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Optical phonon—assisted magnetotunneling peaks in Gafal,Ga; _,As double-barrier structures
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The effect of the interface opticdlO) phonons and the confined LO phonons in §@d, ,As emitter
barrier and GaAs quantum well on the phonon-assisted tunneling through a double-barrier structure has been
studied in the presence of a magnetic field in the direction of the current. The tunneling current densities are
calculated and the numerical results for the typical GaA$s8] ,As structures are given graphically. An
alternative recognition of the phonon-assisted tunneling current peaks is suggested. Only one theoretical peak
from the 10 phonons and the confined LO phonons is easy to be observed for wide well systems. The second
peak appears at the position corresponding to the emission of the confined higher-frequency branch LO phonon
in the ternary mixed-crystal emitter barrier and can also be observed in the narrower-well systems.
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I. INTRODUCTION As is well known, the optical frequencies exhibit two-
mode behavior in a ternary mixed crys@MC).24"8 The

Optical phonon—assisted tunnelif@AT) in a double- confined LO phonons with two different frequencies in the
barrier structure (DBS) has attracted a great deal of barriers of TMC AlGa _,As both couple with the electron
experimentd and theoretic&r*®interest over the past few and contribute to the PAT current. However, to our knowl-
years. The satellite peaks subjected to the PAT have beeflge, few theoretical calculations for the PAT current have
experimentally observed in the valley current region at lowmentioned the two branches of TMC LO-phonon modes.
temperature-® The PAT experiments in the presence of a Therefore a more detailed theoretical treatment, including
magnetic field parallel to the electric current found that thethe effect of confined barrier LO phonons as well as well LO
satellite peaks become higher and sharper with increasinghonons and IO phonons, is necessary to understand the
magnetic field, and also split into several peaks associate@les of the two branches of LO-phonon modes of the TMC
with the transitions between the Landau levels of the emitteAl,Ga —,As barrier.
and well layer$: Early theoretical works calculated PAT  In this paper, we study theoretically phonon-assisted mag-
currents in DBSs and explained the satellite peaks by thetotunneling(PAMT) processes in a DBS. The contribu-
emission of longitudinal optica(LO) phonong'® Further tions of the two branches of LO phonons confined in the
investigation§*~*3indicated that the 10-phonon modes play AlxGa& _,As emitter barrier to PAMT are both included in
an important role in the electron-phondeph) interaction  the calculations, besides the confined well LO phonons and
properties in multilayer systems and also in the PAT current$O phonons. The PAMT current is calculated by using the
in DBSs. Moreover, the experimental observations displayedermi golden rule. The numerical computations for the con-
the characteristic that only one PAT peak can be observed fdined barrier and well LO- and 10-phonon-assisted currents
wide well systems, and the “second peak” appears in thdn the GaAs/AlGa, _,As DBS are performed for different
narrow-well casé:® Unfortunately, the phenomena have not external magnetic filed. The result shows that the second
been explained satisfactorily by theoretical calculations, t®AMT peak corresponding to the emission of confined emit-

our knowledge. ter barrier phonons can be also observed for narrower wells.
Recent theoretical studies on the PAT in an asymmetric
DBS™ ! show that PAT peaks from both 10 phonons and Il. THEORY

confined LO phonons occur at the same site corresponding to

the bulk GaAs LO-phonon frequency, and the 10-phonon Consider a DBS composed of the GaAs angGd, _,As
contributions are more significant than that from the confinednaterial layers alternately. The five layers of polar crystal
LO phonon in the well. The PAT peaks become higher andnaterials lie in region | £<—d,—ds/2), Il (—d;—d3/2
sharper with increasing magnetic field. However, the effect=z<—d3/2), [l (—d3/2<z<d3/2), IV (da/2<z<d,

of LO phonons confined in the emitter barrier or the collector+ds/2), and V ¢=d,+d3/2), respectively. An electric field
barrier on the PAT current have not been discussed in deta#nd a magnetic field are applied along the growth direction
in the previous theoretical calculations. In fact, the electroni®f the DBS, i.e., the axis. A beam of electrons of effective
incident wave penetrates first into the emitter barrier, so thamassm’* is emitted into the system with kinetic energyTo

the confined LO phonons in the barrier must be excited andalculate the PAMT current, we write down the Hamiltonian
assist the PAT, particularly in the narrow-well case. We mightof the e-ph system with the external electric and magnetic
guess if the second peak is subject to the emitter barrier Ldields

phonons. To this end, a detailed theoretical recognition of the

PAT peaks in DBSs is invoked. H=Hc+Hp+Hepn- (D)
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The first term in Eq.(1) is the electronic Hamiltonian and ie A )1/2 1 172
given by 92_80ﬂL bas\2wa | | T11+2B,Tip+B5To)
1
He=5 5 [(P.—eBY +pi+pI+ U2 (2 X (Bart Bzba). (7
] with

