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Interface optical phonon-assisted tunneling in double-barrier structures
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The phonon-assisted tunneling current in an asymmetric double-barrier structure is studied theoretically by
considering the electron-interface optical-phonon interaction. The numerical results are obtained for the typical
Al,Ga _,As/GaAs/A|,Ga, _,As structures and a new theoretical understanding about the experimental peaks
of phonon-assisted tunneling current is proposed. It is found that only one phonon-assisted tunneling peak
appears near the frequency of the well-longitudinal optical-phonon modes for the wider well case, and the
contribution from the interface optical-phonon-assisted tunneling on the peak is dominant. The theory can
explain the previous experimental results rationally.
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[. INTRODUCTION The LO-PAT in symmetric DBS'’s has been widely inves-
tigated theoretically>~” Some authorS~*"reported the the-

The resonant tunnelin@RT) in a double barrier structure oretical works on the 10-PAT in symmetric DBS'’s Turley
(DBS)*? is interesting to both scientific and technological and Testsworth considered the so-called “inner” symmetric
researches. Several experiments at low temperature showatbdes of IO phonoris as the most important 10 modes in
the additional satellite peaks in the current-voltage curve athe PAT, which have the energies of bulk AIAs LO phonons
an applied voltage locating just above the typical resonanin the long-wavelength limit. They asserted that the inner
peak. These peaks were attributed to the emission of longsymmetric |0 modes contribute to the second peak in the
tudinal optical (LO) phonons by tunneling electrods>  experiments. In view of above-mentioned analysis, the two
Leadbeateet al. investigated the current-voltage character-PAT peaks are attributed, respectively, to the confined GaAs
istics of a series of GaAs/iGa, _,As double-barrier struc- LO phonons in the well and the 10 phonons with AlAs LO
tures in the presence of a magnetic-field perpendicular to thisequency even for the wider quantum-well cases. Moreover,
barriers® The emission processes involving both the AlAs-a stronger current peak assisted by the 10-phonon modes of
and GaAs-like LO-phonon modes are observed for the narAlAs LO frequency than that by the GaAs LO-phonon
rower well casegthe well widths: 5 and 5.8 nm, but only modes is obtained. Unfortunately, the theoretical results
one process emitting the GaAs-like phonons can be observaznnot match entirely the experimental observations. As
for a wider well(11.7 nm. Boebingeret al* have observed mentioned above, the second peak in the experiments is
the 2D magnetopolarons in a relatively narrow quantum welfound much weaker than the first peak and the PAT currents
of 10 nm. It was also found that the second resonanare sensitive to the well width of the DBS. Only one PAT
tunneling-current peak assisted by Al&marriey LO-phonon  peak can be easily observed when the well is wider, but the
emission in the higher magnetic fields is much weaker tharsecond peak appears as the well width becomes narfdwer.
the first one. A possible explanation for the above phenomdudging from this a theoretical rerecognition for the experi-
ena is that the wave function of the quasibound state of eleanental peaks of PAT currents is need.
trons in the narrow GaAs quantum well penetrates easily into Furthermore, the experimental investigations indicate that
the ALGa,_,As barrier, so that tunneling electrons in nar- the asymmetric DBSADBS) may vary the charge accumu-
rower wells couple more effectively to the barrier-phononlation in the well so that the current-voltage characteristics
modes. Even though there is not an absolute criterion focan be modified and the resonant current peaks are
“wide” or “narrow” wells, the peak assisted by barrier enhanced®=?° However, few theoretical results about the
phonons is, in a word, weaker and more difficult to be ob-lIO-phonon contributions to the PAT in an ADBS have been
served than the well-phonon one, even in narrower wells. reported, to our knowledge. Therefore, theoretical investiga-

