parametrized using interface L w
resistances and reduced effective Schottky barriers. The con- \
tact is metallic with resistance equal to?0Q cm, polariza- 102 s 0.15eV
tion a.=0.9 (80% polarizeth and spin-diffusion length
equal to A;=100 nm. Then-type semiconductor has an g
electron mobility of u,=5000 cnf/(Vs) and a spin- Ey

T
2

current spin polarization

020 eV

0.20 eV

N
diffusion length equal to 1.eem. The diode characteristic 107F !
from Eq.(22) is determined using,= 10" cm/s.

In Figs. 2—4, we show calculations of spin injection M 1
th_rough a depleted-type Schottky contact af=300 K. I_n 10 M ]
Fig. 2, we show the effect of the effective Schottky barrier on E !
spin injection. In panefa), the current spin-polarization as a / Nee 5% 106 1
function of position is plotted for three effective Schottky F 0206V § RD=2RT=10-3Qcm2
energy barriers, as labeled in the figure. For each barrier 108L 1 L
energy, the structure is biased to operate at 90% of the -100 . 0 100
reverse-saturation current. The calculation shows clearly that position (nm)
the presence of an energy barrier degrades the performance

of the spin-injecting structure, and that the dependence 0gchottky contact as shown in Figial (a) Current spin polarization

barrier height is strong. In panéb), the corresponding elec- 7.7 . S .
trochemiczgl potential %iffer%ncéebs) are plottedpfor ea%h strucg‘ /i); and (b) electrochemical potential difference for spin-up

ture. We see from this panel that the origin of the splitting inand spin-doyvn electrons as a function of position for va_rious v_alugs
: . A AN of the effective Schottky barrier. The edge of the depletion region is

electrochgmlcal potent!a[shrectly relatgd to poIanzayOns indicated byx on the curves of parta).
from the interface resistance. If the interface resistance is
lowered or if theR; /R, ratio approaches unity, then the in- ) ] ) )
jection properties of the structure degrade. Some specificgcribing the electrical properties of Schottky diodes. It is
regarding the barrier lowering and interface resistance for théeasonable because the doped region outside the depletion
n-type injector are discussed in Ref. 8. region_ is coqductive qnd the current flow is Iimitgd by the

The electron-spin-density polarization can be examined ilepletion region. In Fig. 4, we compare a calculation of the
the presence of the electron-density profile. For the samgurrent polarization as a function of position neglecting the
conditions used in F|g 2, the Spin_po'arization of the |0ca|e|ectl’iC f|e|d in the doped I’egiOI’l W|th the one that includes a
electron density is shown in pané) of Fig. 3. The total greatly exaggerated value for the electric field outside the
density iS Shown in panéb) Of F|g 3 for Comparison_ The depletion region for an effective barrier he|ght of 0.1 eV. The
polarized current may persist deeper into the semiconductdield used for the solid line was chosen to gi&e=10 um
than its ability to spin-polarize the local electron gas. A spin-and is 70 times that determined by the conductance of this
polarized current may be established in the semiconductdedion and the injected current density. If a field determined
without strongly perturbing the spin polarization of a back-by the conductance and current densig=(j/en,u) is
ground of free carriers. However, for optical detection, suchused, the result is essentially indistinguishable from that us-
as the spin LED, the signal is proportional to the spin polaring zero field. (For the calculation in Fig. 4, that field is
ization of the local density and not of the current. —37 V/cm.) The figure shows that for a Schottky structure

In the calculations presented in Figs. 2 and 3, the effect oWith a significant effective barrier height, the electric field in
an electric field in the doped region outside the depletiorthe doped region outside the depletion region has little effect
region was neglected. This is the usual approximation in deen the spin-injection properties of the structure. The reason

