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Quantum confined GaAs/AlAs resonant tunneling diodes with submicron lateral dimensions are
studied theoretically using the transfer Hamiltonian formalism. It is shown that a high magnetic
field normal to the current and parallel tc the quantum wire cavity can be used to unambiguously
identify the lateral quantum confinement. The current-voltage characteristics for other magnetic

field orientations are also discussed.

I. INTRODUCTION

Since the seminal work of Chang, Esaki, and Tsu,!
resonant tunneling of electrons through a double-barrier
quantum well has been extensively studied. Recent de-
velopments in microfabrication technology have made it
possible to produce resonant tunneling diodes (RTD’s)
with cavities in the form of quantum dots or wires, i.e.,
zero-dimensional (0D) or one-dimensional (1D) RTD’s.
Many researchers have investigated effects of quantum
confinement on resonant tunneling in such structures
experimentally? ™16 and theoretically.17724

Reed et al. observed a series of peaks superimposed
on the negative-differential-resistance peak in a submi-
cron RTD fabricated using electron-beam lithography
and reactive-ion etching.? The observed structure was at-
tributed to resonant tunneling through the discrete qua-
sibound states in the quantum well. In the absence of
scattering, additional structure is not expected to ap-
pear in a RTD when the lateral (parallel to the heteroin-
terface) confining potential is the same throughout the
diode.'” Bryant has argued that the observed structure
is caused by the extreme difference in the emitter and the
well confining potentials which enables subband mixing
at the interfaces,!® or it occurs when the discrete states in
the well are resonant with the emitter Fermi level rather
than the band edge of the emitter subbands.?4 A similar
submicron RTD structure was used to study the tunnel-
ing time, the inelastic scattering time, and the transmis-
sion probability, where a sharp steplike structure was ob-
served well below the main peak in the current-voltage
characteristics I(V).® Steplike features between thresh-
old and main peak voltage in I(V) were also reported.®

Tarucha et al. prepared one- and zero-dimensional
RTD’s whose lateral confinement was imposed by a fo-
cused Ga ion beam, and observed fine structure in the
I(V), which was assigned to mixing of even- or odd-parity
subbands in the well with subbands of the same parity in
the emitter.* The emitter confining potential dependence
of I(V) of 1D RTD’s was also reported.” By analyzing a
series of current peaks at the onset of tunneling current
in 0D RTD’s, Tarucha et al. suggested that the magni-
tude of peak current is defined by the degeneracy of the
zero-dimensional level in the well.2 Guéret et al. reported
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fine structure observed in the I(V) of a gated resonant
tunneling diode and argued that the observed structure
gives direct proof of the quantum size effect.®

However, more recent work has shown that addi-
tional peaks in I(V) may arise from a completely dif-
ferent mechanism.??® Shallow donors, which are incor-
porated into the quantum well either unintentionally® or
intentionally,® give rise to a localized preferential current
path which causes subthreshold peaks in the I(V). The
appearance of additional structure in I(V') of small area
diodes, therefore, cannot be taken in itself as conclusive
evidence for lateral quantum confinement.!4

In this paper, we investigate theoretically resonant
tunneling in 1D RTD’s. In particular, we try to clarify
effects of a magnetic field applied perpendicular to the
current direction, which has been experimentally stud-
ied by using a structure of RTD with submicron lateral
dimensions,?%:27 and show that a high magnetic field may
be used to unambiguously identify the effects of lateral
quantum confinement.

The organization of the present paper is as follows. In
Sec. II, we present a model for the 1D RTD used for the
experiments of Ref. 26 and the electronic states under ap-
plied magnetic field. Then the tunneling current is calcu-
lated by using the transfer Hamiltonian formalism, where
lateral motion of electrons in the emitter is assumed to be
free. The numerical results giving the tunneling current
is presented in Sec. III. In Sec. IV, the effect of emitter
confinement is discussed. A summary and discussion are
given in Sec. V. Throughout this paper, we set £z = 1.

II. FORMALISM

A. Sample structure

A schematic diagram of the device used for the
experimentsZ® is shown in Fig. 1(a) together with the
coordinate axes for the following discussion. The ac-
tive area of the device is the region of overlap of two
GaAs bars, one (¢; = 0.5 um) etched in the top contact
layer and the other (¢, = 1.0 um) in the bottom contact
layer. The sidewall depletion is ~ 0.2 um for each edge,?”
and the dimensions of the active conducting region is
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~ 100nm X 600 nm. The device is, therefore, considered
to be a short quantum wire and electrons tunnel between
1D states formed in the emitter and the well. The I(V)
have been measured in forward bias where electrons flow
from the bottom contact to the top contact, and the ex-
perimental results are described in Ref. 26.