It is recognized that the interaction between the electronions in detail for the 10-phonon effects on the RT in an
and optical phonons in heterostructures is affected stronghADBS are invoked.
by the presence of interfaces, which give rise to the appear- In this paper, we calculate the phonon emission rate and
ance of the so-called interface-opti¢d®) phonon modes the PAT current in an ADBS, by including all the branches of
localized in the vicinities of the interfaces. Many theoreticallO-phonon modes besides the LO phonons. We first derive
and experimental physicists have studied the electronthe expressions for the phonon modes andetipe coupling
phonon €-p) interaction in layered materials and showed functions within the framework of the dielectric continuum
the importance of I0-modes for the physical properties ofmodel in Sec. Il. The phonon-emission rate and the PAT
heterostructure®:*? Therefore at least two different types of current for both LO- and 10-phonon modes in an ADBS are
phonon modes, the confined LO modes and IO modes;alculated in Sec. Ill. The numerical computations have been
should be taken into account in consideration of the phononperformed for several ADBS systems and the results are il-
assisted tunnelingPAT) in DBS systems. lustrated and discussed in Sec. IV. The properties of the pho-
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non modes and the-p coupling for all the eight branches of Fof 4+ gog.e 29%=0, (4)
IO modes are analyzed. By comparing taep coupling

strengths with phonon-emission rates, the most importanhere

branch of 10 modes is determined different from the previ-
ous theoretical work&'® The PAT currents including the
contributions of total eight branches of IO modes are numeri-
cally obtained for different ADBS systems. Different from
the previous point&?~? our results show that the 10
phonons with the energy of the bulk GaAs LO phonons,
instead of that with the bulk AlAs LO phonons, are most (e _ —2qd4
important in the electron-l0-phonore<|O-p) couplings. A 04=(e4—¢&3)(e5te4) T (g4t e3)(e5—€4)€ )
new understanding for the experimental restflis proposed  Inserting Eq.(2) into Eq.(4), one can obtain an eighth-order
based on the theoretical calculations. Theoretical results irequation forw. There are, in principle, eight branches of
dicate that the PAT peaks from both 10 phonons and confrequencies denoted as,(q) (v=1,2,3,4,5,6,7,8) as func-
fined well LO phonons occur at the same frequency of thdions of wave vecton. The eigensolution of the 10-phonon
bulk GaAs LO-phonons and merge to be single one. Th¢potential in the DBS can be written as

IO-phonon contributions are more significant than that from

ro=(eo+er)(eater)+(ey—e1)(e3—e,)e 2%,

92=(s2+&1)(e3—82) + (82— £1) (3t 85)e 2%,

ra=(s4t3)(85+84)+ (84— 83) (85— £4)€ 9%,

the LO phonons confined in the well and barriers. Only one b,e, z<—d,—dy/2
PAT peak(c_orresponding_ to the GaAs LO-like phonon en- ae” 9%+ b,e%%  —d,—dsl2sz<—dj/2
ergy) is easily observed in the wider well ADBS. fq2)=Cl aze +e®, —dy2<z<dy/2
Il. ELECTRON-PHONON INTERACTION HAMILTONIAN ase "+ bee?,  dyf2<z<d,+dy/2
—qz
Consider a DBS composed of five layers of polar crystals ase 2=dy+dof2, ©6)
labeled by 1, 2, 3, 4, and 5 and located in regionz«(
—d,—ds/2), Il (—d,—ds/2sz<—d3/2), I (—dg/2<z  whereC is the normalization constant and satisfies
<ds/2), IV (ds/2<z<d,+d3/2), and V =d,+d5/2), re- 5 i
spectively. Within the framework of the dielectric-continuum c— E 7
model, electrostatic potentiab(r) satisfies the following = 7 ' )
equation:
with
sj(w)qu)(r)=O, (1)
b
where nl=ﬁexr[—2q(d2+d3/2)],
ol 2 inhqd
Sj(w)_SijZ_w_er ’ ( ) 7Zzzw(ageq(dZera)_i_bgefq(d2+d3))_|_2a2b2d2,
gj(w) and (e.;) are the frequency-dependent and high-
frequency dielectric constants, respectively; andwy; are, sinhqd;
respectively, the LO and transverse optiCED) phonon fre- n3= q (a3+1)+2asds, (8a)
guencies in layer |.” The electrostatic boundary condition
requires that botlb (r) and thez component of the electric sinhqd,
displacement D,= —¢;(w)(d®/dz) remain continuous 4= (ade 9(%¥da) + h2ea(dstda)y + 2a,h,d,,
across the interfaces.
In consideration of the translation invariance in the 22
1 i 5
plane, we expand. the electrostatic potential due to the 7s=—exy — 2q(d,+da/2)].
phonons as follows: 2