FIG. 2. Calculated spin-injection properties for amtype
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= N 06
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102 S
.&10 a
2 B 04
g 5
o9 2 | T~ TTTE=s—
13 Q
D103 i T = 300K J
o107 02 Vi =0.1eV
Np=5510"em™
00 . . . R l=2RT=1I0'SQcm
10* -50 0 50 100 150
10V position (nm)
: FIG. 4. Effect of an electric field beyond the depletion region.
1016 The solid curve shows current polarization as a function of position
_ including a greatly exaggerated electric field in the doped region
"-‘E beyond the depletion region whereas the dashed curve assumes no
R electric field outside the depletion regidas in Fig. 2 for Vy;
3,10 =0.1V. The field used for the solid line was chosen to gfve
‘T : =10 pum, or 70 times the value determined from drift in the bulk. If
,dg 1l the field determined bgn, n, andj is used, the result is essentially
=10F indistinguishable from that using the zero field.
e
§ [ trons tunnel to reduce the effective Schottky energy barrier
10 that determines the magnitude of the depletion region.
i Np=5x10'%om’” B. Detection at ann-type contact
-3 2
f R =2R.=10"Qcm . . . . .
10" L L L L This section describes results for spin detection-gtpe
0 20 40 60 80 100 Schottky structures as shown in FigbL The spin detection

position (nm) case is similar to that of spin injection discussed in the pre-
) ] S ceding section but with a modification of the boundary con-
FIG. 3. Effect on the local spin populations of injection at an gitions. The boundary condition on the current spin polariza-
n-type contact as shown in Fig.(@. (&) Electron-density spin- jon at x—w is an incident polarized currerjt_ (w). We
fom of postion for various values of the efecive Schotiy barrer, COTSIdeT @ constant total current density of 5.0 Aérand
. oo "seek a voltage signal as the polarity of the spin polarization
The edge of the depletion region is indicated by ¥hen the curves . .
of part (a). is rever_sed. The conFact is metalllc and has the same proper-
ties as in the preceding section.

The calculated current polarization as a function of posi-
for this is that the matching conditions on the currents andion within the depletion region for detector operation is
electrochemical potentials are at the interface between théhown in Figs. 5 and 6. Results are calculated for 60% inci-
metal and the depleted region of the semiconductor wherdent spin-polarization. In Fig. 5, we examine the dependence
the concentration of electrons is exceedingly small. This is tof the spin-polarized current omg for fixed effective
be contrasted with uniform conductivity models where theSchottky barrier. Since the effective Schottky barrier is fixed,
electron concentration is the same up to the interface so th#te depletion width is the same for the various cases. Long
dusldx is driven by the electric field on the semiconductor spin-relaxation times result in larger spin polarizations at the
side?’ interface. In panel$a) and (b) of Fig. 5, the current polar-

The depleted region that occurs at a Schottky contact ization behavior is almost identical for up and down incident
seen to be detrimental to spin injection at a ferromagneticurrents when the interface resistance is zero. This shows
metal/semiconductor interface. The problem arises becaugkat the presence of a polarized contact matdpalarized
injection is into a very high-resistance region of the semiconspin up has little impact on the spin-polarized current in the
ductor that is depleted of carriers. However, the depletiorsemiconductor. In panelg) and (d), the currents are calcu-
region can be tailored using a doping density profile to mini-lated including interface resistance and show a strong asym-
mize these deleterious effects. For example, a heavily dopegietry owing to the mismatch iR; andR, .
region near the interface, such assaloped layer, can be In Fig. 6, we examine the dependence of the current po-
used to form a sharp potential profile through which elecdarization in the depletion region o¥,; at fixed Ag. The
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FIG. 5. Current spin polarization in the semiconductor for an  FIG. 6. Current spin-polarization in the semiconductor for an
n-type Schottky structure operating in detection mode as shown im-type Schottky structure operating in detection mode as shown in
Fig. 1(b). Results are plotted for various; at fixedV,;. The elec-  Fig. 1(b). Results are plotted for variol4,; at fixedA. The elec-
tron flux, incident right to left at the depletion edge, corresponds taron flux, incident right to left at the depletion edge, corresponds to
a current equal to 5.0 Acnt. (a) Incident polarizatiorj _(w)/j a current equal to 5.0 Acnf. (a) Incident polarizatiorj _ (w)/j ..