B. Model

We use the effective mass approximation and the trans-
fer Hamiltonian formalism to calculate the tunneling cur-
rent for the 1D RTD assuming that the current is limited
by the emitter barrier. Electronic states of the emitter
and well regions are considered separately. In princi-
ple, the confining potentials could be calculated, how-
ever, this requires too much computational time since a
RTD is an open boundary system.2?® In this paper, we
consider fundamental features of I(V) in 1D RTD’s, es-
pecially those at high magnetic field. We, therefore, use
a simple model for emitter and well confining potentials
which gives analytical electronic states even under mag-
netic field and is considered to be a good approximation
for a qualitative discussion.

We assume that electrons are free along the z direction
and confining potentials of the emitter and the well are,
respectively, given by

Ve(z,y) = tmQ2(z + As)? + Imw?y? | (2.1)
Vu(z,y) = gmQLa® + gmwly? (2.2)

where the = axis is defined to be the growth direction,
and y and z are, respectively, perpendicular and parallel
to the long axis of the quantum wire [see Fig. 1(a)]. As
is the distance between the emitter and the well.

The lateral confinement along the y direction is caused
by the sidewall depletion and the confining potential is
approximated by a parabolic potential. The strengths are
expressed by the parameters w. and w,, for the emitter
and the well states, respectively. Because of the asym-
metric device structure, the degree of confinement is ex-
pected to be different in the emitter and the well. For

The active area of the device
is the region of overlap of two
GaAs bars, one (thickness £;)
etched in the top contact layer
and the other (thickness ¢;) in
the bottom contact layer.

N
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forward bias, where electrons flow from the bottom con-
tact to the top contact, we < w,, and for reverse bias,
We > Wy. In this section, we consider I(V) for forward
bias and we assume w, = 0 for simplicity. The effect of
finite w. and I(V) for reverse bias are considered in the
following sections.

The confinement along the z direction is due to the
heterostructure, and for the well is close to a square po-
tential and for the emitter is similar to a triangle poten-
tial. The relative strength is an important factor even
for a qualitative discussion. However, the detailed shape
of the confining potential is not so crucial provided the
transfer matrix element is properly approximated. We,
therefore, assume simple parabolic confining potentials
along the growth direction. The strengths are expressed
by the parameters . and €, for the emitter and the
well, respectively. The actual well width of 90 A implies
Qu > Qe.

C. Magnetic field parallel to the long axis (w. = 0)
1. Electronic states
For a magnetic field oriented in the z direction, the

single particle Hamiltonian for the emitter, H., can be
written, using the Landau gauge A = (0, Bz,0), as

Paza 1 2 pﬁ 1 2 2
He = ‘2777,_ —+ %(py-f-eBIL') + '2';1‘ + ier(ZE“i'As) .

(2.3)

In the {z,y, 2} representation, the eigenenergies and the
corresponding eigenfunctions are given by

e . e 1 2 IC2
Eikyk, = (i+ %)Qe + Z—Jm(ky —eBAs)* + 5'7% (2.4)
and
Ui, (2,9, 2) = ¢i(Le;z + As — X, )etkwvetk==  (2.5)

where Q. = (22 + w2)'/2, w, = eB/m, M, = m(Q/Q)?
Lo = (mQe)™Y2, X, = —(we/(mQ2))(k, — eBAs), and
¢:(¢;z) is the simple harmonic-oscillator-like solution
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((i=0,1,2,...,).2° Since Q. ~ 20meV for the device
used for the experiments, only the lowest level (: = 0)
is occupied at low temperature. We, therefore, consider
only the lowest level in the following analysis. The energy
level shows diamagnetic shift for lower magnetic field as
ox w2/(2Q).

For the well, the Hamiltonian is

2

pz 2 Dz

Ho = 2= + >—(p, + eBa)? + 2=
(py eBz)* + 5

+§mﬂiw2 + imwly? (2.6)

The energies and the eigenfunctions can be written, in

the {z,py, 2} representation, as3?
S 1 1 H
ke, = (Gt F)wr + (G + 3w- + 2:n (2.7)
and
U, (T,Py,2) = di(€r;2') $5(L-;q)) €%, (2.8)

where the coordinates [z,9, = py/(mw,)] are ro-
tated to (z',q,) by the angle of rotation 6 =
%tan_1[2wcww/(92 —w? +w?)], and 2w2 = Q2 + WZ +
w2 £[(92 — w2 +w?)? +4w2w?]Y/? and £y = (mwy) V2.
For the real dev1ce, Q. ~ 80meV and w,, is considered
to be a few meV. Therefore, we may neglect w,, /., as
compared with unity in the lowest order of w,, /€, and
we have

w . e . N kz
Eg, = (14 1) + (G + 3)ouw + 5= (2.9)
and
\I’?—;k: (2,py,2) = ¢i(zw; ) ¢.‘i(zw; ay) etksz, (2.10)
Qp = (R + w2, @y = ww(gw/ﬁw), L, =

(m$)~Y/2, and £, = (md,) /2. Since the resonant
peak involving the ground state (¢ = 0) was observed in
the experiments, we set ¢ = 0 in the following analysis.
The energy level depends on B as 2, and shows diamag-
netic shift for lower magnetic fields as o< w2 /(22,,), which
is smaller than that in the emitter because ,, > Q..