1 The coefficients in Eq96) and(8a) are given by
— _ iq-p
(=2 SEANQ 27, (3 28,

_ 92 _
aZZE(SZ_Sl)e 2q(d2+d3/2), az=—e qd3’

where S is the area of the interfaceq, and p are, respec- r2
tively, the two-dimensional wave vector and position vector 1
in the x-y plane. as==———[(e4+£3)gre 994 (g,— qds
. . . . 4 ate3)0ze (84— &3)r€7%],
Solving Eq. (1) with the boundary condition gives two 28475

kinds of polarization modes. The confined LO modes have

been given in the previous pap&rs and their detailed _

forms are neglected here. 5 (egteqlrs
The dispersion relation of 10 phonons is then obtained as (8b)

—qd d
[(e4+e3)g28 996+ (84— £3)r,e9%],
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48283 283
1= D= (exte1),
2 2
1 —2qd
b4:2 [(e4—e3)02€ 3+ (g4t e3)02].
s4l’2

Finally, we can write the electron-phonoge-6) interac-
tion Hamiltonian as

He—p:He—LO+He—IO- 9

whereH o andH. o describe thee-LO-p ande-10-p in-
teractions, respectively. The10-p interaction Hamiltonian
can be written as

Heio= 2, iﬁ (q)f (q,2)€'%Pa,,+H.c., (10
e- o \/§ v v qv
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where p and k;, are, respectively, the position and wave
vector projected onto the interface plame= (k;,k,) is the
total wave vector. Here the effective-mass approximation has
been used and the effect of kinetic-energy confinement is
neglected¢(z) will be determined numerically by solving a
1D Schralinger equation in the directiorf!

1

m*(z)

de
3.t U(2)¢(2)=E,¢(2),

2 dz (14)

where m* (z) denotes the position-dependent electron-band
mass andJ(z) the potential. Then the electron enelgygan

be written as the sum of the parallel and transverse compo-
nents,

#2K?
E=— +E,.

o (15)

ation operators for the phonons, and the coupling functiofyVith the emission of optical phonons. The phonon emission

B.,(q) is given by

e’f;

Bv(q):<_

P (12)

1/2 5 —1/2
2
(C El I]V) ’
i=

with

de
—_h2 1
IlV_bl( P

(a2e9(d2*d3) 4 p2g=d(dz+d3)y

. des
l,,=2sinhqd,) ™

. (983 2
I3,=2 sinh(qds) P (az+1),

) &84
l4,=2 smf(qd@(m (e~ 9ds+da)  h2ed(dstda)y

14

(12
2 (?85
ls,=ag s exf —2q(ds+ds/2)],
9] oj—of
and - =28ij,,ﬁ, j=1,2,3,4,5.
Jw ) Ly OT

IIl. PHONON-ASSISTED TUNNELING CURRENT

rates in the system can be obtained by the usual Fermi
golden rules

i 2 1
W (k)=7|<f|He-ph|'>| O(Ei—E;—fiw(q)), (16)

whereE; andE; denote the energies of the initial and final
electronic states. The initial and final states are, respectively,
the single-electronic states without phonons and with an
emitted phonon, which can be given by

[iy=14)|0g),
1) =1v0)1q),

where|0,) and|l,) are, respectively, the states of zero pho-
non and one phonon with wave vectprThe emitted phonon
energiesh w(q) are, respectively, chosen @sv, o for the
confined LO phonons andw,o(q) for the 10 phonons in the
calculations.

