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In this paper we present formulas for the transmission coefficient in multibarrier heterostructures when
taking into account the space-dependent electron effective mass and the coupling between components of the
motion of an electron in directions parallel and perpendicular to the interfaces. We find that the coupling leads
to a decrease of the effective barrier height seen by the electron. The numerical calculations are carried out for
the double- and triple-barrier heterostructures consisting of GaAsi@aAs. Our results show that the
coupling effect leads not only significantly to a shift of resonant peaks toward the low-energy region, but also
causes the broadening of resonant peaks and the reduction of the peak-to-valley ratio in the transmission
spectrum. The coupling becomes more pronounced for higher-lying resonant states. In addition, the variation
of the coupling strength with the concentratiorof Al is also investigated.S0163-1827)08315-X]

Since the pioneering work of Tsu and Esakion the large difference of the effective mass of the electron in the
resonant-tunneling problem in semiconductor heterostrudearrier and well materials. Recently, in the framework of the
tures, the relevant subject has attracted a great deal of attehBM, Boykin studied the effect of the transverse wave vec-
tion owing to the advance in microfabrication technique andor on the resonant tunneling in double-barrier heterostruc-
potential applications to electronic devices. There mainly extures consisting of InAs/AISE® In the framework of the
ist two theoretical frameworks for dealing with resonant-PBEMA, Paranjape calculated the dependence of the tunnel-
tunneling problems. One is the tight-binding modeling time and transmission coefficient on the incident angle
(TBM).2~°The other is the parabolic-band effective-mass apfor an electron tunneling through a single-barrier
proximation(PBEMA). In the PBEMA, the coherent tunnel- heterostructuré? These studies showed that the influence of
ing model (CTM) (Refs. 6—8 and the sequential tunneling the transverse component of motion of the electron on the
model (STM) (Refs. 9—12 have been proposed and devel- longitudinal transport process is significant.
oped for investigating resonant-tunneling characteristics in The aim of this work is to explore the effect of coupling
multibarrier heterostructures. In the CTM, an electron keepbetween the transverse motion and the longitudinal motion
its phase memory in the tunneling process, which is regardedf the electron on resonant-tunneling characteristics in multi-
as a coherent transmission process and described by therrier heterostructures based upon the CTM in the PBEMA.
eigenstate of the electron in the total structure. In the STMFirst, we present the form of an effective barrier height as a
the electron loses its phase memory in the tunneling procesiynction of the transverse wave number of the electron for
which is regarded as a series of successive transition praghe electron-tunneling process in structures with a space-
cesses with phase incoherence. The CTM and STM in thdependent electron effective mass. Second, we derive the
PBEMA are restricted to the assumption that the componenttelevant formula for the transmission probability depending
of the motion of the electron in the directions paraltehns- on both the transverse wave number and the longitudinal
versg and perpendiculaflongitudina) to the interfaces are kinetic energy of an incident electron. Finally, we present
decoupled. However, this assumption is incorrect when th@umerical results for the double- and triple-barrier hetero-
difference of the effective mass of the electron in the barriesstructures consisting of GaAs/GaAl,As and give a brief
and well materials is taken into account. It arises for theconclusion.
following reason. The conservation of the transverse mo- In the framework of the PBEMA, the Hamiltonian of an
mentum of the electron results in a breakdown of the conserelectron in the multibarrier heterostructures is
vation for the transverse kinetic energy of the electron when
considering the space dependence of the electron effective . 1 . 1
mass. As a result, a coupling between the longitudinal and H= 2m2) pey,+ 3D, mz) p,+U(2), 1)
transverse components of the motion of the electron emerges

for structures with a position-dependent electron effectivg,are thez axis represents the growth direction of hetero-

mass. The introduction of the coupling term is a mathemat"structuresf)xy andp, denote the electron momentum opera-
cal price we have to pay,

while the variable separation apgyrs parallel and perpendicular to the interface, respectively,

proach_is use_d in solving the Scld@nger equation to treat a U(2) is the potential-energy function, ama(2) is the space-
three—'dlmen5|ona[3D) problem with a 1D equation. The dependent electron effective mass(z) and m(z) are, re-
coupling leads to a significant dependence of the eﬁemiv‘%pectively defined as follows:

barrier height “seen” by the electron on the transverse mo-

mentum of the electron. Thus the longitudinal p&ttz) of .