2. Tunneling current

When the tunneling current I is limited by the emitter
barrier, I is given by3!

= 2e Z Z |T3k,,k,,k |2 A (k kz,E)
kyke jk.
XAy (kL +eV*)f(e) , (2.11)

where we neglect charge accumulation in the well and
assume that the final state in the collector is empty. V*
is the effective applied voltage between the emitter and
the well [see Fig. 1(b)], f(¢) is the electron distribution
function in the emitter, Tjx! k,x, is the tunneling matrix
elements between (kyk.) states in the emitter and (jk.)
states in the well, and A.(kyk.;€) and A, (jk,;€) are the

spectral density functions in the emitter and the well,
respectively. The tunneling matrix elements are given by

|Tyns kg ke | = @7 (€50 Ky) Sk e, (2.12)
where ®;(£71; k) is the Fourier transform of ¢;(¢; z),32
£, = (mw,)~/2, and t is the one-dimensional Bardeen

transfer matrix element which is evaluated at some point
o in the emitter barrier:
Xw () }

1 Oxw(z) Oxe(x)
t= 2m {Xe(flf) éz Oz
Xe(z) and X, (x) are the wave functions associated with
the quantized =z motion in the emitter and the well, re-
spectively. This parameter, however, determines the ab-
solute value of I and is nearly independent of V* and B.
We, therefore, assume that ¢ is constant and independent
of V* and B.
Assuming a simple Lorentzian spectral function of
characteristic width T in Eq. (2.11), we have

I dk, [ dk
‘1;-“;/3;/ o

x
(Egk,,k +eV — Eg, )2 + 12

(2.13)

=z

;Zéw? ky)

f(EGk,r.) » (2.14)

where Iy = 4et?L,/(T'¢,,) and we have restored the length
of quantum wire along the z direction, L,. T is a parame-
ter characterizing the energy broadening. I' has a contri-
bution for the intrinsic widths I'; and I, of the states in
the emitter and the well. Moreover, a contribution is also
expected from inhomogeneous broadening in the conduc-
tion band minimum along the length of the wire. The
current I depends on temperature through the distribu-
tion function f(¢) and I'. In the following discussion, we
consider low temperature I(V') and use zero temperature
f(e) for simplicity.

When the Fermi energy £r in the emitter is assumed
to be independent of magnetic field, Eq. (2.14) is reduced
to

I Z/ dky (kz kz)l/z
kg Y

o 2
X 'I>f (£5%€w; ky + eBAs)

(Ekv +eV* — Ej)z + T2’
(2.15)

kp is the Fermi wave vector in the emitter, e, =
k2/(2M.) + 3Qe, and € = (j + 3)@w + 3Quw-

The current I is mainly determined by two factors:
the energy matching condition, I'?/(AeZ, + I'2?) (where
Acgjy, is the energy difference between the emitter and
the well, and is given by ex, +eV*—¢;), and the tunneling
matrix elements along the y direction, Q?(ky). The ap-
plied field B affects the energy matching condition mainly
through the difference in the diamagnetic shifts in the
emitter and the well states, and the tunneling matrix
elements by changing their argument by eBAs.
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D. Magnetic fleld perpendicular to the long axis
(we = 0)

1. Electronic states

Under the magnetic field oriented in the y direction,
A is given by (0,0, —Bz) in the Landau gauge, and the
Hamiltonian for the emitter can be written as

2
P 1
Moo P P L

_ 2 1,02 2
o T3 T 5 eBzx)* + ;mQZ(z + As)?.