=0.6 and zero interface resistancb) j_(w)/j,.=—0.6 and zero =0.6 and zero interface resistan¢b) j _(w)/j.=—0.6 and zero
interface resistancdc) j _(w)/j, =0.6 with fixed interface resis- interface resistancdc) j_(w)/j,=0.6 with fixed interface resis-
tance.(d) j _(w)/j, =—0.6 with fixed interface resistance. tance.(d) j _(w)/j, =—0.6 with fixed interface resistance.

bias conditions have been adjusted to give the same total . P .
current density for all cases. Structures with different barrier_10 ~ ¢m) and currents {1 Acm %) corresponding to

heights have different depletion widths. A main point SeenIow biasing condi_tit_)ns, the calcgll%ted detected voltage dif-
from Fig. 6 is that large effective barrier energies result inferénces are negligibly sma(10”"" V). We conclude that

small spin polarizations at the interface. In par@isand (b) Schottky contacts without a spin-selective tunnel barrier will
of Fig. 6, the current polarization behavior is very close forn0t P& useful as spin-polarized current detectors and there-

up and down incident currents when the interface resistanci"® We concentrate on Schottky structures containing a spin-
is zero. In panelsc) and (d), the currents are calculated selective interface resistance. In Fig. 7, we show calculated

including interface resistance and show a strong asymmetryPltege differences as a function of the effective Schottky

owing to the mismatch iR, andR, .

We consider am-type Schottky detector structure at a 0.40 L —
constant total current density. To fix the total current in the
structure, the forward bids/¢ in Fig. 1(b)] is tuned for each
structure. The detected signal is the change in voltage at
i . : N hal 0.30
fixed current density when the spin polarization of the inci-
dent current is reversed. This voltage difference is obtained 90'25' ]

T =300K
Np=5%10"%cm”
R =2R,=10’Qcm’

by integrating the electrochemical potential over position ©

from —o0 to + and taking the difference for two incident Eo.20t T

spin polarizations. After cancellations, the surviving terms 2015

yield a voltage difference of |l A= 1.0um ]
j0+ . A (1 2 ) 0.10 B
- |+ cll—zae

Av A( j+ /] 4 Ri~R, oca(l—ag)l’ (29 0.05 A=0.5um ]
whereA indicates the difference between the quantities for O-Ogl 7 0T T or os

opposite signs of the incident spin-polarizatiorxatw. V.. (V)
From Eq.(29), we see that without a spin-dependent in- bl

terface resistanceR; =R, —0) and for a highly conductive FIG. 7. \Voltage signal as a function of the effective Schottky

contact g.—«), no significant voltage difference can be parrier energy forj_/j,=+0.6 and incident current equal to

established. Using metallic contacts&=10° Q™' cm™!) 50 Acm2 Results are shown for three values of the spin-

with contact spin-diffusion lengths less thanuin (A. diffusion length.
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barrier for three values of the spin-diffusion length in the 1.0 () ' ' ' T T
semiconductor. The detection signal saturates for both large
and smalV,,; values. For small barriers, the depletion region
vanishes and the incident polarized current reaches the inter-
face and only small applied bias is required to establish the
constant current. For large depletion widths, larger applied ~ 0.0 ps™== A
biases are required to keep the current density fixed and the v
resulting interface current polarization saturates consistent
with the behavior shown in Figs(® and &d).

The depleted region that occurs at a Schottky contact is
seen to be detrimental to spin detection at a ferromagnetic -1.0 g
metal/semiconductor interface. The problem arises because
in these forward biased structures, electron current is driven . NNV A Er |
by diffusion against a strong and rapidly varying electric i Ey
field in the depletion region. As a result, the effective drift-
diffusion lengths in the depletion region can become rather 2.0 . : . ; )
short leading to strong spin relaxation. As for the electron 102
injection structures, the depletion region can be tailored us-
ing a doping density profile to minimize these deleterious
effects.

