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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 xGa12xAs/GaAs/AlyGa12yAs 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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I. INTRODUCTION

The resonant tunneling~RT! in a double barrier structure
~DBS!1,2 is interesting to both scientific and technologic
researches. Several experiments at low temperature sho
the additional satellite peaks in the current-voltage curve
an applied voltage locating just above the typical reson
peak. These peaks were attributed to the emission of lo
tudinal optical ~LO! phonons by tunneling electrons.3–5

Leadbeateret al. investigated the current-voltage charact
istics of a series of GaAs/AlxGa12xAs double-barrier struc-
tures in the presence of a magnetic-field perpendicular to
barriers.3 The emission processes involving both the AlA
and GaAs-like LO-phonon modes are observed for the n
rower well cases~the well widths: 5 and 5.8 nm, but onl
one process emitting the GaAs-like phonons can be obse
for a wider well ~11.7 nm!. Boebingeret al.4 have observed
the 2D magnetopolarons in a relatively narrow quantum w
of 10 nm. It was also found that the second reson
tunneling-current peak assisted by AlAs~barrier! LO-phonon
emission in the higher magnetic fields is much weaker t
the first one. A possible explanation for the above pheno
ena is that the wave function of the quasibound state of e
trons in the narrow GaAs quantum well penetrates easily
the AlxGa12xAs barrier, so that tunneling electrons in na
rower wells couple more effectively to the barrier-phon
modes. Even though there is not an absolute criterion
‘‘wide’’ or ‘‘narrow’’ wells, the peak assisted by barrie
phonons is, in a word, weaker and more difficult to be o
served than the well-phonon one, even in narrower wells

It is recognized that the interaction between the electr
and optical phonons in heterostructures is affected stron
by the presence of interfaces, which give rise to the app
ance of the so-called interface-optical-~IO! phonon modes
localized in the vicinities of the interfaces. Many theoretic
and experimental physicists have studied the electr
phonon (e-p) interaction in layered materials and show
the importance of IO-modes for the physical properties
heterostructures.6–12 Therefore at least two different types o
phonon modes, the confined LO modes and IO mod
should be taken into account in consideration of the phon
assisted tunneling~PAT! in DBS systems.
0163-1829/2001/64~12!/125321~8!/$20.00 64 1253
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The LO-PAT in symmetric DBS’s has been widely inve
tigated theoretically.13–17Some authors15–17reported the the-
oretical works on the IO-PAT in symmetric DBS’s Turle
and Testsworth considered the so-called ‘‘inner’’ symmet
modes of IO phonons15 as the most important IO modes i
the PAT, which have the energies of bulk AlAs LO phono
in the long-wavelength limit. They asserted that the inn
symmetric IO modes contribute to the second peak in
experiments. In view of above-mentioned analysis, the t
PAT peaks are attributed, respectively, to the confined G
LO phonons in the well and the IO phonons with AlAs L
frequency even for the wider quantum-well cases. Moreo
a stronger current peak assisted by the IO-phonon mode
AlAs LO frequency than that by the GaAs LO-phono
modes is obtained. Unfortunately, the theoretical res
cannot match entirely the experimental observations.
mentioned above, the second peak in the experiment
found much weaker than the first peak and the PAT curre
are sensitive to the well width of the DBS. Only one PA
peak can be easily observed when the well is wider, but
second peak appears as the well width becomes narrow3,4

Judging from this a theoretical rerecognition for the expe
mental peaks of PAT currents is need.

Furthermore, the experimental investigations indicate t
the asymmetric DBS~ADBS! may vary the charge accumu
lation in the well so that the current-voltage characterist
can be modified and the resonant current peaks
enhanced.18–20 However, few theoretical results about th
IO-phonon contributions to the PAT in an ADBS have be
reported, to our knowledge. Therefore, theoretical investi
tions in detail for the IO-phonon effects on the RT in a
ADBS are invoked.