(2.16)

The energies and the corresponding eigenfunctions are

~ k2
e — 1 y 2
By, = (14 3)Qe + o - + 2_Me(kz +eBAs)® (2.17)
and
WSk, (2,0,2) = ¢i(Lesz + As — X.) evv eth=r | (2.18)
with X, = [w./(mQ2)](k, + eBAs).
For the well, the Hamiltonian is
Hoy = p’” +—py—+i(p — eBz)?
Y 2m o 2m 2m
+1imQ22? + tmwly? (2.19)
and, the energies and eigenfunctions are given by
. 1\ . 1 kZ
ik, = (04 2)Q0 + (T + Pow + 53— (2:20)
and
Uik, (2,9, 2) = $i(Lusz — Xu) 65 (bwiy) ™7 (2.21)

with M, = m(Q/QWw)? and X, = (w./(m2))k,

2. Tunneling current

The tunneling current under the magnetic field applied
perpendicular to the long axis of the quantum wire can
be calculated by the same way of parallel field case, and
we have

-1,
Io 2051 ky)

fleryr,) »
(2.22)

x
(Ekyk, +€V* — Sj,k,—eBAs)z +1I2

where ex x, = k2/(2m) + k2/(2M.) +
(4 + 3w + 2/ (2My) + 3.

For B || y, electron motion along the y axis is not
affected by B during the tunneling process. Therefore,
the matrix elements ®2%(k,) in I are independent of B.
On the other hand, the energy matching condition is

%Qe and g5, =

strongly affected by B because the energy difference,
A€k k, = €kyk, + €V — €5k, —eBAs, explicitly depends
on B. This causes peak shift and broadening of the reso-
nance at high magnetic field, which has been thoroughly
studied in conventional large area diodes.3373¢

III. NUMERICAL RESULTS

Figure 2 shows the calculated currents as a function of
AE [= eV* — 2 (Qw +ww — Q)] in the presence of a mag-
netic field perpendlcular [Fig. 2(a)] or parallel [Fig. 2(b)]
to the long axis of the wire. At AE = 0, the lowest
level in the emitter is aligned to that in the well for
B = 0. The following parameters were used for the cal-
culation : Q. = 20meV, Q,, = 80meV, w,, = 3.5meV,
erp =6meV, T = 2meV, and As = 200 A. The choice of
the parameters is justified in Ref. 26 excepting I', which
we treat as a fitting parameter, and I dependence of I(V')
is discussed in the next section. There is a good agree-
ment between the calculated and experimental curves
(see Figs. 2 and 3 in Ref. 26), except for the high field
weak modulation observed for B || y, which is caused
by the discreetness of the emitter states, therefore, the
feature is not observed for continuum (w. = 0) emitter
states, and will be explained in the next section.

The effect of field for B | y is similar to that for
large area diodes as was mentioned above. Because of
the explicit B dependence of energy difference Ae¢jx, k, =
Ekyk, + €V — €k, —eBas) the voltage threshold for reso-
nant tunneling shifts to a higher value with increasing B
followed by a broadening of the resonance.33736

For parallel high field, B || 2, the coupling between
the emitter and the well states is strongly modified as
®%(ky+eBAs). Figure 3 shows ®2(k,) up to j = 15. The

3 v T T T T T T T

Il

W»\\\\

1 1 L L TP B

0 5 10 15 0 5 10 15
AE / Ow

FIG. 2. Calculated plots of tunneling currents as a function
of effective applied bias AE in the presence of a magnetic
field between w. = 0meV (lowest curve) and w. = 20 meV
(top curve) in 1meV steps. The field is oriented normal to
the current direction and either perpendicular (a) or parallel
(b) to the long axis of the quantum wire. The emitter con-
finement along the y direction is neglected (we = 0). AE =0
corresponds to an applied voltage which aligns the lowest lev-
els of the emitter and the well at B = 0. Parameters are
discussed in the text.
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FIG. 3. Plots of probability density ®2(k,) versus k, for
laterally bound states in the quantum well for j = 0 ~ 15
(solid lines), the dispersion of the emitter states (broken line),
and the locus of the n = 1 maxima (dotted line). Also shown
(shaded) is the integration range for Eq. (2.15) for B = 0T
and 10T. The horizontal axis is in units k., = (mww)l/ 2,
There are N (= [j/2] + 1) maxima in ®3(ky) lying in the
range of k, < 0 (or ky > 0) labeled n = 0, 1, 2,..., for the
j = 15 curve.

high energy states have pronounced maxima in <I>32-(ky)
at a value kj max (= [2m(j + %)ww]l/z) and —k;j max-
As B is increased, these maxima are the only features
in <I>12-(ky) which remain within the integration range of
—kr +eBAs < ky < kp + eBAs for ®;(k,). This is
true, for example, for states j = 0 ~ 11 at B = 10T
(see Fig. 3). At this value of B tunneling through states
j = 6 ~ 11, therefore, results in one clear isolated peak
I(V). A further increase in B moves the integration
range beyond kj max and the tunneling current through
the jth state falls to zero (this is true for 7 = 0 ~ 5 at
B = 10T, see Fig. 3). This corresponds to the high field
amplitude dependence of observed peaks. The shift of a
given peak to lower voltage is due to the difference in the
diamagnetic shifts in the emitter and the well.