Substituting Eqs(13) and (17) andH¢ o into Eqg. (16),
the emission rate is given by

(17)

W1k k )=2—Wﬂ2<q)IM<q)|26
10 f Sh Kn—K¢—a

X S(Ei~Et—hw(q)), (18)
whereM(q) is the overlap integral,
- et@tana@dz a9

We consider a PAT process in which an electron with
energyE is incident into an ADBS system under an applied
voltage. The potential influencing the electron varies only in>* o )
the 7 direction. The wave function associated with the bare!@in the total emission rate frof) to |f),

electron can be written as

Summing the emission rat€l8) over all allowable final
states(in fact over the phonon wave vectqy, one can ob-

W(k,V)=2> W~(k,qg), (20)
q

1
‘lf(f)=TSe""k‘qo(Z), 13

which is a function of wave vectde and applied voltag¥'.
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TABLE |. Parameters used in the numerical calculation. Energy is in units of meV and mass is in units of

the bare electron mass.

Quantities GaAs AlGa, _,As
m 0.067 0.067 0.08%
fioo 36.25 36.25-1.8%+17.1X%*—5.11x3
fhoto 33.29 33.29-10.7+ 0.03?+ 0.086¢
g0 13.18 13.18-3.1X
s 10.89 10.89-2.7%

The condition of energy conservatiof,—E;—7%w(q)
=0 in this process can be rewritten as

, o, 2m*
ki — ki — F[ﬁw(Q)_AEz]:Oa (21
where AE,=E,;—E,¢ is the energy loss in the direction.
Inserting the conservation of momentlp— ks —q=0 into
Eqg. (21), we have

*

2
q2— 2k q cosf+ —7 [ho(q)—AE,]=0. (22

electron and the emitted phonon in they plane. Transform-

ing the summation in Eq.20) into an integral, the phonon

emission rate can be written as

m* Omax
W(k,V)= WZ fo de

B(a)|M (a2

m* [Jdw(Qq)
‘q|—kn cosf+ _<W

. (23

fi

q=q,

where 6,2 IS the maximum scattering angle. Moreover the

voltage dependence of the emission rate dud €q,) andq,
must satisfy Eq(22).

In the long-wavelength limitzw(q)=#%w=const and
dw(q)/9q=0. For hw—h?ki12m*<AE,<hw, Eq. (23
can be simply written as

2m* Omax
W(k,V): Wfo de

X,BZ(ql)|M(ql)|2q1+,82(q2)|M(q2)|2q2

’

a1~ qal
(24
where
2 *
01.2=k; COSO= \/(kti cosh)?— —7 (ho—AE,),
(25
m*
Omax=COS 1 2 (ho—AE,). (26)

For AE,zfhw,

B%(a1)[M(aq)[?a,

la;— g @0

W(k,V)= 2m’ jwde
( ) )_ 7Tﬁ3 0
The total excess current density due to 10-phonon-
assisted tunneling can be calculated by

e 8
J(V)=§V§_)l fW(k,V)g(k)f(k)dk, (29
where f(k) and g(k)=2SL/(2)° are, respectively, the
Fermi function and the electron state density of the emitter.
SLis the emitter effective volume. We focus our discussion
on the low-temperature case and then the phonon-absorption
effects can be neglected in E@8). It is also assumed that
the tunneling current is small enough so that the electron
state occupation and the phonon population are in equilib-
rium states. Thus, the current density can be calculated by

3 8 ra = \W(E,V)f(E)
D e

(29

where f(E)Zm
HereEr is the Fermi energyl is the temperature, arlg; is
the Boltzmann constant.

An analogous formula can be also derived for the con-
fined LO-PAT currents in the well and the barriers and is
simpler than that for the 10 PAT. For the sake of simplifica-
tion, we do not list them here.

IV. NUMERICAL RESULTS AND DISCUSSION

By using the analytical expressions for the optical phonon
modes, thee-p interaction Hamiltonian, phonon-emission
rate, and the phonon-assisted current given above, we have
performed the numerical calculations for a typical ADBS
GaAs/Al 3:Ga gsAS/GaAs/AL Ga, AS/GaAs system with
corresponding widths of—</20 A/50 A/25 Ake. The
potential-barrier height of the ABa, _,As is determined by
V(x)=75 (meV) for x=<0.45 and V(x)=750+690(x
—0.45§ (meV) for 0.45<x=<1.2! An external electric volt-
age is applied in the direction. The parameters used in the
computation are listed in Tablg(Ref. 22 and the results are
illustrated in Figs. 1-8.
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B(meV.A)

Phonon energy(meV)

10 T T L T
0 1 2 3 4 5
qd,
FIG. 1. 10-phonon energigsw, as functions of wave vectar. FIG. 3. The coupling coefficieng(q) as a function of wave
Curves are labeled from lower to higher energies. vectorq on a logarithmic scale. Curves labeled from 1 to 8 corre-

spond to Fig. 1.

