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Electron spin splitting in polarization-doped group-II nitrides
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The Rashba spin-orbit splitting parameter has been calculated in wurtzite GaN/AlGaN heterostructures.
Despite the fact that wide-bandgap semiconductors are expected to have a smaller spin-orbit coupling param-
eter than that in InGaAs-based IlI-V materials, the electron spin-split energy in GaN/AlGaN heterostructure is
predicted to have the same order of magnitude, due to the strong polarization field at the interface and
polarization-induced doping. This, taken together with the existence of room-temperature ferromagnetism in
GaNMn), could make the GaN-based material system competitive in spintronic applications.
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[. INTRODUCTION age electric field in the growth direction, could be affected
and engineered by a polarization field near an interface in the
Heterostructures and quantum well®W's) based on group-lll-nitride heterostructure. It is known that a lattice
GaAs, InAs, GaSb, and InP materials are recognized as Polarization strongly affects the performance of GaN-based
platform for semiconductor spintronic devices as they pro€lectronic and optoelectronic devicds® In addition, the
vide additional spin transport functionality to electronic andspin splitting depends not only om, it also increases with
optoelectronic devices. The electrically controlled spin transthe carrier density. Strong polarization doping effect in
port, relatively large spin dephasing time=100 ns, T  group-lll nitrides may compensate to some extent for the
=5K),>2 and ferromagnetism in Gaddn) (T, smallness of the coupling parameter and make overall spin-
~110-140 KF~° make these materials attractive for semi- Splitting comparable to that found in narrow-gap group-Iil-vV
conductor spintronics. Gate-controlled electron spin splittingstructures. This fact, accompanied with the existence of RT
near interfaces in narrow-gap Ill-V nanostructures is at théerromagnetism, could make group-lil-nitride structures
origin of spintronic proposals such as spin transi§tbend  Competitive in emerging spintronics applications.
quantum computers. The purpose of this paper is to explore some spintronic
In Crysta|s with inversion asymmetry of the Crysta| poten-Capabi“ties of wurtzite group-lll-nitride heterostructures and
tial, the spin-orbit interaction lifts the spin degeneracy of QW, namely, to calculate the spin-orbit coupling parameter,
electrons and holes. The magnitude of spin splitting depend&onduction-band spin splitting, and its sensitivity to a gate
on an electron wave vectdr. Inversion asymmetry in bulk Voltage. The role the polarization field plays in spin splitting
zinc blende crystals results ik*-dependent spin splitting Of confined electrons is discussed. General expressions for
(Dresselhaus term&'® whereas the structural inversion the coupling parameter are obtained for GaN/AlGaN hetero-
asymmetry near a heterointerface leads to an additiongtructures and QW. Numerical calculations are performed for
k-linear contribution* Zak” (Rashba termll where k” , a, a high-electron-mobi”ty tl’anSiStC(HEMT) structure, where
are the in-plane wave vector and spin-orbit coupling paramthe polarization-induced doping results in a high density of
eter, respectively. Coupling parametein group IlI-V cubic two-dimensional(2D) electrons. Calculations for an asym-
materials was calculated first using a two-band modemetric QW will be done elsewhere.
spectrum?’ and then using a more realistic multiband Kane
model®*~" Typical values ofa in InAs/GaSb, InP/InGaAs, Il. HAMILTONIAN AND BASIC EQUATIONS
and InAs/InGaAs QW'’s are (0-64)10 'evm, which
gives an electron spin-splitting energy of the ordetlof10
meV depending on the doping levél.
Search for spintronic semiconductors is ongoing as all- 2
semiconductor devices are expected to provide effective spin H= L +Hgyg. (1)
injection into an active region of the device. Lack of room- 2mg
temperature (RT) ferromagnetic semiconductors _ Iattice The nonzero matrix elements are given as
matched to the InGaAs and InP materials makes it difficult to
_fmd the proper material qomblnatlon that prowdes high-spin- Hy=Hegs=Ec, Hyp=Hg=F, Hy=H,=G,
injection efficiency. In this respect, the wide bandgap mate-
rials migh} have .been usefl_JI since RT ferromagnetism has Ha=Hgg=\, Hzg=H,=v2As,
been projected in magnetically doped group-Ill nitrides
theoretically®?° and found experimentalR}.~?3It is known, oK oK
; ; ; 2K+ 2K
however, that the spin-orbit coupling parametedecreases Hip,=Hg=— ——, Hiz=Hge=——,
as a bandgap increases. Thus in larger bandgap materials, V2 V2
comparable spin splitting is not expected. Fortunately, the
spin splitting, being approximately proportional to an aver- His=Hsg=Pqk,, 2