Here we have chosen the Landau gauge for the vector poten-

tial A describing the applied magnetic fieB, i.e., A= Max[ M+ Me(1 )]

11~

(—BY,0,0).U,(2) is the potential undergone by the electron, “aM
including both the effects of conduction-band discontinuities
at GaAs/AlGa,_,As (Ref. 19 interfaces and external ap- T T — MaXMg(1—X)
plied voltage. The second term is the free-phonon field 2t JiapM
Hamiltonian and has the well-known form
Mg(1—x)[Mc+maX] (8a)
th:% hw,_jagjmaqjan% fiwy,a,ag, . 3 22 usM '
Herefiw ; andfw,, are, respectively, the frequencies of LO _ _T12b§1+ Taa(bgy+ ‘*’iL)
and IO phonons, angand v are the corresponding branch L Tublt Tiabyt wf)’
indexes of phonon modes. The third term in ELQ, thee-ph
interaction term, can be written as Tibh+ Tya(byy+ 03))
B2 T T b oAbyt @2) (80)
He-ph: He-Leb+ He-ch+ He-Lw+ He-l ’ (4) HH12 120P227 @21
whereH,, andH.,, describe, respectively, the electron— @i IS given by
|O-phonon (e—10—ph interaction and the interaction be- w5 ={—(bj;+ b)) =[(b};—bjy)2+4bib51Y2/2,
tween the electron and the well phonon modes, and given in (80)

previous references®*? H,  p, and Ho ¢, are, respec- , _

tively, the interactions between the electron and the confinelynere the signt (—) corresponds to the highetlower-)
LO phonons in the emitter and collector barriers. Within thefréduency branch, i.el=1 (2), and

framework of the random-element-isodisplacement médel f e h _—

and the continuum dielectric modét}’ the e-ph interaction bij=Dbij ~bisbs; /(20 + bag),  1,j=1.2, ©
Hamiltonian subjected to the emitter barrier LO phonons;The dynamic coefficients;; (i,j=1,2,3) and related param-

He.Lep, Can be written as the following forfi:18 eters are given and the meanings of the parameters men-
tioned in the equations are well known, as in Ref. 17. The
cos(zm_l)w dp+ds interaction Hamiltonian between the electron and the collec-
1 d, 2 tor barrier LO phonongil.. ., has the same form as that of
He-Leb= 2 —=Bim(ad) X H given by Eq.(5).
£ + e-Leb .
dim /S SianW(Z+ do+ds To calculate the PAMT, we use the effective-mass ap-
dz 2 proximation and assume the DBS potential-energy function
Xeid'ﬁaq|m+hc, m=123,.... 5) invariant. The initial(before tunnelingand final (after tun-

neling electronic wave functions are chosen as follows:

In Eq. (5), aglm and ag, are the creation and annihilation

operators of emitter barrier LO phonons with the frequency N @

wy., wherel=1 and 2 stand for the higher- and lower- vi(r)= \/L—XXi(y)‘Pi(Z)’ (10
frequency branches of the LO-phonon modes of the mixed

crystal ALGa _,As, respectivelySis the area of the inter- ek

faces,q andp are, respectively, the two-dimensional wave Ui(F) = —= x1(Y) 05(2), (11
vector and position vector in the-y plane. The coupling \/I-_x

function in Eq.(5) are given by

2 2\ 1/2 mz 2
B|m(q)=<%> (q2 ;
2

wherelL, andk, are, respectively, the lengths of the device
)_1,2 and the wave vector in thedirection. x;(y) and x:(y) are,