In this paper, we calculate the phonon emission rate
the PAT current in an ADBS, by including all the branches
IO-phonon modes besides the LO phonons. We first de
the expressions for the phonon modes and thee-p coupling
functions within the framework of the dielectric continuu
model in Sec. II. The phonon-emission rate and the P
current for both LO- and IO-phonon modes in an ADBS a
calculated in Sec. III. The numerical computations have b
performed for several ADBS systems and the results are
lustrated and discussed in Sec. IV. The properties of the p
©2001 The American Physical Society21-1
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non modes and thee-p coupling for all the eight branches o
IO modes are analyzed. By comparing thee-p coupling
strengths with phonon-emission rates, the most impor
branch of IO modes is determined different from the pre
ous theoretical works.15,16 The PAT currents including the
contributions of total eight branches of IO modes are num
cally obtained for different ADBS systems. Different fro
the previous points,10–12 our results show that the IO
phonons with the energy of the bulk GaAs LO phono
instead of that with the bulk AlAs LO phonons, are mo
important in the electron-IO-phonon (e-IO-p) couplings. A
new understanding for the experimental results3,4 is proposed
based on the theoretical calculations. Theoretical results
dicate that the PAT peaks from both IO phonons and c
fined well LO phonons occur at the same frequency of
bulk GaAs LO-phonons and merge to be single one. T
IO-phonon contributions are more significant than that fr
the LO phonons confined in the well and barriers. Only o
PAT peak~corresponding to the GaAs LO-like phonon e
ergy! is easily observed in the wider well ADBS.

II. ELECTRON-PHONON INTERACTION HAMILTONIAN

Consider a DBS composed of five layers of polar cryst
labeled by 1, 2, 3, 4, and 5 and located in region I (z,
2d22d3/2), II (2d22d3/2<z,2d3/2), III ( 2d3/2<z
,d3/2), IV (d3/2<z,d41d3/2), and V (z>d41d3/2), re-
spectively. Within the framework of the dielectric-continuu
model, electrostatic potentialF(r ) satisfies the following
equation:

« j~v!¹2F~r !50, ~1!

where

« j~v!5«` j

v22vL j
2

v22vT j
2 , ~2!

« j (v) and («` j ) are the frequency-dependent and hig
frequency dielectric constants, respectively.vL j andvT j are,
respectively, the LO and transverse optical~TO! phonon fre-
quencies in layer ‘‘j.’’ The electrostatic boundary conditio
requires that bothF(r ) and thez component of the electric
displacement Dz52« j (v)(]F/]z) remain continuous
across the interfaces.

In consideration of the translation invariance in thex-y
plane, we expand the electrostatic potential due to
phonons as follows:

F~r !5(
q

1

AS
j~q! f ~q,z!eiq•r, ~3!

whereS is the area of the interfaces,q and r are, respec-
tively, the two-dimensional wave vector and position vec
in the x-y plane.

Solving Eq. ~1! with the boundary condition gives tw
kinds of polarization modes. The confined LO modes ha
been given in the previous papers9–11 and their detailed
forms are neglected here.

The dispersion relation of IO phonons is then obtained
12532
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r 2r 41g2g4e22qd350, ~4!

where

r 25~«21«1!~«31«2!1~«22«1!~«32«2!e22qd2,

g25~«21«1!~«32«2!1~«22«1!~«31«2!e22qd2,

r 45~«41«3!~«51«4!1~«42«3!~«52«4!e22qd4,

g45~«42«3!~«51«4!1~«41«3!~«52«4!e22qd4. ~5!

Inserting Eq.~2! into Eq. ~4!, one can obtain an eighth-orde
equation forv. There are, in principle, eight branches
frequencies denoted asvn(q) (n51,2,3,4,5,6,7,8) as func
tions of wave vectorq. The eigensolution of the IO-phono
potential in the DBS can be written as

f ~q,z!5C5
b1eqz, z,2dz2d3/2

a2e2qz1b2eqz, 2d22d3/2<z,2d3/2

a3e2qz1eqz, 2d3/2<z,d3/2

a4e2qz1b4eqz, d3/2<z,d41d3/2

a5e2qz, z>d41d3/2,
~6!

whereC is the normalization constant and satisfies

C5S (
j 51

5

h j D 21/2

, ~7!

with

h15
b1

2

2q
exp@22q~d21d3/2!#,

h25
sinhqd2

q
~a2

2eq~d21d3!1b2
2e2q~d21d3!!12a2b2d2 ,

h35
sinhqd3

q
~a3

211!12a3d3 , ~8a!

h45
sinhqd4

q
~a4

2e2q~d31d4!1b4
2eq~d31d4!!12a4b4d4 ,

h55
a5

2

2q
exp@22q~d41d3/2!#.