The amplitude dependence for B = 0 is more compli-
cated, and it can be explained as follows. Peaks in I(V)
occur when the energy matching condition Aejz, (V*) ~
0 is met. There are N (= [j/2] + 1) maxima in ®3(k,)
lying in the range of ky, < 0 (or ky > 0). There-
fore a given jth state will give rise to at most N peaks
in I(V). The voltage position of these N peaks, V}
(n=0,1,...,N — 1), is given by Aejx,;, (V) ~ 0 with
kjn being the position of the nth maximum in &3(k,)
(see Fig. 3). These peaks correspond to the weak struc-
ture observed in the calculated curve. The voltage (V*)
separation is smaller than the corresponding level spac-
ing, we, for finite Fermi energy of ep 2 w,, because
|k(j+1),n] > |kjn| implies Vii41)m — Vin <we/e.

The peaks in I(V') corresponding to the nth maximum
in ®2(k,) but from different subbands (different index j)
tend to occur at approximately the same voltage. This
is because the locus of the nth maxima in (e, k,) space
(see Fig. 3 in which the locus of the n = 1 maxima is
shown as a dotted line) is approximately parallel to the
dispersion of the emitter states. Therefore, these peaks
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tend to merge and form a single peak for appropriate I'
and ep. This is the origin of the background modulation
in the calculated curve, and corresponds to the stronger
peaks (see peaks labeled A-F in Fig. 2 in Ref. 26) ob-
served in the experiments (the detailed structure is dif-
ferent between the experimental and calculated curves
since w, > 0 for the actual device as will be discussed in
the next section), so we can associate the observed peaks
A B, C,...,withn=0,1,2, ..., maxima. The spac-
ing in V* is larger than w,/e and ~ 2w,,/e because the
peaks involving nth maximum appear for AE > 2nw,,.

IV. EFFECTS OF FINITE CONFINEMENT
A. Magnetic field parallel to the long axis (w. > 0)

For finite emitter lateral confining potential (we > 0)
the emitter states can be given analytically as for the well
states, and the current can be written as

I\Z
(Ei +eV* — 6_7')2 + I'?

I 1
== Eij FilwM;(eBAs)
(4.1)

for B || z, where kp; = {2m[er — (i + 1)@e]} /%, & =
(i+ Hde + 19, 65 = (5 + 3)@w + 1Qu, and
dky -2 -25 .
M;;(eBAs) = 2—7r<I>i(£e Le;ky — eBAs)®;(£,%Ly; ky)
(4.2)

with £, = (mw.) /2.

B. Magnetic field perpendicular to the long axis
(we > 0)

For B || y, the current is given by

I . kri dk,
Ly [

—kFi

112
X )
(€ik, + €V* —€jk, —eBrs)? + T2

(4.3)

with kp; = {2M.[erp — (i + %)we]}l/z, €ik, = (i+3)we +
k2/(2Me) + 3Qe, €k, = (§ + 3)ww + k2/(2Muw) + 390 ,
and

m;; = /¢i(‘ee§y)¢j(ew;y)dy' (4.4)

C. Dependence of I(V) on emitter confinement

Figure 4 shows the calculated tunneling currents as a
function of effective applied voltage V* for various values
of w, (other parameters are the same as those for Fig. 2)
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FIG. 4. Calculated plots of zero field tunneling cur-
rents as a function of effective applied voltage V* for var-
ious values of lateral emitter confining energy w.. (a)
we =0, 0.5, 1, 1.5meV and (b) we =0, 1.5, 3.5, 7TmeV (from
bottom to top). The lateral confining energy of the well, w,,,
is 3.5meV.

at zero field. For w. < w, [Fig. 4(a)], we find that the
I(V) changes gradually as we: the finite w. makes the
stronger series clearer and weakens the smaller peaks,
and the spacing of the stronger series becomes shorter as
we increases. These features are essentially understood
from the fact that I(V') has no peaks other than the main
resonance for we ~ wy,,!” and a detailed discussion about
the change in the I(V) will be given later. A further in-
crease in we beyond we ~ w,, results in a lower peak cur-
rent together with much weaker additional structure than
that for we < w,, [see I(V) for we = TmeV in Fig. 4(b)].
These features are consistent with the experimental I(V)
for reverse bias,?” where w, is considered to be stronger
than w,,.