the electron wave function depends substantially on the U(z)= 0 (in the wel) )
transverse momentum of the electron, when there exists a Ug (in the barriey,
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mE  (in the wel) Fr_om Eqgs.(7) and (8), it is evident that thgre exists a cou-
. ) 3 pling between the components of the motion of the electron
my  (in the barriey, in directions parallel and perpendicular to the interfaces, as

whereU, is the offset of the conduction-band edge betweerong as the difference of the effective mass of the electron in
the well and the barrier, anth?, and mi are the electron the well and barrier regions is taken into account, he:1.
effective masses for the conduction-band edge in the well NS coupling can be interpreted as meaning that the effec-
and the barrier regions, respectively. Therefore, the form ofvé barrier height “seen” by the electron is no longer a
the Schidinger equation governing the electron motion in €onstantU,, and that it depends on the transverse wave

the well and the barrier regions can be written, respectivelyhumber of the electron. o
as We now employ Eq.(8) to calculate the transmission

probability of an electron tunneling throughibarrier hetero-
structures. Assume that the wave vector of the incident elec-

(4  tron is k=(kyy,k;); the 1D wave functions in the incident
and outgoing regions can be written as follows:

m(z)=

—h22m¥ V2P =EV¥ (in the well,

—(h%12mf) V2W+U,W=EW¥ (in the barriej,

where E is the total energy of an electron. Because P((2)=exp(ik,z) +r exp(—ik,2z)
[fJXy,H] =0, the transverse momentum, = (py,p,) of the
electron preserves conservation in the tunneling process.
Hence the wave function of the electron should be of the
form

(in the incident regiopn (9)

d(z)=t exg(ik,z) (in the outgoing region (10)

V=explikey 1) P(2), ® wherek,= (2m}E,)Y%#, andE, is the longitudinal kinetic-
wherek,, = (pu/#,p /) andr=(x,y), respectively, are the energy of the incident electron. The wave functions injtie
transverse wave vector and the transverse coordinate of thearrier and theth well regions are written as
electron in the plane parallel to the interfade(z) satisfies

the 1D Schrdinger equation @l (2) = Clexp(kyz) + Dlexp —ky2)

n? d?d(z) _
“omy aZ =22 (in the wel), o (in the jth barriey, (11)
#2 d2®(z ) (z)=Cl explik,z) + D) exp( —ik,z)
—m?()JrUOCD(Z):EECD(Z) (in the barriey, v wexpk; wexp ik
b

where EY=E—E}Y, and E;=E—E}, are the longitudinal (in the jth well), (12
energies of the electron in the well and barrier, respectively.
HeregE""=h2k2 2m* and E2 =#2k2 /2m} are reps ec- ywherekb:{Zm;[U(kXy)—EZ]}l’zlﬁ.

. Xy x W XY X b ' P Current flux density conservation requires the continuity
tively, the transverse kinetic energy of the electron in the,

) . for both®(z) and®’(z)/m(z) at each interface. This leads
well and the barrier. Thus it can be seen that both the tran relationships between the coefficientandt:

verse kinetic-energy and longitudinal energy components o
the electron no longer keep their conservation individually
when taking into account the difference of effective mass of 1\ 1(1 -ik;Y .1 1 t

the electron in the well and barrier materials. We introduce 1 k-t Ml ik )(0 , (13
an effective barrier height/ (k,,) for tunneling of electrons z z z

2

r

along thez direction as whereM is the global transfer matrix with>22 dimensions,
and it can be expressed as the cascading of a series of the
U(kgy)=Ug—(1—7) (ﬁzkiy/Zm\’fv) , (7)  individual barrier and well transfer matrices in sequence,

wherey=mj/mj . With the use of Eq(7), Eq.(6) can then
be rewritten as

N—-1 R R
,—11 My(b)My(a;)