We start with a 8& 8 Hamiltonian which includes conduc-
tion and valence bantfs®?
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wherek. =k, *+ik,, F= E%+A;+A,+S,+S,+V, A\=E%  external electric fieldbiag and a self-consistent potential in
+S,+V, G=E%+A;—A,+S,+S,+V, S;=D;e,, aninhomogeneous structure. In E2), the shear strain com-
+Dy(exxt &yy), S,=D3ae,,+Dy(exxteyy), Mo is the free  ponents are neglected. Also, we keep only lineéerms in
electron  mass, P,;=—i(h%my)(iS|al9z|z), P,=  the off-diagonal matrix elements. The lindaapproximation
—i(h2Img){iS|al x| Xy = —ih?/my(iS|a/ox|Y) are momen- has also been used in spin splitting calculations in GaAs
tum matrix elementsE, is the position of thd -point con-  heterostructure¥’ As this approximation is valid if the typi-
duction band minimumA; and A, ;3 are parameters of the cal electron energy is less than the band gap, it better de-
crystal field and spin-orbit interaction, respectivély,is the  scribes the band spectrum in a wider band gap GaN.
valence band edge position before the strain, crystal-field, The matrix Schrdinger equation for the eight-component
and spin-orbit splittings are taken into accoudf;s are the envelope wave function has the folfyp=e¢, whereH is
deformation  potentials, &,,=ey,=(ap—a)/a, &,,~ given in Eq.(2). In a heterostructure grown along thexis
—2C,3/Cagexx are the strain component§,; and Csz are  (z direction, one has to replacke, with —i(d/dz) and keep
the elastic coefficients, arah anda are the lattice constants band parametesdependent. The system of eight equations

of the substrate and layer, respectively. We assume thaan be exactly decoupled in to a two-component conduction
z-dependent parameteE. and ES account for the hetero- pang envelope function"’g) as
[2

structure band offsets. HeXeincludes contributions from an

h%kZ B2 9 1 4 _ B
BtV om ™ 2 ozm 9z © IP1Pk-57 b,
. B A2 K2 9 1 9 (¢2):O’ ®
TIPaPRk BtV o~ 2 szmy oz °

wherez dependent potential enerdy accounts for the bias Eq. (3) lift the spin degeneracy. The energy difference be-
and electric field in the depletion regions and tween spin-up and spin-down conduction statepin-
splitting) can be written as

o, 1 2P 2A5-(A—&)(F+G—2e)

m "=+ 27 d
'omg A% (F-e)[(G—e)(N—e)—2A7] |Ae|=2a K2+ K2, a=P;P, <ﬁ—§>’ (f>zf P*fddz.
m—lzi 2pP? (e—G) @ 5
Z mp A% (G—e)(A—e)—2A3’ Let us analyze the general expression for the spin-orbit
splitting parametera. In the ALGa _,N/GaN/Al,Ga N
_ Az QW of width L, the coefficien{B can be represented as a sum
p= (G—g)()\—g)—ZAg. of three terms each corresponding to a redioapresenting

the left barrierL, the well W, and the right barrieR as
In a relaxed GaN crystal the electron effective masses iffiollows:
Eq. (4) coincide with those obtainé8lassuming that the ref-
erence energigo=0, e —E.=E4+A;+A,, whereE, is the B=pLL1=6(2)]+ Bl 6(2) — 6(z—L)]+ BrO(z—L),
bandgap. (©)
The diagonal part of the Hamiltonian in E() has de- where 6(z) is the step function. The average over QW
generate eigenfunctiorB;=®,=®. Nondiagonal terms in ground state follows from E(6):