D. Dependence of I(V) on level width

Before studying the magnetic field dependence of I(V')
for finite w,, we discuss the dependence of I(V') on T, be-
cause I is the only parameter that we used as a fitting pa-
rameter. Figure 5 shows zero field I(V) for we = 1.5 meV
(Ref. 26) as a function of AE [= eV* — 1 (Qy + wow — Qe —
we)] for T' =1 ~ 2.5meV. Since the stronger series can-

15 T T T T

/1o

AE/(DW

FIG. 5. Calculated plots of zero field tunneling cur-
rents as a function of effective applied bias AE for
I' =1, 1.5,2.0, 2,6 meV (from bottom to top). The lateral
confining energy of the well, w., is 3.5meV, and that of the
emitter, we, is 1.5 meV.

not be clearly identified for I' < 1meV, an appropriate
finite I (~ 1.5 meV) is essential for the qualitative agree-
ment between the experimental and the theoretical I(V').
For larger I, the stronger series of peaks is still observed
but the weaker series is no longer resolved for I' 2 2 meV.
This should correspond to the observed temperature de-
pendence of I(V) (see Ref. 26) because we can expect
larger I for higher temperature.

E. Dependence of I(V) on magnetic fileld

Figure 6 shows the calculated currents for finite w,
as a function of AE in the presence of a magnetic field
perpendicular [Fig. 6(a)] or parallel [Fig. 6(b)] to the
long axis of the wire. The following parameters were

(a)

|

o 5 1 1B 0o 5 10 15
AE / ow

FIG. 6. Calculated plots of tunneling currents as a function
of effective applied bias AF in the presence of a magnetic field
between w. = 0meV (lowest curve) and w. = 20meV (top
curve) in 1 meV steps. The field is oriented normal to the
current direction and either perpendicular (a) or parallel (b)
to the long axis of the quantum wire. The lateral confining
energy of the emitter, we, is 1.5meV. AE = 0 corresponds to
an applied voltage which aligns the lowest levels of the emitter
and the well at B = 0. Parameters are discussed in the text.
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used for the calculation : 2, = 20meV, Q,, = 80meV,
we = 1.5meV, w,, =3.5meV,ep = 6meV, I' = 1.5meV,
and As = 200 A. There is no qualitative difference be-
tween Fig. 2 for we = 0 and Fig. 6 for w, = 1.5meV
except for the high field weak modulation observed for
perpendicular field B || y.

Figure 7 shows I(V) for B = 0T and B = 6T
(applied parallel to the long axis of the wire) together
with kp; M7 (eBAs) which corresponds to the contribu-
tion to the current from individual transitions between
the ith state in the emitter and the jth state in the
well [see Eq. (4.1)]. For zero field, the peak corre-
sponding to peak A in the experimental data?® is found
to be composed of transitions between states with the
same index, i.., (¢,5) = (0,0), (1,1), (2,2), and
(3,3). We do not see any transitions for ¢ > 3, be-
cause there are only four levels below the Fermi level
in the emitter.?® The next sequence of transitions which
occur are (0,2), (1,3), (2,4), and (3,5), in which the

change of index j — i = 2, followed by sequences for
which 7 — i = 4,6,.... Note that for zero field only par-
ity conserving transitions are allowed [M;;(0) = 0 for

j — i = odd integer]* and we do not observe transitions
for 7 — 7 = odd integer. The effect of broadening is to
merge these sets of transitions so that the peaks that are
most clearly resolved arise from the sets of transitions
j—i=2n(n=0,1,2,...,) for er S 2w, corresponding
to the peaks involving nth maximum in ®?(k,) in the
limit we — O (both of them appear for AE > 2nw,,) and
peaks A—F' in the experimental data. The voltage (V*)
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FIG. 7. Calculated I(V) for B =0T and 6 T (applied par-
allel to the long axis of the wire) together with the quantity
kriMZ(eBAs) which is proportional to the current flowing
between the ith state in the emitter and the jth state in the
well. The transitions are classified by the pair of integers 1, j.
For B = 0T the stronger peaks comprise the sets of parity
conserving transitions j —i = 2n (n = 0,1,2,...,) and have a
voltage (V") separation ~ 2w, /e, while the weaker structure
has a voltage separation ~ (ww — we)/e. At high field, parity
conservation is broken and the voltage separation ~ wy/e.

separation of these peaks is, therefore, ~ 2w,, /e. This re-
sult shows that additional strong peaks may be observed
in I(V) for zero field but these peaks cannot be directly
associated with resonant tunneling via particular quan-
tized levels in the well. The weak structure is originated
in the individual transitions and the voltage separation is
(ww — we) /e except for the separation between the peaks
involving different n sequences.

For high magnetic field applied parallel to the long
axis of the wire B || z, the parity conservation is bro-
ken. This may be seen from I(V) for B = 6 T (Fig. 7)
which shows a series of peaks due to tunneling between
states with different symmetry. Among those peaks, the
peaks involving the transitions between lowest level in the
emitter (¢ = 0) and the jth state in the well for which
eBAs ~ kjmax (= [2m(j+ %)ww]l/z) are found to occur
strongly (this is true for j ~ 5 at B = 6 T, see Fig. 7).
This is because a high energy simple harmonic oscillator
state has a pronounced maximum in @?(ky) at kj max-
The voltage (V*) spacing is, therefore, given by w,, /e for
these stronger peaks.

