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We present a comprehensive experimental study of the tunneling and transport characteristics of
split-gate “leaky” one-dimensional (1D) electron waveguides implemented in Al,Ga,;_,As/GaAs het-
erostructures. In a leaky electron waveguide, electrons can tunnel out of the 1D channel through a thin
side wall barrier into an adjacent 2D electron bath. A sharp peak and valley structure is observed in the
1D-to-2D tunneling current as the carrier concentration is modulated in the 1D waveguide through the
field-effect action of the split gates. A semiclassical model confirms that the tunneling features originate

from the 1D subbands in the channel.

I. INTRODUCTION

Over the past decade, there has been much interest in
understanding the physics behind transport in one-
dimensional (1D) electronic systems.! A particularly in-
triguing 1D transport regime is that of an electron
waveguide, in which, due to the absence of scattering in
the channel, the electron behavior is solely determined by
the confining potential. This new regime for electron de-
vice operation was first discovered by van Wees et al.?
and Wharam et al.? in 1988. In their experiments, the
individual modes of the electron waveguide were revealed
by observation of quantized conductance as the width of
the electron channel was modulated. Since then, other
theoretical and experimental contributions have helped
furtﬁlelioclarify the physics behind 1D electron waveguid-
ing.

An independent experimental observation of the
discrete propagation modes of an electron waveguide was
recently provided in a tunneling spectroscopy experi-
ment.!! In these studies, we implemented a unique elec-
tron waveguide which had only a thin confining wall as
one of its side barriers. Electrons traveling in the
waveguide could tunnel out of the 1D channel through
the thin sidewall into an adjacent two-dimensional (2D)
electron bath. The tunneling current in these “leaky
waveguides” showed very strong oscillations as the 1D
carrier density was varied. The oscillatory structure was
attributed to the sharp nature of the density of states
(DOS) of the 1D electronic system. ''12

In this paper, we present a comprehensive study of the
1D-to-2D tunneling process in leaky electron waveguides.
New experimental work carried out on entirely different
samples has confirmed our original findings,!! the strong
peak and valley structure in the tunneling current. We
have examined the dependence of the tunneling current
on bias conditions and measurement temperature. In this
paper, we also present a semiclassical theory for the tun-
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neling phenomena which includes the length dependence
of the waveguide and the energy dependence of the tun-
neling probability through the thin barrier. Numerical
calculations confirm, to the first order, our experimental
observations.

II. THEORY

A leaky electron waveguide is much like a convention-
al electron waveguide studied in previous work®*>® in
that both have discrete modes, or subbands, which arise
from the lateral confining potential. The unique feature
of a leaky electron waveguide is a thin sidewall through
which forward traveling electrons can tunnel out of the
channel into an adjacent 2D electron bath. A conceptual
illustration of the potential landscape of a leaky electron
waveguide is shown in Fig. 1. In our scheme, we in-
dependently and simultaneously monitor the forward

FIG. 1. Conceptual picture of the potential landscape of the
leaky electron waveguide. Three 1D subbands are shown (two
of which are occupied as illustrated by the shading). The arrow
depicts the tunneling current through the thin middle barrier.
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waveguide current and the leakage current tunneling into
the 2D electron bath. In the limit of small leakage, the
waveguide current is quantized due to the energy cancel-
lation between the 1D density of states and the electron
forward velocity. For the leakage current there is no
similar energy cancellation since the transverse electron
velocity is constant for a given subband. Therefore, the
tunneling current largely reflects the features in the 1D
density of states. This very simplified picture was ad-
vanced in our first presentation of this work,!' and is
shown in Fig. 2. In this section, we present a more
rigorous model for the tunneling current I, and the for-
ward waveguide current JIg,.

In order to gain an intuitive understanding of the tun-
neling process, we use a semiclassical model to derive an
expression for the tunneling current. In our picture, elec-
trons bounce back and forth between the two sidewalls as
they travel through the 1D channel. Each time they are
incident on the thin sidewall, there is a finite probability
that the electrons will tunnel through the barrier into the
2D electron bath. By assuming a uniform barrier along
the waveguide and a small leakage current leaving the
channel, the transverse problem can be isolated from the
longitudinal one. The leaky waveguide cross section
which is considered in our theory is shown in Fig. 3.
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FIG. 2. Conceptual explanation for leaky waveguide charac-
teristics. The left and right branches illustrate, respectively, the
origin of the quantized conductance and the tunneling oscilla-
tions. Shown are the 1D density of states (top figure), the
momentum components for the waveguide current (left branch)
and the tunneling current (right branch), as well as the product
of the momentum and density of states for the two branches.
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Eref =0

FIG. 3. Energy cross section of the ideal leaky electron
waveguide. E; is the energy at the bottom of the jth subband,
eV, is the increase in potential energy in the channel arising
from the gate bias, E, is the energy at the top of the barrier, and
eV, is the splitting between the Fermi levels.