By =0.7 eV

energy (eV

—
(=]

[*]

S

C. Injection at a p-type contact

This section describes results for spin-polarized electron
injection from a ferromagnetic contact into a forward biased
p-type Schottky diode. The hole current is limited by a bar-
rier at the interface but is most likely larger than the minority
electron injection current. The output signal is the ratio of the
right and left circularly polarized light emitted from the
semiconductor when the injected electrons recombine radia-
tively with unpolarized holes in thp-type material. [

The electrostatic treatment for thpetype structure is de- 17 . . -
scribed in Appendix A. Calculated energy-band and hole 10 0 10 20 30 40 50 60
concentration profiles are shown in Fig._8 and (_:orresp_ond to position (nm)
the semiconductor portion of Fig(d. An interfacial barrier
is an important feature of the structure to prevent runaway FIG. 8. Energy-band diagraa) and hole density profiléb) of
hole current at the interface. As a consequence of the barriesin accumulateg-type Schottky diode in strong forward bias as in
there is strong accumulation of holes near the interface. ThEig. 1(c).
large and rapidly varying hole concentration requires a dif-
ferent treatment of the electron spin-relaxation proj@dhsm The detected quantity in this case is the degree of circular
used in the depletion cases considered above. To account fpplarization of the emitted light. Assuming good radiative
the presence of the accumulated holes, we use the local holecombination efficiency, the optical polarization of the right
concentration to vary the recombination and spin-flip scatterand left circularly polarized light€.) is proportional to the

hole concentration (¢cm™)
=)
o

ing rates as a function of position. local electron density and is given by
We take the electron spin-relaxation times to be linear .
with the local hole density and define rate coefficieRts f n_dx
. . . . . - 2
and R, for spin-flip scattering and recombination so that o, —0_ 0 < o+
73 '=Rgp(x) and 7, '=R,.p(x). We present calculations o to. (- = A—2(2,8 —-1). (30)
for a range oRy;. We takeR,.=7%x10 1 cns ™!, a typi- fo ngdx —F

cal value forp-type GaAs aff =300 K.° The hole mobility

is u,=500 cnt/(Vs). The spin polarization (£°+—1) of the electron current at
Unlike for the depleted structures, there is no closed-fornthe interface is obtained from the numerical solution of Eq.
analytic solution for the spin-dependent transport equation&1). The integration is straightforward because the electron
for the accumulated structure. Given a numerical solution foconcentrations are related to the current through the continu-
p(x) from the electrostatic calculation, the solution of Eq. ity equations, Eqs(10)—(12).
(21) is obtained by numerical integration and the shooting The calculated optical polarizations for injection into
criterion that solutions be nondivergingas-~. Thereisno p-type material are shown in Fig. 9 as a function of the
optical generation of carriergg¢ =0) so that only the ho- spin-flip scattering rate coefficient. The curves are calculated
mogeneous solution is required. for the same electron current densityxat 0. We consider
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FIG. 9. Integrated emitted photon polarization,(—o_)/(o FIG. 10. Voltage difference for collection of spin-polarized elec-

+0_) as a function of electron spin-flip scattering rate coefficienttrons at a depletep-type contact. The inset shows the electron and
for fixed injected current density from a ferromagnetic contacthole current contributions to the current-voltage characteristics.
(@.=0.9) into the accumulateg-type contact shown in Fig. 8.
Results are shown for injection efficiencies pf/j=0.5 (solid  aroundVg=0, so we report results for zero bias. The value
curveg and 0.1(dashed curves for AV, as for then-type detector structure, is given by Eq.
(29) except that the total electron current at the interface
insulating barriers that result in minority-carrier injection ef- must be accounted for separately from the total current
ficiencies equal to 50% and 10%. If used as a characterizawhich includes a contribution from holes. This separation is
tion tool, the structure should be sensitive to differences irstraightforward once solutions fd .. , have been calcu-
the optical polarization signals in order to determine the indated. In Fig. 10, we plot the calculated voltage differences as
terface resistance values. This is the case for slow spin-flip function of A for optical excitation. If the semiconductor
scattering compared to radiative recombination. If the spinspin lifetime has been determined by other experimental
flip scattering rate is faster than the recombination rate in theneans, this represents a second method of characterizing the
semiconductor, characterization by this method will be diffi-interface resistance. Notice that even when the spin lifetime
cult. becomes maximally long\s;=A,), there is a strong depen-
dence of the measured voltage on the interfacial conditions.