+— (6) respectively, the wave functions of the initial and final states
d; of the electronic cyclotron motion in the-y plane, whose
eigenfunction corresponding to th¢h Landau level is given
where by
ie % )1/2[ 1 }1/2 12
= Y 2y v 2
91 o+ by 2001, Ti1+2B; 1o+ BiTo xn(Y)=1| = Ha(y(y—yo))e™ 720 =v0",
2"/zn!
X (bg+B1bsy), (78 (12
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Here y '=(m} w /) 2= (eB/fi) " is the cyclotron ra- (2m-1)= d,+ds

dius of n=0 andw,=eB/m the cyclotron frequencyH, " cos d, (Z+ 2

denotes the Hermite polynomial of order, where n Mrenb=f eF(z)%

=0,1,2,3,... refers to the Landau level ang=7k,/eB. The - Sinsz(ZJr d2+d3)
energies of the initial and final electronic states can then be d> 2

written as X ei(z)dz, m=123.... (183

Ei=fiwc(ni+3)+E;, Ej=hod(ni+3)+Ey, (13

[

— * i
where E, and E,; are the energies in the direction. For G(a.m; ’nf)_J X (y)e™xi(y)dy. (18D

PAMT processesy;(z) is a plane wave state, arg(z) the ) )

quasibound resonant wave function with enefgy.>®%20  In the equationsE,=E,i—fwc(nj—Ng) +7w ep is the en-
At the voltages above the resonant tunneling value, £rgy of incident electrons. _

small portion of the emitter electronic wave function extends The LQ,-PAMT current density assisted by well phonons

into the DBS and couples with the quasibound resonant sta@@n be written as

though the emission of a optical phonif:*'°The phonon

2 * 1/2)
emission rates can be obtained by the Fermi golden rules eBm™ L f(E;.B) *
y 9 Jiw(V,ni,ng) = 2512373 ZZ i a2|M‘r/1V1|2 day
™ m VE, 0

) . 27 .
W'Hf(k):7|<f|He-ph|'>|25(Ei_Ef_hw(Q)), (14 ono |G(q,n;,ng)|? 19
i Y2+ (maldy)?’
where Aw(q) is the energy of the emitted phonon akd )
= (K, ,k,) is the two-dimensional wave vector. The initial With

and final states are, respectively, the single-electronic states

2 1/2
without and with emitted phonons given by a= eh oL (i_ i) , (209
eods l\ex3 eo3
D=1y:)0g), |FY=]v)|1y), (15)
|> | |>| q) | > | f>| q> (2m—1)7r
where|0y) and|1,) are, respectively, the zero-phonon and " COSd—Z
one-phonon states of wave vectpr Mvnvlzf of (2) % X ¢i(z)dz,
Inserting the Hamitoniaf¥) into Eq.(14) and integrating — sinzmwz
over all final states yields the phonon emission rate d;
W(IZ,V,ni,nf). Multiplying the number of electrons in a
. . L m=1,2,3,.... (20b)
small region of two-dimensionak space by the phonon
emission rate and integrating over one can obtain the ex- At the long-wavelength limit, the 10-PAMT current den-
cess current density due to PAMT as sity is then written as
e , s e?Bm* 2. f(E,,B) (=
J(v,ni,nf>=§fW<k,V.ni,nf)g(k>f<k>dk, (16) IV )= e (J;_ )fo da,
v z
where f(k) and g(k)=2L,L,/(2)? are, respectively, the oo , , ,
Fermi function and the state density of the electrons of the X fo dagyB5(a)|M(q)|?[G(a,n;,ns)|?,
n;th Landau level in the emitter. In E416) we have con-
fined our discussion to the low-temperature case so that the (21

phonon absorption effect is neglected. It is also assumed th%hereE =E,i—hw(n—ny)+ho,, B,(9) andM(q) are
the tunneling current is so small that the electron-phonony, . e—IC§—phZ coupfingl function and the overlap integral
system keeps in an equilibrium state. The upper limk,oh  oqhectively1012The frequencies and relative functions de-
the integral is chosen agm_aX:eBI?y/ﬁ. _ scribing thee—10—ph coupling can be calculated similar to
The PAMT current density assisted by the confinedtbO the previous pape? An empirical interpolation effective-
phonons in the emitter barrier can be calculated by phonon-mode  approximation (EPMA)!>Y7 for TMC
ek 12 ) B Al,Ga _,As is used in constructing the IO-_phonon modes in
(Vo 0= e’Bm Lzz f(E;,B) 9_||Meb|zJ' g, the systent?°As was pointed out by previous works, there
Lebt T T T 2%q%h3 S JE, d' ™' Jo ™ areeight branches of the I0-phonon modes coupling with the
electrons in the whole DBS. The frequencies of the emitted
v f“ |G(q,n;,np)|? 17 IO phonons will be chosen as the corresponding values at the
Yo7+ (maidy)? long-wavelength limif
In the above calculations we have not mentioned the
whereq2=q§+ q§. Mﬁ]b andG(q,n;,n¢) are all the overlap LO.,-PAMT current assisted by LO phonons confined in the
integrals and are given by collector barrier, since the electronic emission wave is rather
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TABLE |. Parameters used in the numerical calculation. Energy
is in units of meV and mass in units of the bare electr@ef. 15.