Figure 1 gives the dispersion relations of the 10-phonon . v in the viciniti he i — —dod/
modes as functions afds. It is clearly seen that there are Talnyg\n the Vf'n't'es Of_t € Anterfa.\ces at=—d;—ds 2.
eight branches of frequency solutions for the IO—phonon___45 and z=d,+ds/2=50A. It is nearly symmetric
modes (labeled from lower to higher frequencjesAs with re_spect to the cgnte_r of the ADBS and has quite a good
pointed out in a previous papét.every interface between Pehavior of propagation in the system. . .
two different media gives rise to two branches of I0-phonon _ Figure 3 shows the-10-p interaction coupling functions
modes. It can be found from Fig. 1 that the eight frequency3(0) as functions ofjds. Itis easily seen that the values of
branches can be divided into two groups. The phonon enef3(d) for branches 3-8 are much larger than that for
gies of the four branches with lower frequencies distribute ifPranches 1,2 wheq—0. It should be pointed out th#(q)
the range from 33.29 to 36.25 meV@t-0, corresponding, for.branch 3 is largest in th.e long-wavelength limit. Mean-
respectively, to the bulk TO and LO frequencies in GaAs andVNile, A(q) for branch 1 with the bulk GaAs TO-phonon
hereafter we name them GaAs-like branches for conve€n€rgy(33.3 meVi is smallest in the eight branches of the 10
nience. The other four branches locating in the range bgnodes. In the limit oj—<<, the eight branches of coupling
tween 37 and 39.39 meV ag—0 can be named as functlons_ tend to the same order of magnltud_e.

Al,Ga, _,As-like branches. It is easily understood that all the AS pointed out above, the easy propagation property of
I0-phonon modes interact with the electron, although theiranch 3 gives rise to a small peak-to-valley ratio of its mode
coupling strengths are obviously different. amplitudes in the entire structure. In other words, this mode

The phonon potentiali(q,z) of the eight branches of the easily couplgs with t_he electrons._ Thus th_e correspon_ding
IO modes are plotted as functionsaifvith qds=1 in Fig. 2. e-10-p coupling functionB(q) for this mode is strongest in
It is shown that the phonon potentials reach their peaks at thifte ADBS. It can be seen from_Ec{iB), (19), and(?g) that
interfaces, and are mainly localized in the vicinity of the l2rger thef(q,z) and(q), the bigger the contribution to the
interfaces, respectively. It is noteworthy that branch 3 of the®AT current from thee-p interaction. _

10 phonon modesthe solid line in Fig. 2 with the bulk In Fig. 4, the phonon-emission rates of the eight branches

GaAs LO-phonon energ{86.25 meV at q—0 is localized

1o —————
1013_E
1012_E
1011_5
1010_E
10°
10°
107-§

A /4 -
e
v/ 10® +-—m———r——r——r——r—

0151 : 20 25 30 35 40 45 50

-100 -50 0 50 100 AE,(meV)

W(l/s)

FIG. 4. The 10-phonon emission rate as a function of energy-
FIG. 2. 10-phonon potentials as functions pfwith qd;=1. level separatiol E, and the fixed applied voltagé=200 mV on a
Curves labeled from 1 to 8 correspond to Fig. 1. logarithmic scale. Curves labeled from 1 to 8 correspond to Fig. 1.
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FIG. 5. The PAT current as a function of the applied voltage

with Femi energyEg= 20 meV and temperaturé=4 K. FIG. 6. The RT current as a function of applied voltagen a
logarithmic scale with Femi energgr=20 meV and temperature