D. Detection at ap-type contact
. . . IV. SUMMARY AND DISCUSSION
The p-type detector structure shown in Figdlinvolves

optical generation of carriers. Tlpetype Schottky diode is at We have presented a theoretical description of the injec-
zero or small biageither forward or revergeAs in the de- tion and detection of spin-polarized electronsnaype and
pleted n-type detector, we compute the voltage differencep-type Schottky contacts. The presence of the depletion re-
established as the circular polarization of the light is changegdion that occurs at Schottky contacts has been shown to be
from right to left. We assume that the optical generation isdetrimental to both spin injection and detection ristype
nearly uniform over the depletion depthe., the reciprocal Schottky structures. The problem for the reverse biased
of the absorption coefficient is small compared to the deplen-type spin-injection structures arises because the injection is
tion width) and that the optical generation of spin-polarizedinto a very high-resistance region of the semiconductor that
carriers is a 3:1 or 1:3 ratio of spin-up to spin-down electronds depleted of carriers. The problem for the forward biased
according to the optical selection rules. Beyond the depletiom-type spin detection structures arises because electron cur-
edge, for x>w, the optical generation falls off as rentis driven by diffusion against a strong and rapidly vary-
exp(—xx) with y=10* cm. Under these conditions, the ing electric field in the depletion region. As a result, the
transport equatiofi21) is solved analytically as described in effective drift-diffusion lengths in the depletion region can
Appendix B. become rather short leading to strong spin relaxation in the
A calculated current/voltage characteristic for the variousdepletion region.
current components calculated for this structure is shown in For both n-type injection and detection structures, the
the inset of Fig. 10. The properties of thaype Schottky are depletion region can be tailored using a doping density pro-
those used in the accumulation case of the preceding sectiofile to minimize these deleterious effects. A heavily doped
The barrier height is 0.7 eV and the incident light power isregion near the interface, such assaloped layer, can be
setto 1 Wem? or g, ~4.4x107? s *cm 2 for photons at  used to form a sharp potential profile and this tunneling re-
the band gap of GaAs. In this structure, the electron currengion effectively reduces the Schottky energy barrier that de-
stays nearly constant over a broad range of applied biakrmines the width of the depletion region. The model results
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indicate that efficient spin-injection and spin-polarization de-oped, in a systematic way, which is suitable for device mod-
tection can be achieved in thesdaype structures if they are els at a basic level. We have demonstrated that the electro-
properly designed so that the effective Schottky barrier isstatic and current conditions that are present in actual devices
reduced to less than about 0.2 eV. can lead to important consequences for spin-dependent trans-
A direct quantitative comparison with experimental dataPort in the structures that are taken into account. With these
is difficult because the properties of the ferromagnetic metalPuilding blocks in place, there are clear extensions of the
semiconductor interface are not completely characterizednodel to more complex device structures, which will be the
We can, however, comment on two experimental approachd§cus of future work.
used recently to tailor the depletion region for injection into
n-type materials,5-doping near the interfac8,and graded ACKNOWLEDGMENTS
interface doping® In the &-doping technique, the energy
barrier and depletion width are reduced by spiking dono
impurities 50 A from the interface (#cm™2 Si in GaAs.
There is a subsequent undoped cap layer to ensure interface

" This work was supported by the SPINs program of the
Defense Advance Research Projects Agency.

quality with the Fe contact. The main feature of the graded APPENDIX A: ~ SCHOTTKY CONTACT
case is a heavily doped layer 150 A thick {1@m 2 Si in ELECTROSTATICS
Al 1Gay oAs) that ends at the Fe contact. The band bending that occurs near a Schottky contact is

In the context of our model, two points can be made Withcenral to the discussion of spin transport in these structures.
regard to the depletion region in these approaches. First, thenis appendix describes the electrostatic inputs to the solu-
total dose in the two experiments is quite different. Compartjgns of the spin transport equations
H 9 —3 _ 3 3 H 2 —2 . o
ing 10" cm™3x 150 A=1.5x 1¢ cm® with 10" em™?, ~ Three of the cases, shown in Figga) 1(b), and 1d),
we see that the total dose available to reduce the depletiofyolve a contact under small bias. In these cases, we use the

width is greater in the graded case. Second, assuming that g pletion approximation where the electrostatic potential and
contacts have Schottky barriers 0.7 eV, the graded case depletion width are given by

would have an unbiased depletion width 100 A. The
result should be that for moderate reverse bias the graded eN 1 eN
contact should have a very sharp tunnel bart@mplete ()= (0) £ —wxF5 — X%, Osx=w (Al)
barrier drop over the first 100)fand a small remaining drift sTo sTo
region of high conductivity,<50 A. The §-doped case and
would reduce but not fully eliminate the barrier energy for
the electrons. These considerations suggest that the graded [2es80
doping approach could result in a higher degree of spin- W= eN (Vbi+Vr). (A2)
polarized current. . o ) )