M = Mp(by), (14)
h? d’d(2) w i . . .
o dZ E;®(z) (in the wel), whereb; anda; are the widths of th¢th barrier and th well,
w (8)  respectivelyMp(b;) andM,(a;) correspond to the transfer
matrices for thegth barrier andjth well, respectively:
BT | Uiy e @)=Y
—— z)= z
2mg  dZ xy z o costikyb;) —(ykb)lsin}‘(kbbj)>
(b)) = _ yKpsinh(kpb; ) coshkyb;) '

(in the barriey. (15
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R cogka)  —(kp) 'sin(k,a)

Mu(a))= ksin(k,a;) costik,a;) (16) (@)
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It is evident from these expressions that the transmission S 0.0 ot EoleV)

probability of an electron tunneling through multibarrier het-

erostructures depends upon both the transfer wave number <° oy ’ ‘ ' '
and the longitudinal kinetic energy of the incident electron. 15 f
To gain a quantitative feeling about the effect of the cou-
pling between the transverse motion and the longitudinal oy
motion of the electron on resonant tunneling, it is necessary ~ 5}
to carry out numerical calculations for the specific cases. We [fg, ol
consider double- and triple-barrier heterostructures consist- &
ing of GaAs/Ga_,Al,As, wherex represents the concentra- = st
tion of Al. In this system, the offset of the conduction-band 10k
edge and the effective mass of the electron are approximately
evaluated by the expressidns -15 ¢
_20 I ]
0.75% (eV) (0<x=<0.4H o ‘ e e
Yo=1 0.75¢+ 0.69x—0.452 (eV) (0.45=x=1) 00 ot 02 03 04 08
E; (eV)
19
and
FIG. 1. Base-10 logarithm of the transmission probabilitas a func-
tion of the longitudinal kinetic energl,, and the transverse wave number
=(0.067+0.08%)m, (0<x=1) kyy Of an incident electron for a symmetric double-barrier heterostructure.
—0.067m (20 The relevant physical and geometric parameters for the system have been
. -

addressed in the texta) Three-dimensional3D) plot; (b) log;((T) E, plot
for four different values ok,,. Curvesa—d correspond to the cases of
ky,=0.00, 0.02, 0.04, and 0. 06 A respectively. For clarity, two consecu-
tlve curves are vertically offset.

wherem, is the free-electron mass. In the following calcu-
lations, the value ofn, is taken by 9.109410 3! (Kg).

The dependence of the transmission probabilitgn the
longitudinal kinetic energy and the transverse wave numbeinfluence of the transverse motion of the electron on higher-
of the electron is shown in Figs(d and Xb) for the double- lying resonant states for resonant tunneling is more remark-
barrier heterostructures with an Al concentratiorxef0.45  able than on the lower-lying resonant states.

(vielding an offset of the conduction-band edge to be These effects above can also been observed in the triple-
Uo=337.5 meV, a barrier width ofb,=b,=65 A, and a  barrier heterostructures. The 3D plot of the transmission
well width of a;=50 A. From the three-dimensional plot in probability as functions of the transverse wave number and
Fig. 1(a), logyo(T) — (E;,Kyy), it can be found that two sharp the longitudinal kinetic energy of the incident electron is
peaks shift toward the low-energy region with the increase oshown in Fig. 2 for the triple barrier structure with an Al
the transverse wave numbley,. Moreover, the shift of the concentration ok=0.45 (yielding U,=337.5 meV, barrier
second peak is much greater than that of the first peak. Thiwidths of b, =b;=65 A andb,=20 A, and a well width of
shift can be more clearly observed from the two-dimensionah, =a,=50 A. In this figure, as expected, four sharp reso-
plot in Fig. Ab), log,o(T) —E,, for four different values of nant peaks emerge, owing to the splitting of original resonant
kyy- Curvesa—d correspond to differenk,,=0.00, 0.02, levels generated from the coupling between the quasibound
0.04, and 0.06 A%, respectively. The relatlve shifts of the states residing in two adjacent quantum wells. As observed
resonant peak position in curvbsc, andd are—1, —4, and  in the double-barrier heterostructures, with the increase of
—8 meV for the first resonant peak, ardt, —17, and—42  k,, these resonant peaks move toward the low-energy region,
meV for the second resonant peak, comparing with the corand moreover the shifts of two higher-lying resonant peaks
responding resonant peak positions in curaesith k,,=0.  are much larger than that of two lower-lying resonant peaks.
In addition, it is also seen that with an increasekgf the  In addition, the variations of the resonant peak width and the