We begin by outlining the rules in the tunneling pro-
cess to show that the tunneling current is limited by the
1D side. Conservation of momentum requires that the x
and z momentum components k, and k, remain the same
during the tunneling process since the leakage current is
flowing in the y direction. The z momentum component
is automatically conserved since electrons on both sides
of the barrier are in the lowest 2D subband. Momentum
conservation in the x direction requires that

kx2D=kx1D ’ (1)

where the 1D and 2D subscripts denote the respective

electronic systems on either side of the thin barrier. En-

ergy conservation states (see Fig. 3)
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where V¥V, is the potential difference between the two
sides, E; is the increase in potential energy due to 1D
quantization (j is the 1D subband index), and k,, is the
y momentum component on the 2D side. Since k, is con-
served in the tunneling process, the y momentum com-
ponent on the 2D side can be found from Eq. (2),

2m*[E;+eV,] |
ﬁZ

kyp= (3)

As seen by these selection rules, the momentum of the
tunneling electrons are restricted by the 1D side.

In general, the tunneling current can be separated into
two components: one arising from electrons tunneling
from the 1D side to the 2D side, and the other resulting
from electrons tunneling from the 2D side to the 1D side.

The 1D-to-2D tunneling component is calculated by
multiplying the electron flux impinging on the thin bar-
rier by the tunneling probability through the barrier.
The flux is simply the rate of electron incidence on the
thin sidewall times the number of electrons impinging at
that rate. The rate can be arrived at by dividing the
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transverse velocity by twice the waveguide width w:

fik,;
— "y
Ri= 2w @

where ky i is the transverse momentum component,.deter-
mined by E;. The number of states in which electrons
can occupy the 1D channel (for a particular subband) is
given by the familiar density of states expression
2
8pdE = —dk,p. (5)
T
An expression for the 1D-to-2D tunneling component per
unit length, including contributions from all subbands j,
can now be written as

Jip- 2D—92R Tip- 2Df ng(E —E;—eV,)f(E)

X[1—f(E +eV,)1dE , (6)

where R; is the impingement rate in Eq. (4), Tip_,p is
the tunneling probability through the thin barrier, !> and
the 1D density-of-states integral gives the number of elec-
trons in a given subband which are allowed to tunnel over
to the 2D side. The f(E) and [1—f(E +eV,)] terms
determine the occupancy and availability of states on ei-
ther side of the barrier, respectively. eV, is the splitting
between the Fermi levels across the barrier.

The 2D-to-1D tunneling component can be arrived at
in a similar fashion. As seen by the selection rules in Egs.
(1)-(3), the 1D side determines the number of electrons
on the 2D side which can partake in the tunneling pro-
cess. A general expression for the 2D-to-1D component is

+ o
'IZD-ID:ezRZDTZD-lDf_ 8in(E —E;j—eV,)
j -

(7

where the 1D density of states expression in Eq. (5) is
substituted for dk,,p in the above integral (remember
that k., equals k. ;p). The impingement rate R,y and
the 2D-to-1D tunneling probability T,y p, are more
complicated than the equivalent expressions in the 1D-
to-2D tunneling component. However, the rate at which
electrons enter the 1D side from the 2D side has to be
equal to the rate at which electrons exit the 1D
waveguide, since when ¥V, =0, the integrals in Egs. (6)
and (7) are identical. Therefore,

RypTyp.ap=R;Tpop - (8)

This allows us to arrive at the general expression for the
tunneling current per unit length:

Js2=J1p2p —Jap-1D

=e ZR TID2Df

ng(E E —eVo)

X[f(E)—f(E +eV,)]dE . (9)

The length dependence can be included by integrating
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along the x direction of the waveguide. In the limit of
small current, the tunneling current is

—eIZR TlDZDf gIDE E_eVo)

X[f(E)—f(E +eV,)]dE , (10)

where [/ is the length of the waveguide. At low tempera-
tures and for small Fermi-level splitting eV,, Ig,
simplifies to

IszzeszizﬂTmzn(Eb_E'“eVo)
2w 7 m* - J
Xng(EF—EJ—eVo) > (11)

where Ej refers to the Fermi levels on either side of the
barrier since their difference is small in comparison to the
energy scale of the problem. The number of tunneling
electrons is given by the 1D density of states at the Fermi
level Ep. In addition, we have substituted the expression
in Eq. (4) for R; in Eq. (10), as well as explicitly shown
the energy dependence of the tunneling in the
parentheses (E, is the barrier height).