The coefficients in Eqs.~6! and ~8a! are given by

a25
2«3

r 2
~«22«1!e22q~d21d3/2!, a35

g2

r 2
e2qd3,

a45
1

2«4r 2
@~«41«3!g2e2qd31~«42«3!r 2eqd3#,

a55
1

~«51«4!r 2
@~«41«3!g2e2qd31~«42«3!r 2eqd3#,

~8b!
1-2
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b15
4«2«3

r 2
, b25

2«3

r 2
~«21«1!,

b45
1

2«4r 2
@~«42«3!g2e22qd31~«41«3!r 2#.

Finally, we can write the electron-phonon (e-p) interac-
tion Hamiltonian as

He-p5He-LO1He-IO , ~9!

whereHe-LO andHe-IO describe thee-LO-p ande-IO-p in-
teractions, respectively. Thee-IO-p interaction Hamiltonian
can be written as

He-IO5(
qn

1

AS
bn~q! f n~q,z!eiq•raqn1H.c., ~10!

whereaq andaq
1 are, respectively, the annihilation and cr

ation operators for the phonons, and the coupling funct
bn(q) is given by

bn~q!5S e2\

«0qD 1/2S C2(
j 51

5

I j nD 21/2

, ~11!

with

I 1n5b1
2S ]«1

]v D
n

exp@22q~d21d3/2!#,

I 2n52 sinh~qd2!S ]«2

]v D
n

~a2
2eq~d21d3!1b2

2e2q~d21d3!!,

I 3n52 sinh~qd3!S ]«3

]v D ~a3
211!,

I 4n52 sinh~qd4!S ]«4

]v D
n

~a4
2e2q~d31d4!1b4

2eq~d31d4!!,

~12!

I 5n5a5
2S ]«5

]v D
n

exp@22q~d41d3/2!#,

and S ]« j

]v D
n

52«` jvn

v l j
2 2vT j

2

vn
22vT j

2 , j 51,2,3,4,5.

III. PHONON-ASSISTED TUNNELING CURRENT

We consider a PAT process in which an electron w
energyE is incident into an ADBS system under an appli
voltage. The potential influencing the electron varies only
the z direction. The wave function associated with the ba
electron can be written as

C~r !5
1

AS
ei r•ktw~z!, ~13!
12532
n

n
e

where r and kt , are, respectively, the position and wav
vector projected onto the interface plane.k5(kt ,kz) is the
total wave vector. Here the effective-mass approximation
been used and the effect of kinetic-energy confinemen
neglected.w(z) will be determined numerically by solving
1D Schrödinger equation in thez direction21

2
\2

2

d

dzF 1

m* ~z!G dw

dz
1U~z!w~z!5Ezw~z!, ~14!

wherem* (z) denotes the position-dependent electron-ba
mass andU(z) the potential. Then the electron energyE can
be written as the sum of the parallel and transverse com
nents,

E5
\2kt

2

2m*
1Ez . ~15!

The emitter electronic wave function extends into the D
with the emission of optical phonons. The phonon emiss
rates in the system can be obtained by the usual Fe
golden rules

Wi→ f~k!5
2p

\
u^ f uHe-phu i &u2d„Ei2Ef2\v~q!…, ~16!

whereEi andEj denote the energies of the initial and fin
electronic states. The initial and final states are, respectiv
the single-electronic states without phonons and with
emitted phonon, which can be given by

u i &5uc i&u0q&,
~17!

u f &5uc f&u1q&,

whereu0q& and u l q& are, respectively, the states of zero ph
non and one phonon with wave vectorq. The emitted phonon
energies\v(q) are, respectively, chosen as\vLO for the
confined LO phonons and\v IO(q) for the IO phonons in the
calculations.