of 10-modes are plotted as functions AE, for the fixed T=4K: 1 denotes the RT current main peak and 2 denotes the PAT
applied voltagevV =200 mV. In the calculations wave func- current peak.
tions ¢;(z) and ¢;(z) are numerically determined by a stan-
dard transfer-matrix method.They have been normalized in branch of 10-phonon modes, i.e., branch 3, has been chosen
the whole region of the ADBS including the emitter and as the LO frequency of GaAs, 36.25 meV. In fact, the fre-
collector. Here we have takep;, to be a plane wave in the quencies of IO-phonon modes depend on their wave vectors.
emitter region, andp; the quasibound resonant wave func- The phonon energy of branch 3 decreases and becomes
tion with energyE,;. As was seen in Fig. 3, the contribu- lower than that of LO phonons by increasing the wave vector
tions of thee-10-p coupling in the vicinity ofq=0 are  (Fig. 1). The emitted IO phonons af# 0 have the energies
dominant for all the eight branches of IO modes. Hence thesmaller than 36.25 meV so that the peak of the phonon emis-
frequencies of the emitted 10 phonons are chosen as th&on rate would be lowered if one takes the 10-phonon fre-
corresponding values at the long-wavelength lintjt{0)  quency dispersion into account. The corrected theoretical
for the sake of calculating easily. It is seen in Fig. 4 that thepeak of the PAT current should reasonably appear at the en-
peaks of the eight emission-rate curves occur at differengrgy lower than the LO-phonon energy of GaAs. To sum up,
AE,(=%w,) and have the differences of magnitude for thewe recognize that the single-PAT peak is attributed to both
different branches of 10 phonons. The branch 3 gives théO and LO phonons in the well.
largest contribution to the 10-phonon emission rate and is Figure 6 shows the contribution of the main RT and the
then dominant in the 10-phonon-assisted tunneling proPAT (including both confined LO and 10 phongnt® the
cesses. This result can be understood from two respectsurrent density as functions of the applied voltagéor the
Firstly, thee-10-p interaction from branch 3 is strongest in ADBS same as above. In the calculations we have used the
the eight branches of 10 modes. Secondly, the phonon poteffsu-Esaki current formul, and choserEg=20 meV (cor-
tial f(q,z) of branch 3 is higher in théwide) well and al-  responding to a doping of roughly210'” cm™2 in the emit-
most symmetric for the ADBS system and the resonant eleder layey and T=4 K. The peaks for the RT and PAT cur-
tronic state wave function(z) is approximately localized in  rents, respectively, occur approximately at 140 and 220 mV.
the GaAs well, so that the corresponding matrix elemenirhe calculated relative intensity of the PAT current peak here
M(q) in Eqg. (19) is also larger. is given as 5.2%. The corresponding experimental result

Figure 5 illustrates the tunneling current densities assistediven by Goldman, Tsui, and Gunningh&his around 4%
by the confined LO and total IO phonons as functions of thgfor a symmetric system. It may be seen that our theoretical
applied voltage at temperature 4 K. As expected, the |0-PATesults are in agreement with the experimental data.
current peak occurs at the voltage corresponding to the fre- Figure 7 illustrates the PAT current curves for the ADBS’s
quency of branch 3 ay—0, i.e., the GaAs LO frequency, with different Al compositiony of the collector barriers,
since the contribution from the other seven branches of IQvhich can adjust the heights of collector barriers. The struc-
modes is stifledsee Fig. 4 It is interesting that the peaks of ture of the system in the calculation is chosen as
the confined LO- and I0-phonon-assisted currents occur alg3:Ga& esAS/GaAs/A|Ga — As with widths of 20 A/50
the same applied voltage near the vicinity of 220 mV. A/20 A. It can be seen that the asymmetry of the structures