Quantities GaAs AlGa, _,As
m* 0.067 0.067 0.08%
fhoo 36.25 36.25-1.8%+17.1%*—5.11x3
hoto 33.29 33.29-10.7+0.03«?+0.86¢
£o 13.18 13.18-3.1X
£, 10.89 10.89-2.7%

weak in the collector barrier so that the overlap integtlzﬁf
is approximately zero and the corresponding current can be
omitted.

Current Density (x1 0'3Alcm2)

I1l. NUMERICAL RESULTS AND DISCUSSION

We have performed the numerical calculations of the ' A ]
PAMT currents for the DBS GaAs/iGa _,As systems. The 100 150 200 250 300

conduction-band  offset is determined byV(x) Applied Voltage(mV)
=750« (meV) for x<0.45 and V(x)=750+690(x
—0.45% (meV) for x=0.451° The emitter and collector lay- FIG. 1. The PAMT current densities as functions of the applied

ers of the structures are both assumed tmbwoped at 2 voltageV under various magnetic fields with narrower-well struc-
X 10t cm™3, and Fermi level chosen & =20 meV in the  ture Al ,Gay AS/GaAs/A} G ¢As with the widths of 111 A/58
calculations. The temperature is determinedTas4.2K, A/B3Afor(@ 11T (D)6T (0T

consistent with the corresponding experimental vaftie.

Both the applied electric and magnetic fields and also théng to the GaAs-like LO-phonon energy 36.25 meV, and the
current are all assumed to be parallel to #rexis. Only the  confined LQy;- and LQ,»-PAT current peaks lie, respec-
lowest-order Landau level in the emitter is considered, sincéively, at V=194 mV (with the phonon energy 46.32 mgV
depopulation of the higher-order levels occurs at a rather lovand V=167 mV (with the phonon energy 31.14 mgVlhe
magnetic field. The parameters used in the computation aftAMT current peaks arrange from higher to lower as 10-,
listed in Table | and the results are illustrated in Figs. 1 and-Ogp;-, LO,-, and LQ,-PAT peaks. Finally, the total
2. PAMT current appears clearly two peaks, one of which is

The PAMT current peaks have been experimentallysubjected to the mixture of the confined }Cand 10-PAMT
observed® in the wider- and narrower-well cases, respec-currents corresponding to the bulk GaAs LO-phonon energy
tively. Only the first PAMT peak is easily observed when the36.25 meV, another is the confined L@ PAT current peak
well is wider, but the second peak appears as the well bezorresponding to the phonon energy of the AlAs-like modes
comes narrower. Our previous calculated results 46.32 meV. The confined L&y-PAT current peak corre-
indicated'®° that the 10-PAMT current peak occurs at the sponding to the phonon energy of GaAs-like modes 31.14
voltage same as that of the well |,phonon assisted peak meV is submerged in the first peak. The phonon energy val-
and the two peaks merge each others, so that only one PAMies corresponding to the calculated PAMT current peaks are
peak can be observed in the wider well case. To recognizin agreement with experimental resul85.5 and 48 me\?
theoretically the two-peak structure of the PAMT currents inln Fig. 1(b) a similar characteristic is seen at the lower mag-
the experiment results® here we have calculated the contri- netic field. Even the peaks of transition from=0 to n,
bution of the confined L, phonons of the emitter barrier to =1 levels become higher, and the two peaks have blended
the PAMT current in the narrower-well case, besides the |0together, with the magnetic filed is reduced to 6 T. However,
and well LQ,-phonon contributions. For ease of understand+ig. 1(c) shown that the total PAMT current peak has a “flat
ing the experiments we have chosen the DBS system that tep” structure at the magnetic fieB=0 T. It is follows that
the same as that observed by Leadbeateal,’ i.e., the the PAMT current peaks become higher and sharper and shift
Al Gay As/GaAs/Ab Gay As system with the widths of to the higher bias with increasing magnetic filed. Application
111 A/58 A/83 A, at the magnetic fielB=11T, 6 T, 0 T,  of a higher magnetic field can resolve clearly the two distinct
respectively. PAT peaks.