Substituting Eqs.~13! and ~17! and He-IO into Eq. ~16!,
the emission rate is given by

Wt→ f~k i ,k f !5
2p

S\
b2~q!uM ~q!u2dkn2kt f2q

3d„Ei2Ef2\v~q!…, ~18!

whereM (q) is the overlap integral,

M ~q!5E
2`

`

w f* ~z! f ~q,z!w i~z!dz. ~19!

Summing the emission rate~18! over all allowable final
states~in fact over the phonon wave vectorq!, one can ob-
tain the total emission rate fromu i & to u f &,

W~k,V!5(
q

Wi→ f~k,q!, ~20!

which is a function of wave vectork and applied voltageV.
1-3
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TABLE I. Parameters used in the numerical calculation. Energy is in units of meV and mass is in u
the bare electron mass.

Quantities GaAs AlxGa12xAs

m 0.067 0.06710.083x
\vLO 36.25 36.2511.83x117.12x225.11x3

\vTO 33.29 33.29110.70x10.03x210.086x3

«0 13.18 13.1823.12x
«` 10.89 10.8922.73x
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The condition of energy conservationEt2Ef2\v(q)
50 in this process can be rewritten as

kti
2 2kt f

2 2
2m*

\2 @\v~q!2DEz#50, ~21!

whereDEz5Ezi2Ez f is the energy loss in thez direction.
Inserting the conservation of momentumkt i2kt f2q50 into
Eq. ~21!, we have

q222ktiq cosu1
2m*

\2 @\v~q!2DEz#50. ~22!

Hereu is the angle between the wave vectors of the incid
electron and the emitted phonon in thex-y plane. Transform-
ing the summation in Eq.~20! into an integral, the phonon
emission rate can be written as

W~k,V!5
m*

p\3 (
l
E

0

umax
du

3
b2~ql !uM ~ql !u2ql

Uql2kti cosu1
m*

\ S ]v~q!

]q D
q5ql

U , ~23!

whereumax is the maximum scattering angle. Moreover t
voltage dependence of the emission rate due toM (ql) andql
must satisfy Eq.~22!.

In the long-wavelength limit,\v(q)5\v5const and
]v(q)/]q50. For \v2\2kti

2 /2m* <DEz,\v, Eq. ~23!
can be simply written as

W~k,V!5
2m*

p\3 E
0

umax
du

3
b2~q1!uM ~q1!u2q11b2~q2!uM ~q2!u2q2

uq12q2u
,

~24!

where

q1,25kti cosu6A~kti cosu!22
2m*

\2 ~\v2DEz!,

~25!

umax5cos21A2m*

\2 ~\v2DEz!. ~26!
12532
t

For DEz>\v,

W~k,V!5
2m*

p\3 E
0

p

du
b2~q1!uM ~q1!u2q1

uq12q2u
. ~27!

The total excess current density due to IO-phono
assisted tunneling can be calculated by

J~V!5
e

S (
n51

8 E W~k,V!g~k! f ~k!dk, ~28!

where f (k) and g(k)52SL/(2p)3 are, respectively, the
Fermi function and the electron state density of the emit
SL is the emitter effective volume. We focus our discussi
on the low-temperature case and then the phonon-absorp
effects can be neglected in Eq.~28!. It is also assumed tha
the tunneling current is small enough so that the elect
state occupation and the phonon population are in equ
rium states. Thus, the current density can be calculated

J~V!5
em* 3/2L

23/2p2\3 (
n51

8 E
0

`

dEzE
0

` W~E,V! f ~E!

AEz

dEt ,

~29!

where f ~E!5
1

e~E2EF!/kBT11
.

HereEF is the Fermi energy,T is the temperature, andkB is
the Boltzmann constant.