J
<£> =®%0)(Bw— B~ PHL)(Bw—Br) +a(BLFL)+ a(BrFr) + a(BwFw), 7)

where

A
(Eq+28,—S1—So+e—V)(Eg+ A1+ A,— S +e—V)— 245

Bi=
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A3|_2Eg+A1+3A2_281_82+2(8_V)J 8
{(Eg+2A,—S,—Sy+e—V)(Eg+ A +A,— S +e—V) — 245} ®

Bi:

14V
“3z

The reference energy in E7) is the bottom of the conduc- compensated polarization charge creates the electric field
tion band. Each average value in E@) contains integration across the barrier. Sheet electron density in the channel of the
over the corresponding regiarexcluding interfaces located nominally undoped heterostructure is related to the Fermi

at z=0 andz=L. Potential jumps and offsets of band pa- level ag®

rameters at the interfaces contribute to the first two terms of 5

Eq. (7). The energy parameterin all B; and 3; should be _ Pt €880 B B

taken at the ground electron level in the well, dqe-0: & Ns=7 qZWB[QDB Vet Er— A, (12

u_(;zla'lttpr\ilLStth rtcp)) ?rr]aenéitﬁ;égfdﬁ;) |Z;gr(8) take the val- where ¢y is the height of the Schottky barrier on the top of

If the barrier height tends to infinity, the coupling coeffi- the WB'th'Ck. AlGaN layer,E. is the Fermi energyAEc is
cient takes the form the conduction band offset, and is the gate voltage.
In the structure with the doped AlGaN barrier, the electron
B transfer from the barrier increases the total sheet electron
<E> =q(BwFw), (9 density in the 'channdNC=n3+ Npl, which can be found
from the equatiorfS
which is not exactly proportional to the average electric field

in the well as long aB,, depends oz. Equation(7) gives no AE~—Ee—g :quD|2

spin splitting in a symmetric QW wher®2(0)(8w— Biz) ¢ TF YT 2geg ]
=®?(L)(Bw—Bre) and (B gFLg)+(BreFre)=(BuwFw) mkeT (13
=0. Ne=—7-In{1+exd (Er—e1)/keT1},

Ill. POLARIZATION-DOPED HETEROSTRUCTURE wherem, is the in-plane effective mass of channel electrons,
Np is the density of ionized donors in thethick space
charge region on the AlGaN side of the structure, apds
donor bound energy.

In a HEMT structure, which comprises a AlGaN layer
grown in thez direction on the top of a thick GaN layer, the
spin-orbit coupling parametédr) takes the form

IV. ELECTRIC FIELDS AND WAVE FUNCTION

B
— ) =®%(0)(Bc— Bs) +u(BgFg)+q(BcFc), (10
< 072> (0)(Be— o)+ aBsFe) * a(BeFe). (10 Electric fields across the chanrie} and the barrieiFg

whereB and C represent the AlGaN barrier and GaN chan—fOIIOW from the charge and electrostatic potential

nel, respectively.

We assume that the Aba, _,N layer is grown on the top (eV) —_
of a relaxed GaN with a Ga-polarity surface. In this case, the 12 [\ =
polarization field causes the conduction band to decrease in [,
energy with decreasing distance toward the interface from ~ ™
both well and barrier sides as shown in Fig. 1. 08f ,

The total polarization comprises two parts, namély,
=Pgpt+ Ppg, WherePgpis the spontaneous polarization from
both barrier and channel regions aRg is the piezoelectric

==
0.4} i
polarization in the barrier caused by a lattice mismatch to
GaN: !
ﬁ‘v
PPE:e31(8xx+8yy)+e338221 or
5 0.05%—0.02 C) 11 20 -0 0O 10 20
SP— . . m2 ’ ( ) - (A)
wheree;; are the piezoelectric coefficients in AlGaN. FIG. 1. Potential profile and wave function in AGa, N/GaN
Two-dimensional electrons confined in the GaN-channeheterostructure. Barrier thickness: 100 A, barrier dopitgs
partially compensate the total polarization chaRyg. Un- =10 cm™3. Interface is located at=0.
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balancé*?8 The potential energy profile is shown in Fig. 1. We will calculate the spin splitting of the ground state of