In Fig. 1 we plot the curves of the PAMT currents assisted The PAMT current densities as functions of the applied
by the transitions froorm;=0 to n{=0 andn;=1 Landau voltageV for the wider-well system corresponding to the
levels. The PAMT current peak from=0 ton;=0 is found  situation in the experiment of Leadbeateral? are illus-
more important than that from;=0 ton;=1. It is shown in  trated in Fig. 2. In the calculation, the structure has been
Fig. 1(a) that the confined L@ and I0-PAMT current peaks chosen as AlGa ¢As/GaAs/A} ,Ga ¢As with the widths of
occur at the same applied voltayfe=175 mV, correspond- 56 A/117 A/56 A and the magnetic filed &=12 T. It can
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5 : : ————r rower. The conclusion is qualitatively similar to that in our

$ 4] @ ] previous worl Different from Ref. 9, we have included here

> 3 B=12T | the two branches of LO-phonon modes in the TMC emitter

2 7] ] barrier. The results indicate that the second peak is subjected

& 21 ] to the LQ,,; phonons of the higher-frequen@plAs-like)

5 1 ] branch.

S 04— == — In our calculation, the PAT peak positions along the ap-
~ 100 150 200 250 plied voltage axis do not agree with the experimental peaks
”g 107 T e T T ] because the complication of the systems used in experiments.
< 10" o B=t2T 73 To focus attention on the recognition of PAT peaks we have
2 10°3 o 4 adopted an ideal DBS model, by which calculated results for
é% 1074 ] the phonon energies corresponding to the PAMT peaks agree
£ 4g2.] ] with those in experiments. In order to completely fit the volt-

E 103' | age scalgor, equivalently, PAT peaks lineshgpéhe com-

50 '1(')0: " 50 200 250 plicated structure of the systems, charge trapping effect,
electron-electron interaction, and plasmon-phonon coupling,
etc, should be taken into account. These will be considered in
FIG. 2. The PAMT current densities as functions of the appliedthe further works.

Applied Voltage (mV)

voltageV with wider well structure Al ,Ga, As/GaAs/A} Ga, AS In summary, we have investigated the PAMT processes in
with the widths of 56 A /117 A /56 A at magnetic fieRi=12 T for =~ GaAs/ALGa _,As DBS including the two-mode behavior of
(@) on a linear scale(b) on a logarithmic scale. TMC Al,Ga, _,As barriers. The contributions of the .Q3-,

LOgpp-, LOy~, and 10 phonons to the PAMT currents are
be easy found that the PAMT current peaks from 10- and@nalyzed in pletail. An alternative re.cognition of optical
confined LQ,-phonons occur at the same voltage position”AMT peaks in GaAs/AlGa ,As DBS is made by the nu-
corresponding to the GaAs-like LO-phonon energy 3@ ognerical calculations. The results show that the 10- anq
meV. The LQy- and LQ.,,-PAMT currents are rather L_OW-PAMT current peaks occur at the same voltage posi-
weak, so that cannot be easily observed. To clearly see tHn and are dominant and sole observable when the well of
smaller PAT contributions, we plot the current densities in a2BS IS wider. The second peak corresponding to the emis-
logarithmic scale in Fig. ®). It can be seen that the confined Sion of confined L@, phonon in the emitter barrier can be
LO,p;- and LQuyp-PAT currents are approximately two order observed only in the narrowerjwell systems. Our recognition
of magnitude smaller than the 10- and |,PAMT currents, of t_he PAMT peaks can explain qualitatively the related ex-
because of the smaller overlap of the wave function in thé€rimental phenomerfa
emitter barrier. Therefore, only one PAMT current peak can
be observed for the wider well systems.

We have also calculated the PAMT current peaks contrib- The work was supported by the National Natural Science
uted, respectively, by the 10, the confined J.@honons(in Foundation of ChindProject 19764001and the Natural Sci-
the wel) and the confined LQ, and LQ.,, phonons(in the  ence Foundation of Inner Mongolia Autonomous Region of
emitter barriey as functions of the well widtld;. It follows  China(Project 20001301and the 321 project of Inner Mon-
that only one PAT peak can be observed when the well igolia Autonomous Region of China. The authors wish to
wider, but the second peak appears as the well becomes nahnank Professor S. L. Ban for helpful discussions.
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