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

IV. NUMERICAL RESULTS AND DISCUSSION

By using the analytical expressions for the optical phon
modes, thee-p interaction Hamiltonian, phonon-emissio
rate, and the phonon-assisted current given above, we
performed the numerical calculations for a typical ADB
GaAs/Al0.35Ga0.65As/GaAs/Al0.4Ga0.6As/GaAs system with
corresponding widths of2`/20 Å/50 Å/25 Å/̀ . The
potential-barrier height of the AlxGa12xAs is determined by
V(x)5750x ~meV! for x<0.45 and V(x)5750x1690(x
20.45)2 ~meV! for 0.45<x<1.21 An external electric volt-
age is applied in thez direction. The parameters used in th
computation are listed in Table I~Ref. 22! and the results are
illustrated in Figs. 1–8.
1-4
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Figure 1 gives the dispersion relations of the IO-phon
modes as functions ofqd3 . It is clearly seen that there ar
eight branches of frequency solutions for the IO-phon
modes ~labeled from lower to higher frequencies!. As
pointed out in a previous paper,10 every interface between
two different media gives rise to two branches of IO-phon
modes. It can be found from Fig. 1 that the eight frequen
branches can be divided into two groups. The phonon e
gies of the four branches with lower frequencies distribute
the range from 33.29 to 36.25 meV atq→0, corresponding,
respectively, to the bulk TO and LO frequencies in GaAs a
hereafter we name them GaAs-like branches for con
nience. The other four branches locating in the range
tween 37 and 39.39 meV atq→0 can be named a
Al xGa12xAs-like branches. It is easily understood that all t
IO-phonon modes interact with the electron, although th
coupling strengths are obviously different.

The phonon potentialsf (q,z) of the eight branches of th
IO modes are plotted as functions ofz with qd351 in Fig. 2.
It is shown that the phonon potentials reach their peaks a
interfaces, and are mainly localized in the vicinity of th
interfaces, respectively. It is noteworthy that branch 3 of
IO phonon modes~the solid line in Fig. 2! with the bulk
GaAs LO-phonon energy~36.25 meV! at q→0 is localized

FIG. 2. IO-phonon potentials as functions ofz with qd351.
Curves labeled from 1 to 8 correspond to Fig. 1.

FIG. 1. IO-phonon energies\vn as functions of wave vectorq.
Curves are labeled from lower to higher energies.
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mainly in the vicinities of the interfaces atz52d22d3/2
5245 Å and z5d41d3/2550 Å. It is nearly symmetric
with respect to the center of the ADBS and has quite a g
behavior of propagation in the system.

Figure 3 shows thee-IO-p interaction coupling functions
b(q) as functions ofqd3 . It is easily seen that the values o
b(q) for branches 3–8 are much larger than that
branches 1,2 whenq→0. It should be pointed out thatb(q)
for branch 3 is largest in the long-wavelength limit. Mea
while, b(q) for branch 1 with the bulk GaAs TO-phono
energy~33.3 meV! is smallest in the eight branches of the I
modes. In the limit ofq→`, the eight branches of couplin
functions tend to the same order of magnitude.

As pointed out above, the easy propagation property
branch 3 gives rise to a small peak-to-valley ratio of its mo
amplitudes in the entire structure. In other words, this mo
easily couples with the electrons. Thus the correspond
e-IO-p coupling functionb(q) for this mode is strongest in
the ADBS. It can be seen from Eqs.~18!, ~19!, and~29! that
larger thef (q,z) andb(q), the bigger the contribution to the
PAT current from thee-p interaction.

In Fig. 4, the phonon-emission rates of the eight branc

FIG. 3. The coupling coefficientb(q) as a function of wave
vectorq on a logarithmic scale. Curves labeled from 1 to 8 cor
spond to Fig. 1.