The electric fields are given as 2D electrons in the channel neglecting higher subbands.
qns Ground state wave function can be well represented by the
Ve=9qFcz, Fe=_—=, z=0, Fang-HowardFG) trial function3? Since wave function pen-
c€o . - . . . .
etration into the barrier contributes to the spin-orbit coupling
Pit— AdNg parameter of Eq(10), we have to use the modified FG func-

VB:AEC_qFBZ, FB: , z<O. (14)

tion that accounts for barrier penetration. Thus,

b3
Azo\/;exp(—xbz), z<0,
)= b3 _ PMyeAEc
A(z+2z0) 7exp(—bz/2), z2=0, = —r

dceg

d(z (15

Parametergz, and A follow from normalization and match- 2 52
ing condition for the electron flux through the interface (M={- m 2] (Ve)=0aF(2),
z
2 , 47,2
og=0—————1 = — —T, 2 )
0 2Kbmzcszl+b (2z, 1y b)+b2+ b3Kb1 <VS>: q°Nc Zj ¢2dz/+fzzl@2dz/ ] (18)
(16 €&p z 0

wherem,g, m,¢ are electron masses in thelirection in the
barrier and well, respectively. The average electron energy in the wl, is subject to
The total average enerdy,, consists of three parts: the minimization with respect to parametds. Energy ¢,
kinetic energy, the energy in the channel electric field, and=min(E,,) is the ground state level in the 2D channel. Pa-
the potential energy induced by other 2D electrons in theameterb,,;, determines the spatial size of the wave function
channel. It is written as in the z direction.
Using Egs.(12)—(18), one can find the wave function
1 ®(z), ground state energy,;, Fermi energyEr, and total
Ea=(T)+(Vc) + §<VS>' 17 sheet density of electrons in the chanNglself-consistently.
After that, the electron spin-splitting at the Fermi level can
where be calculated with Eqg5) and(10).

TABLE |. Parameters of the AGa,_,N material system.

Effective mass ifny) 0.22+0.26¢

Static dielectric constanteg) 10.4-0.%

Elastic constantsGPa C13=103+5x; C33=405-32
Piezoelectric coefficientsQ/m?) €13= —0.49-0.11x; e33=0.73 (1+x)?
Schottky barrier heighteV) 0.84+1."

Band gap(eV) 3.4+ 2.7

Conduction band offsdieV) Eg(X) —E4(0)— 0.8

Lattice constantA) 3.189-0.07%

Donor ionization energymeV) 38.0¢

Spin-orbit split energymeV), A,=Az=6.0f

Crystal-field split energymeV) A;=22.0-80.0x°

Interband momentum-matrix elements E,=E,=20.0eV

Pl,2: ﬁ AV, El'jzmo

%Reference 25.
bReference 34.
‘Reference 35.
dreference 36.
®Reference 32.
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. 06 0.8
0.2 0.4 Al content

Al tent . e . .
comen FIG. 4. Electron spin-splitting energy. Barrier thickness 100 A,

FIG. 2. Width of the electron channel near GaN/AlIGaN inter- barrier dopingNp=10'® cm™3. Lines A, B, and C correspond to
face for various values of gate voltages. Lines A, B, and C corregate voltaged/,=—0.8, 0, 0.8(V), respectively.

spond to gate voltageé,=(—0.8,0,0.8) V, respectively. ] ] )
The wave function for the particular choice of parameters

V. RESULTS AND DISCUSSION is illustrated in Fig. 1. Effective thickness of the bound sheet
electrons near an interface is givends [5z®?(z)dz and

In this section we calculate the spin-splitting of channel - ) . :
pin-spiting ﬁhown in Fig. 2 as a function of Al content in the barrier.