Uncertainties in our analysis of the experiments should b&i€re £, is the free space permittivity ang, is the relative
considered. The material interface is important. Spin-flipStatic dielectric constant o_f the semiconductor. The appll_ed
scattering caused by interfacial roughness or large quantitieéltage Vg can be either sign but must be small enough in
of impurities could significantly reduce the degree of spin-forward bias so as not to invert the semiconductor from
injection. Another variable in the analysis is the external biaglepletion to accumulation. For amtype contactN is the
for the injection experiment. It is unclear whether the twodonor concentration and the upper sign applies. The acceptor
experiments were performed under the same conditions, bg@ncentration and the lower sign are usedgdype contacts.
it is expected that the spin-polarization measurements should The invertedp-type contact shown in Fig.(d) requires a
show a bias dependence because the depletion width is beifgmerical treatment of the electrostatics. We consider a case
modulated. Finally, the temperature is important to consider@! strong forward bias in which a barrier layer limits hole
Our model assumes that the electrons transport in the senifansport at the metal/semiconductor interface and we treat
conductor diffusively; that is, the electrons tunnel throughthe accumulation region in the semiconductor as a quasiequi-
the barrier, thermalize, and are transported nonballistically ifibrium system characterized by a Fermi energy for holes
the semiconductor. Many of the measurements are reportetith a valence-band density of statidg. The electrostatics
for low temperatures and ballistic transport effects may bdn the accumulation region is determined by the hole density
significant under these conditions. which is given by statistics:

We also discussed two experimental cases in which ferro-
magnetic Schottky contacts mwtype semiconductors could
be used to characterize the spin-dependent transport proper-
ties of interface tunnel barriers: optical detection of spin cur-
rents injected into a strongly forward biased accumulatedvhere the Fermi one-half integral is given by
p-type semiconductor and electrical measurement of opti-
cally excited spin populations at zero-biagetype contacts. *
The same structure can be used under different bias and ex- Fidyl= fo 1+e>ﬁyd7‘ (A4)
citation conditions for the two experiments.

A set of spin-labeled transport equations has been deve&nd

2
p(X):Nv\/_;fllz[hF(X)], (A3)

Y 172
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A(X) = e —Ey(x) RN Er—Ey(X) . (A5) whereq andq are defined by
kT kT
— Ey(®)—=Ey(x)

Far from the interface, the hole density is equal to the accep- IS S expA—X.). (ALY

tor doping levelp() =N, so that the local hole concentra-

tion can be written as An electrostatic profile is computed by first obtaining the
electric field atx=0. Given the energy barridfixes q at x

p(X) =Ny F1d Ne(X)] _ (A6) =0) and doping densitifixes the Fermi level relative to the
Frd Np()] band edge in the bulkwe can obtairfF (0) with one numeri-

) , ) cal integration of Eq(A12). The valence band, electric field,
_To solve Poisson’s equation, we compute the charge denynq density profiles are then generated by integrating Egs.
sity by subtracting the background density of ionized accep¢a10) and (A12) forward in x and evaluating Eq(A7) at

tors which yields each spatial step. A sample result of this process is plotted in
Fig. 8.
FudNe(0)]= Fudhe()] ’

Frd Np()] ' APPENDIX B:  SOLUTIONS TO THE TRANSPORT
(A7) EQUATION IN THE DEPLETION REGION

p(X)=¢e[p(X) —Nal=€eNg

These algebraic steps are made so that the numerator can be,
rearranged to give an integral with a closed-form solution
First, we rearrange the difference of the Fermi integrals i
the numerator as

In this appendix, we present analytic solutions for the
transport equatio21) when the depletion approximation is
"used for the electrostatics of the structure.