FIG. 4. The IO-phonon emission rate as a function of ener
level separationDEz and the fixed applied voltageV5200 mV on a
logarithmic scale. Curves labeled from 1 to 8 correspond to Fig
1-5
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of IO-modes are plotted as functions ofDEz for the fixed
applied voltageV5200 mV. In the calculations wave func
tions w i(z) andw f(z) are numerically determined by a sta
dard transfer-matrix method.21 They have been normalized i
the whole region of the ADBS including the emitter an
collector. Here we have takenw i to be a plane wave in the
emitter region, andw f the quasibound resonant wave fun
tion with energyEz f . As was seen in Fig. 3, the contribu
tions of the e-IO-p coupling in the vicinity of q50 are
dominant for all the eight branches of IO modes. Hence
frequencies of the emitted IO phonons are chosen as
corresponding values at the long-wavelength limit (q→0)
for the sake of calculating easily. It is seen in Fig. 4 that
peaks of the eight emission-rate curves occur at differ
DEz(5\vn) and have the differences of magnitude for t
different branches of IO phonons. The branch 3 gives
largest contribution to the IO-phonon emission rate and
then dominant in the IO-phonon-assisted tunneling p
cesses. This result can be understood from two respe
Firstly, thee-IO-p interaction from branch 3 is strongest
the eight branches of IO modes. Secondly, the phonon po
tial f (q,z) of branch 3 is higher in the~wide! well and al-
most symmetric for the ADBS system and the resonant e
tronic state wave functionw(z) is approximately localized in
the GaAs well, so that the corresponding matrix elem
M (q) in Eq. ~19! is also larger.

Figure 5 illustrates the tunneling current densities assis
by the confined LO and total IO phonons as functions of
applied voltage at temperature 4 K. As expected, the IO-P
current peak occurs at the voltage corresponding to the
quency of branch 3 atq→0, i.e., the GaAs LO frequency
since the contribution from the other seven branches of
modes is stifled~see Fig. 4!. It is interesting that the peaks o
the confined LO- and IO-phonon-assisted currents occu
the same applied voltage near the vicinity of 220 mV.

Only one PAT current peak at the phonon energy aro
35 meV, which is slightly lower than the LO-phonon ener
of GaAs well, has been observed3,4 for the wider quantum-
well system. This deviation from LO-phonon energy can
understood by our theoretical results. In the calculation
the IO-PAT current, the phonon frequencies, in general,
chosen as the dispersionless frequencies at the l
wavelength limit (q→0). The IO frequency of the dominan

FIG. 5. The PAT current as a function of the applied voltageV
with Femi energyEF520 meV and temperatureT54 K.
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branch of IO-phonon modes, i.e., branch 3, has been cho
as the LO frequency of GaAs, 36.25 meV. In fact, the f
quencies of IO-phonon modes depend on their wave vect
The phonon energy of branch 3 decreases and beco
lower than that of LO phonons by increasing the wave vec
~Fig. 1!. The emitted IO phonons ofqÞ0 have the energies
smaller than 36.25 meV so that the peak of the phonon em
sion rate would be lowered if one takes the IO-phonon f
quency dispersion into account. The corrected theoret
peak of the PAT current should reasonably appear at the
ergy lower than the LO-phonon energy of GaAs. To sum
we recognize that the single-PAT peak is attributed to b
IO and LO phonons in the well.

Figure 6 shows the contribution of the main RT and t
PAT ~including both confined LO and IO phonons! to the
current density as functions of the applied voltageV for the
ADBS same as above. In the calculations we have used
Tsu-Esaki current formula,16 and chosenEF520 meV ~cor-
responding to a doping of roughly 231017cm23 in the emit-
ter layer! and T54 K. The peaks for the RT and PAT cu
rents, respectively, occur approximately at 140 and 220 m
The calculated relative intensity of the PAT current peak h
is given as 5.2%. The corresponding experimental re
given by Goldman, Tsui, and Gunningham23 is around 4%
for a symmetric system. It may be seen that our theoret
results are in agreement with the experimental data.

Figure 7 illustrates the PAT current curves for the ADBS
with different Al compositiony of the collector barriers,
which can adjust the heights of collector barriers. The str
ture of the system in the calculation is chosen
Al0.35Ga0.65As/GaAs/AlyGa12yAs with widths of 20 Å/50
Å/20 Å. It can be seen that the asymmetry of the structu
may modulate the PAT current, by regulating the heights a
the widths of the barriers of the asymmetric structures. T
PAT peak becomes higher and easy to be observed as
collector barrier is heightened due to quantum-coherence
fect. This makes the asymmetric structures more often
plied in practical devices. It is seen that our model can
easily extended to the symmetric DBS case.