width of resonant peaks broadens, and the peak-to-valley rpeak-to-valley ratio witfk,, are the same as that observed in
tio in the transmission spectrum reduces. It is evident that th€igs. 1a) and ib).
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FIG. 2. Three-dimensionaBD) plot of the base-10 logarithm of the 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
transmission probabilitf’ as functions of the longitudinal kinetic energy Concentration x of Al
and the transverse wave numitgy of an incident electron for a symmetric
triple-barrier heterostructure. The relevant physical and geometric param-
eters for the system are described in the text. FIG. 3. Magnitude of the relative shift of resonant peak position in

tunneling spectrum as a function of the concentrakiaf Al in the double-
The physics of all the results above can be easily unde'lgarrier heterostructure with the same structural parameters as Fig. 1 for a

. . . . Elven value ofk,,=0.04 AL The shift amount of the peak position is
stood. From the expression of the effective barrier heightyauated with respect to the corresponding peak position in the case of

“seen” by electrons in Eq(7), it can be seen that the in- k,,=0.00 A% The solid curve describes the relative shift for the first reso-
crease of the transverse wave number leads to a decreasenefit peak, and the dashed curve the second resonant peak.
the effective barrier height. Consequently, effects such as the

shift of resonant peaks toward the low-energy region, thetive barrier height. while the increase o plavs an oppo-
width broadening of the resonant peaks, and the reduction q o b P&y PP

the peak-to-valley ratio are natural consequences owing t ite role, leading to a.decrease of the effective barrier h.eight.
the decrease of the effective barrier height fh other WOFdS, t_he lift ofJ, should weaken the cqupllng

To obtain insiaht into the infl f d.'ff ¢ _effect, while the increase ahy; should strengthen this cou-

: ght Into The Intiuence ot ditierent concen ling effect. Hence the appearance of the maximum in the
tration x of Al on the strength of the coupling between the KE _x curve is reasonable. The monotonic decrease of
longitudinal motion and the transverse motion of the elec- E2 iaht be attributed t th. fact that the effect of the lift
tron, the relative shifts of the resonant peak position for theAf d mig E at rioute tho tﬁ a(ih a de € ecl ? | g T
case ofky,=0.04 A™* comparing with that 0Ky =0 in the gateg ItShren ch:gU Sii:lon(gef?‘;ct ?cr)]r tk?eolov(\?tre,r—al1 nin Ccr’trens%r?ai%/ stg{zl_
double-barrier heterostructure are shown in Fig. 3 as a func- In conclusign %ur studies have shov)\//n %hat counling b .
tion of the concentratiox of Al. AE; and AE, represent, ' . -oupling be
respectively, the magnitudes of the relative shift of resonan?’\'eeﬁl (I:omdponents gf thle n:ot!{(r)]n (.)ftth? electron in %lr?ctlt(_)n”s
pelc posion o h st and second resonan peaks n VI PPereisar o e ieaces con sunmanialy
transmission probability spectrum. The solid and dashe eterostructures. In a%ticular for higher-lying resonant
lines are for theA £, —x andAE, = x curves, respectively. It states this cou I.in efr;ect becémes mogre imy orgtant for ob-
can be seen thalE; decreases monotonically with the in- taining th P tgt] i ¢ P
crease of the concentrationof Al. However, there exists a aining the correct tunneling spectrum.
maximum in theAE,—x curve (dashed ling at x=0.37. The authors wish to thank the reviewers for their valuable
Equationg19) and(20) show that the increase &fresults in  suggestions and recommendations for revising our manu-

both a lift of Uy and an increase ofiy . From Eq.(7) it can  script. This study was supported by the National Natural Sci-
be found that the lift olJ, leads to an increase of the effec- ence Foundation of China.
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