In the depletion mode cases, we have a second-order dif-

. N ferential equation in the depletion region that is solved sub-
Fod e ()= Fod he(e0)] = f —  _Ad\, ject to boundary cond!tlons at the metal/semlcon_ductor inter-
v M ()]~ Frd he()] 0 1+e M) face and at the depletion region edge in the semiconductor. A

(A8)  typical equation, including the possibility of optical genera-

tion, can be written as
where

2
1— @\ F(9) A0 1— elEVO0 ~Ey(=)/kT a7 e dedt 1. Geeont (B1)

= = . 2 kT dx dx 2
A M) "N L e () ~NE()  @hp (%) = 4 g[Ey(X) ~Ey(=)I/KT dx A

(A9)  Within the depletion approximation, we have a quadratic
fform of the electrostatic potential

We substitute the charge density into the integral form o

Poisson’s equation for the electric fiekd This process be- ep 1 ed,
gins with Poisson’s equation in the form T Eax2+ bx+ T (B2)
F()=0 Ev(=)p(E i i i
f Fszf v p( V)dEV (AL0) The particular solutiorf) , is
F(x) Ev(x) €sfo G
and results in Q,= 1 e eH/kT (B3)
2 2Na ar P
P AN ()]
sTol ARF and the homogeneous differential equation can be written as
» A2 ( Ev(=)
Xf _— f AdEV)d)\, d2o do 1
o 1+expA—A.) | Je ——+(ax+b)——-—0=0. (B4)
dx? dx A2
(A11)

which can be simplified by substituting the analytic expres- The solutions result from a change of variables that trans-
sion for the interior integral. After substitution and simplifi- form the homogeneous differential equation to the confluent

cation, we arrive at the following result: hypergeometric equation,
F2) 2KTN, d?f e )df £i=0 (5
X)= —————— z— —-z)——¢f=0,
es€oF1d Np(%)] d7 dz
o N2 [ 1+qe’a which has independent solutiomé(Z,&,z) and U(¢,é€,2),
X fo 1rq qq+(1+q)ln Tvq dn, the confluent hypergeometric functions of the first and sec-

ond kinds? In order to avoid the use of complex coefficients
(A12) (this may arise if a single form of the solution is used with
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both directions of the electric fieldwe give the variable The apparent singularity is canceled by the leading factors of

substitutions and homogeneous solutiddg for n-type (a
<0, b>0) andp-type (@>0, b<0) cases separately.

(ax+b) in Egs.(B6) and (B7). It can be shown after some
algebra that the functions and derivatives have well behaved

The necessary transformations are obtained by substituf:alues at the depletion edge given by

ing
—(ax+b)?
Qn=(ax+b)f(z), z= a (n type) (B6)
or
- (ax+b)?
Op=(ax+b)e*(2), z=—— (p type)
(B7)

into Eq. (B4). The result of the transformation is E(B5)
with £€=2 and

1
=-— n type B8
(=3 Y (n type) (B8)
or
=1+ type). B9
{ Yan? (p type) (B9)
In both then-type andp-type solutions,
f(z)=y1M({,§,2) +y2U({,€,2), (B10)

where y; and vy, are coefficients determined by applying
boundary conditions.

Boundary conditions applied at the depletion edge where
x=w= —Db/a require the evaluation of the special functions or

as the argument vanishes~»0. TheM({Z,§,2z) function ap-
proaches unity agvanishes. Th&J(¢,&,2z) function is more

complicated to evaluate. The small argument behavior of in-

terest is given by

limU T
o 8D i)
X ! - !
FA+{-9T(&) Zre-orol|

(B11)

—2ma
Qp(w)=17, 1 (n type) (B12)
F —_
(2 2aA2)
or
2ma
Qp(w) == (p type) (B13
i1+
( 2aA2>
and
dQy, —2a\nw
Wlxzwza')’l_"')’Z ( 1 (n type)
—2aA?
(B14)
th 2a\/;
W|X=W:a’yl_72 1 1 (p type).
r| =+
2 2aA?
(B15)

The other matching solutions occur for the interface at
=0" and require only the evaluation of the special functions
for typical arguments with no special considerations.
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