It was experimentally verified that the well width of th

FIG. 6. The RT current as a function of applied voltageV on a
logarithmic scale with Femi energyEF520 meV and temperature
T54 K: 1 denotes the RT current main peak and 2 denotes the
current peak.
1-6
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DBS is an important factor for the PAT current peaks. On
one PAT peak has been easily observed when the we
wider, but the second peak appears as the well beco
narrower.3,4 To investigate theoretically the dependence
the IO- and confined LO-PAT currents on the well width, w
have calculated the PAT currents contributed by the IO p
non, the confined LOw phonon~in well!, and the confined
LOeb phonon~in emitter barrier!, respectively, as functions o
the well width d3 . In our computation the structures hav
been chosen as the symmetric DB
Al0.4Ga0.6As/GaAs/Al0.4Ga0.6As with two barrier widthsd2
5d4550 Å. The results for the IO-, LOw-, and LOeb-PAT
peaks are illustrated in Fig. 8. It can be seen that the pe
corresponding to the total IO phonon and two branches
LO phonons~LOw and LOeb! increase as the well-width nar
rowing. The IO-PAT peak is much more important than co
fined LOw- and LOeb-PAT peaks and the LOw-PAT peak is
much higher than the LOeb-PAT peak when the well is wider
As a result, the LOeb-PAT current is covered up by th
LOw-PAT current and only the first peak corresponding
the emission of confined LOw phonons in the well and IO
phonons~both with the energy of bulk GaAs LO-phonon!
can easily be observed for the wider-well systems. It is a
noticed that the LOw-PAT peak grows in comparison with
the IO-PAT peak when the well width becomes wider. W
reducing the well width, the LOeb-PAT peak rapidly increase
and finally becomes much higher than the LOw-PAT peaks so
that the second peak corresponding to the emission of
fined LOeb phonons in the barrier can be observed. The
tersection between the LOeb-PAT and LOw-PAT peaks occurs
at d3'25 Å, which is approximately one-half of the barrie
width. It is also seen from our results that the second pea
much weaker than the first. Different from the previo
references,15,16 our theoretical results can qualitatively e

FIG. 7. PAT-current peaks versus the potential height of coll
tor barrier for the Al0.35Ga0.65As/GaAs/AlyGa12yAs structure with
the widths of 20 Å/50 Å/20 Å.
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plain the above-mentioned experimental phenomena.3,4

In summary, we have generally calculated thee-p inter-
actions in an arbitrary DBS based on the macroscopic die
tric continuum model. The phonon-emission rates a
phonon-assisted currents have been investigated in deta
the DBS to verify the effects of the different phonon mod
The numerical computation is performed for th
GaAs/Al0.35Ga0.65As/GaAs/Al0.4Ga0.6As/GaAs system with
the thickness2`/20 Å/50 Å/25 Å/̀ . It is found that only
one PAT peak can be observed for the wider-well case, wh
is contributed from the IO phonons with the LO-phonon e
ergy of the GaAs well and the confined LO phonons in
well. It also can be seen that the IO PAT is much mo
important than the confined LO phonon. The dependenc
the PAT currents on the potential height of collector barr
and well widths is discussed. It follows that the second P
peak appears when the well is very narrow. Our recognit
of the PAT-current peaks is different from the previous the
retical explanations15,16 and agrees with the experimental r
sults. It is to be pointed out that the more complicat
electron-electron interaction is ignored in our discussion
focus the attention on the PAT processes. This effect will
discussed in the further work.
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FIG. 8. The total IO-PAT current~solid line!, the LOw-PAT cur-
rent ~dash-dot line!, and the LOeb-PAT current~dash line! as func-
tions of well widthd3 for the Al0.4Ga0.6As/GaAs/Al0.4Ga0.6As struc-
ture with two barrier widthsd2550 Å andd4550 Å.
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