Only one PAT current peak at the phonon energy aroundnay modulate the PAT current, by regulating the heights and
35 meV, which is slightly lower than the LO-phonon energythe widths of the barriers of the asymmetric structures. The
of GaAs well, has been obsenédfor the wider quantum- PAT peak becomes higher and easy to be observed as the
well system. This deviation from LO-phonon energy can becollector barrier is heightened due to quantum-coherence ef-
understood by our theoretical results. In the calculation ofect. This makes the asymmetric structures more often ap-
the 10-PAT current, the phonon frequencies, in general, arplied in practical devices. It is seen that our model can be
chosen as the dispersionless frequencies at the longasily extended to the symmetric DBS case.
wavelength limit —0). The 10 frequency of the dominant It was experimentally verified that the well width of the
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FIG. 7. PAT-current peaks versus the potential height of collec-  FIG. 8. The total I0-PAT currer(solid line), the LQ,-PAT cur-
tor barrier for the A} 3:Ga gzAS/GaAs/A|Ga,_,As structure with  rent (dash-dot ling and the LQyPAT current(dash ling as func-
the widths of 20 A/50 A/20 A. tions of well widthd for the Aly Ga, As/GaAs/Al, Ga, 6AS Struc-

ture with two barrier widthsl,=50 A andd,=50A.

DBS is an important factor for the PAT current peaks. Only
one PAT peak has been easily observed when the well iplain the above-mentioned experimental phenoniéna.
wider, but the second peak appears as the well becomes In summary, we have generally calculated @ inter-
narrower™* To investigate theoretically the dependence ofactions in an arbitrary DBS based on the macroscopic dielec-
the 10- and confined LO-PAT currents on the well width, wetric continuum model. The phonon-emission rates and
have calculated the PAT currents contributed by the 10 phophonon-assisted currents have been investigated in detail for
non, the confined L) phonon(in well), and the confined the DBS to verify the effects of the different phonon modes.
LOg, phonon(in emitter barrie), respectively, as functions of The numerical computation is performed for the
the well widthd;. In our computation the structures have GaAs/Al 3:Ga, gsAS/GaAs/Al Ga AS/GaAs system  with
been chosen as the symmetric DBS the thickness—/20 A/50 A/25 Ake. It is found that only
Aly Ga As/GaAs/AL Gay As with two barrier widthsd,  one PAT peak can be observed for the wider-well case, which
=d,=50A. The results for the 10-, L@, and LQ;PAT is contributed from the 10 phonons with the LO-phonon en-
peaks are illustrated in Fig. 8. It can be seen that the pealergy of the GaAs well and the confined LO phonons in the
corresponding to the total 10 phonon and two branches ofvell. It also can be seen that the 10 PAT is much more
LO phonons(LO,, and LQ,,) increase as the well-width nar- important than the confined LO phonon. The dependence of
rowing. The 10-PAT peak is much more important than con-the PAT currents on the potential height of collector barrier
fined LQ,- and LQ,;PAT peaks and the LR PAT peak is and well widths is discussed. It follows that the second PAT
much higher than the LQ-PAT peak when the well is wider. peak appears when the well is very narrow. Our recognition
As a result, the LQ;PAT current is covered up by the of the PAT-current peaks is different from the previous theo-
LO,,-PAT current and only the first peak corresponding toretical explanation's*®and agrees with the experimental re-
the emission of confined Lphonons in the well and 10 sults. It is to be pointed out that the more complicated
phonons(both with the energy of bulk GaAs LO-phonjon electron-electron interaction is ignored in our discussion to
can easily be observed for the wider-well systems. It is alsgocus the attention on the PAT processes. This effect will be
noticed that the LQ-PAT peak grows in comparison with discussed in the further work.
the 10-PAT peak when the well width becomes wider. With
reducing the well width, the LE-PAT peak rapidly increases
and finally becomes much higher than the |-BAT peaks so
that the second peak corresponding to the emission of con- The work was supported by the National Natural Science
fined LQO,, phonons in the barrier can be observed. The infoundation of Chind&Project No. 19764001and the Natural
tersection between the LEPAT and LQ,-PAT peaks occurs Science Foundation and the 321 project of the Inner Mongo-
atds~25A, which is approximately one-half of the barrier lia Autonomous Region of China and the China Scholarship
width. It is also seen from our results that the second peak i€ouncil.
much weaker than the first. Different from the previous
referenced>® our theoretical results can qualitatively ex-
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