electrons in GaN-based field effect transistor and compare Fi 5l h led effective di
with the magnitude of Rashba effect in B8Al)As materi- igure 2 illustrates the gate-controlled eflective distance

als. Material parameters used in numerical calculations ar@f the 2D gas from the interface. The dlstan§e, in turn, could
given in Table I. control kinetic characteristics of electrons: large distance

The conduction band offset. shown in Table 1. is CaICU_makes higher the electron mobility with respect to scattering
lated using the linear alloy approximation for the valence®n interface roughness and interface-induced structural de-

band offset[0.8 eV between GaN and AINRef. 37]. To fects. The total sheet electron concentration as a function of
estimate spin splitting up to a high Al content in the barrier, Al €OMPposition and gate voltage is given in Fig. 3. .
we choose a barrier thickness of 100 A. We assume this. Gate-controlled carrier densny.ln the channel is sh.own in
thickness is less than the critical thickness of the AlGaN’'9: 3. The _Ipv_ver the Al content m_the barrier mate“?" the
layer up tox=0.8. This assumption allows using the piezo- higher sensitivity of the carrier density to an external bias. At
electric polarization Eq(11) for the pseudomorphic layer Vg:r? tge_lre_sultl 'S q.u'tf? (l:(;o_se ;10 thﬁn obélalnedl Ianel; 80.
without having to include a partial stress relaxation, which 1 he built-in electric field in the channél calculated at

otherwise should be taken into account for thicker layers. x=0.2(1.1 'V'Wcm) andx:O_.5(4.2 MViem) are in a good
Calculations below were done with the barrier dopNg agreement with those typically observed in GaN/AlGaN

38
=10 cm3. QW.
10r /
08
S
()
£
01 r
4
B
&; 04 /
(9]
o
e 02T A
z
0.1 A S S ! L : L L
- - 0.8
0.2 0.4 0.6 08 08 -04 0 0.4
Al content gate voltage Vg (V)

FIG. 3. Total sheet carrier concentration in the channel with FIG. 5. Electron spin-splitting in the channel under the gate
different gate voltages. Lines A, B, and C correspond to gate voltbias. Lines A, B, and C correspond to alloy compositiars0.3,
agesVy=—0.8, 0, 0.8(V), respectively. 0.5, 0.8, respectively.

155314-5



V. I. LITVINOV PHYSICAL REVIEW B 68, 155314 (2003

The electron spin splittingAe|, calculated at the Fermi pushing electrons in and out of the channel in field-effect
level as a function of Al content in the barrier is given in Fig. transistors. The results, shown in Figs. 4 and 5, give a quan-
4, and as a function of gate voltage in Fig. 5. titative sense of the magnitude of the Rashba effect in GaN-

As seen in Figs. 4 and 5, the spin splitting is gate voltagehased materials.
tunable and of the same order of magnitude as in other |n conclusion, in spite of the large bandgap in GaN-based
group-Ill-V materials: in InAlAs/InGaAs QW, it approxi- heterostructures, electron spin splitting is predicted to be
mately equals 1.0 me¥. More complete information about comparable to that in G, Al)As materials due to a strong
spin-splitting in narrow-gap materials can be found in Ref.o|arzation doping effect in the GaN/AIGaN heterostruc-
18, which lists spin-splitting magnitude across all group-yre It is also worth noting that GaN layers being doped with

-V nanostructures between 1 to 10 meV. Electron SPINyransition metal impurities reveal room temperature ferro-

splitting, governed by a gate voltage, is at heart of the Sp'nl"nagnetism, thus making possible lattice-matched all-

transistor propos_él.Gate-controllled spm—spht.tlng allows fit- semiconductor spin-transistor structures, which are supposed
ting the phase difference of spin-up and spin-down electron

wave functions, acquired on the channel length. Since th(g,0 .provide. effectivg Spin injection in _the channel. The ma?n
drain current oscillates with the phase difference, one coulé‘i)Olnt of _th|s Paper Is o attragt at.tentlon to the Gal_\l matenal
punch-off the channel varying the electron phase. This isc,ystgm n Ferms of its potential importance in various spin-
much less power consuming and much faster process thdfPnic applications.
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