The origin of the high field weak modulation observed
for perpendicular field B || y, which we do not observe for
we = 0, can be explained as follows. Since each occupied
emitter subbands has a different Fermi wave vector kg;,
the subband has a different voltage threshold for resonant
tunneling. For finite w,, for example, of ep/w, ~ 4 as was
shown in Fig. 6, the difference can be well resolved and
seen as the high field weak modulation. We find that the
observed structure is mainly due to this difference in the
threshold voltage of each occupied emitter subbands to-
gether with weak modulation of a period of 2w,, /e which
originated in symmetry of the emitter and the well wave
functions along the y direction. We can, therefore, de-
duce the number of occupied emitter subbands form the
high field weak structure.26

V. CONCLUSION

We have studied in this paper the tunneling current
from a quasi-two- (we = 0) or quasi-one- (w. > 0) dimen-
sional emitter state into a quantum wire under a mag-
netic field applied normal to the current direction. The
current has been calculated assuming simple harmonic
confining potentials within the transfer Hamiltonian for-
malism.

We have shown that peaks in I(V') due to lateral quan-
tum confinement may be unambiguously identified from
their dependence on a high magnetic field oriented per-
pendicular to the current and parallel to the long axis
of the quantum wire. This is due to the fact that the
pronounced maxima in the matrix elements of ®%(k,) at
around the classical turning points are the only features
in ®2(k,) for higher energy states. On the other hand,
for a weak magnetic field, the matrix elements involved
have several pronounced peaks which result in the com-
plex behavior of I(V).

For a magnetic field applied perpendicular to the long
axis of the quantum wire, we have found that the high
field weak modulation arises from the formation of 1D
subbands in the emitter. This may be used to deduce the
number of occupied emitter subbands. For zero field, two
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series of peaks has been identified: a strong series which
is due to a resonance over several well states, and a weak
series of peaks which corresponds to the individual peak
of the matrix elements ®2(k,) for w. = 0, or individual
transitions between discrete emitter and well states for
we 2T

ACKNOWLEDGMENTS

N.M. is grateful to the British Council for financial
support. P.H.B. and L.E. are grateful to the Royal So-
ciety for financial support. This work was supported by
the UK SERC.

* Permanent address: Department of Electronic Engineering,
Osaka University, 2-1 Yamada-oka, Suita City, Osaka 565,
Japan.

t Present address: Department of Physics, HKUST, Clear
Water Bay, Kowloon, Hong Kong.

! L.L Chang, L. Esaki, and R. Tsu, Appl. Phys. Lett. 24,
593 (1974).

2 M.A. Reed, J.N. Randall, R.J. Aggarwal, R.J. Matyi, T.M.
Moore, and A.E. Wetsel, Phys. Rev. Lett. 60, 535 (1988).

3 J.N. Randall, M.A. Reed, R.J. Matyi, and T.M. Moore, J.
Vac. Sci. Technol. B 6, 1861 (1988).

4S. Tarucha, Y. Hirayama, T. Saku, and T. Kimura, Phys.
Rev. B 41, 5459 (1990).

5 M. Tewordt, V.J. Law, M.J. Kelly, R. Newbury, M. Pep-
per, D.C. Peacock, J.E.F. Frost, D.A. Ritchie, and G.A.C.
Jones, J. Phys. Condens. Matter 2, 8969 (1990).

¢ Bo Su, V.J. Goldman, M. Santos, and M. Shayegan, Appl.
Phys. Lett. 58, 747 (1991).

7 S. Tarucha, Y. Hirayama, and Y. Tokuda, Appl. Phys. Lett.
58, 1623 (1991).

8 S. Tarucha, Y. Tokura, and Y. Hirayama, Phys. Rev. B 44,
13 815 (1991).

9 M.W. Dellow, P.H. Beton, C.J.G.M. Langerak, T.J. Fos-
ter, P.C. Main, L. Eaves, M. Henini, S.P. Beaumont, and
C.D.W. Wilkinson, Phys. Rev. Lett. 68, 1754 (1992).

12 P, Guéret, N. Blanc, R. Germann, and H. Rothuizen, Phys.
Rev. Lett. 68, 1896 (1992); see also Ref. 14.

11 P H. Beton, M.W. Dellow, P.C. Main, T.J. Foster, L. Eaves,
A.F. Jezierski, M. Henini, S.P. Beaumont, and C.D.W.
Wilkinson, Appl. Phys. Lett. 60, 2508 (1992).

12 M.A. Reed, J.N. Randall, and J.H. Luscombe, Semicond.
Sci. Technol. 7, B12 (1992).

13 P. Guéret, N. Blanc, R. Germann, and H. Rothuizen, Semi-
cond. Sci. Technol. 7, B462 (1992).

14 P H. Beton, L. Eaves, and P.C. Main, Phys. Rev. Lett. 69,
2995 (1992).

15 P. Guéret, N. Blanc, R. Germann, and H. Rothuizen, Phys.
Rev. Lett. 69, 2996 (1992).

16 J-W. Sakai, T.M. Fromhold, P.H. Beton, L. Eaves, M.
Henini, P.C. Main, F.W. Sheard, and G. Hill, Phys. Rev.
B 48, 5664 (1993).

17S.Y. Chou, E. Wolak, and J.S. Harris, Jr., Appl. Phys.
Lett. 52, 657 (1988).

18 H.C. Liu and G.C. Aers, Solid State Commun. 67, 1131
(1988).

1% G.W. Bryant, Phys. Rev. B 39, 3145 (1989).

20 M. Luban, J.H. Luscombe, M.A. Reed, and D.L. Pursey,
Appl. Phys. Lett. 54, 1997 (1989).

21 H.C. Liu and G.C. Aers, J. Appl. Phys. 65, 4908 (1989).

22 G.C. Aers and H.C. Liu, Solid State Commun. 73, 19
(1990).

23 G.W. Bryant, Phys. Rev. B 44, 3064 (1991).

24 G.W. Bryant, Phys. Rev. B 44, 3782 (1991).

25 J'W. Sakai, N. La Scala, Jr., P.C. Main, P.H. Beton, T.J.
Foster, A.K. Geim, L. Eaves, M. Henini, G.Hill, and M.A.
Pate, Solid-State Electron. 37, 965 (1994).

26 J. Wang, P.H. Beton, N. Mori, L. Eaves, H. Buhmann, L.
Mansouri, P.C. Main, T.J. Foster, and M. Henini, Phys.
Rev. Lett. 73, 1146 (1994).

27 J. Wang, P.H. Beton, N. Mori, H. Buhmann, L. Mansouri,
L. Eaves, P.C. Main, T.J. Foster, and M. Henini, Appl.
Phys. Lett. 65, 1124 (1994).

28 See, for example, W.R. Frensley, Rev. Mod. Phys. 62, 745
(1990).

29 ¢:(4; ) = (v/m2'ill) " /2 H;(z/£) exp|— L (z/£)?] with H; be-
ing the Hermit polynomial.

30 G. Thm, M.L. Falk, S.K. Noh, S.J. Lee, and T.W. Kim,
Phys. Rev. B 46, 15 270 (1992).

31 M. Jonson, Phys. Rev. B 39, 5924 (1989).

2 &;(e7 5 k) = [2mt/(Va2'3)]” H, (ke) expl— 4 (ke)?).

33 M.L. Leadbeater, L. Eaves, P.E. Simmonds, G.A. Toombs,
F.W. Sheard, P.A. Claxton, G. Hill, and M.A. Pate, Solid-
State Electron. 31, 707 (1988)

34 8. Ben Amor, K.P. Martin, J.L. Rascol, R.J. Higgins, A.
Torabi, H.M. Harris, and C.J. Summers, Appl. Phys. Lett.
53, 2540 (1988).

35 J. Smoliner, W. Demmerle, G. Berthold, E. Gornik, G.
Weimann, and W. Schlapp, Phys. Rev. Lett. 63, 2116
(1989).

36 M.L. Leadbeater, F.W. Sheard, and L. Eaves, Semicond.
Sci. Technol. 6, 1021 (1991).



(b)

FIG. 1. Schematic diagrams
of the GaAs/AlAs resonant
tunneling diode (a) and the
conduction band profile (b).
The active area of the device
is the region of overlap of two
GaAs bars, one (thickness £;)
etched in the top contact layer
and the other (thickness £;) in
the bottom contact layer.
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FIG. 3. Plots of probability density d>f(k,,) versus k, for
laterally bound states in the quantum well for j = 0 ~ 15
(solid lines), the dispersion of the emitter states (broken line),
and the locus of the n = 1 maxima (dotted line). Also shown
(shaded) is the integration range for Eq. (2.15) for B = 0T

and 10T. The horizontal axis is in units ky, = (mwsy)

l/2_

There are N (= [j/2] + 1) maxima in ®3(k,) lying in the
range of ky, < 0 (or ky > 0) labeled n = 0, 1, 2,..., for the

7 = 15 curve.