There are several energy dependences in Eq. (11). The
strongest one arises from g, which results in a peak and
valley structure in the tunneling current when the sub-
bands are swept through the Fermi level as the electron
concentration is modulated by means of a side-gate bias.
A peak in the tunneling current corresponds to a subband
just passing through the Fermi level since the density of
states is highest near the bottom of the subband. This
peak and valley structure is repeated as additional sub-
bands are brought through the Fermi level. Therefore,
the features in the 1D-to-2D tunneling current arise from
the density of states in the 1D channel (the right-hand
branch in Fig. 2).

The tunneling probability T,5,p in Eq. (11) also has
an effect on the features in the tunneling current. T'p,p
is determined by the barrier height with respect to the en-
ergy at the bottom of the subband since only the trans-
verse electron wave function penetrates through the bar-
rier. For a given subband at a certain bias, all electrons
in the subband have the same tunneling probability, in-
dependent of energy E. For this reason, the transmission
coefficient T is outside the integral in all the above equa-
tions. As a subband passes below the Fermi level, its tun-
neling contribution diminishes as E, —E;—eV, increases,
even more rapidly than the 1D density of states falloff.
The tunneling current is thus primarily a result of elec-
trons in the occupied subband nearest the Fermi level.

Equation (11) predicts a width dependence of the tun-
neling current through the w and k; terms. In split-gate
schemes, the side-gate bias modulates both the width and
the potential energy in the channel.'* Under the hy-
pothetical case where only the width is modulated
(eV=0), k,; and w change continuously with side-gate
voltage (k,; is assumed to be inversely proportional to
waveguide width w for a given subband). The value of
k,; at the Fermi level where tunneling dominates will be
the same as when other subbands cross the Fermi level
since the bottom of the channel does not change relative
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to Ep. For this case, the height of the peaks predicted by
Eq. (11) will have an inverse width relation. Under the
other hypothetical case where only the potential energy is
modulated, the values of kyA and w will remain constant
as the subbands sweep through the Fermi level. Here,
the peak heights will be weighted by the different values
of k,;. In real experiments, the relative peak heights will
be dependent on both a varying width and a changing po-
tential energy in the channel.

The forward waveguide current I, can be calculated
in the usual manner found in the literature.!> The small
tunneling current leaking from the side of the waveguide
is treated as a perturbation to transport in the channel.
To first order, it is accounted for by simply subtracting
I, from the ideal value of the forward current in the fol-
lowing manner:

Ig=e3 [ 7 v (E—E;—eVy)igip(E —E;—eV,)
j — 0

X[f(E)—f(E +eV)|dE—1Ig, , (12)

where v, (E —E;—eV,) is the electron velocity in the for-
ward direction for the jth subband, and V, is the applied
voltage across the waveguide (¥, =V, in most of our ex-
periments). The factor of 1 before the 1D density-of-
states term arises since we are interested only in those
electrons moving in the positive x direction. In the limit
of low temperature and small V', the forward waveguide
current becomes

2e?

Ig,= h

ViZj—Is:, (13)
j

where j is the subband index. The peaks in the tunneling
current should occur ideally at the onset of a conduc-
tance step since this is when a new subband crosses the
Fermi level. For large tunneling currents, the subtraction
in Eq. (13) causes a rounding in the steps in the
waveguide current, as seen in experiments. !!

This section has put forward a simple semiclassical
model for the tunneling current and the waveguide
current in a leaky electron waveguide. We have shown
that the tunneling current should have an oscillatory
structure arising from the 1D subbands in the electron
waveguide. We have also shown that the forward
waveguide current is affected by the tunneling current.
Other theoretical work involving complete quantum-
mechanical solutions is consistent with our semiclassical
picture of leaky electron waveguide devices.!> 1617

III. DEVICE FABRICATION

Our work is based around a split-gate'®!® dual electron
waveguide device,? sketched in Fig. 4, with the ultimate
goal of exploring electron directional coupling between
two 1D electron waveguides.?! Such a device consists of
three gates patterned on top of a depletion-mode
modulation-doped heterostructure. By applying a nega-
tive bias to these gates, we can deplete the 2D electron
gas 2DEG) at the heterointerface forming the two close-
ly spaced 1D electron waveguides. The two side-gate
biases control the carrier concentration in each respective
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FIG. 4. Conceptual picture of dual electron waveguide de-
vice. The top plane shows the gates and Ohmic contacts at the
surface of the heterostructure. The bottom plane shows elec-
tron concentration (shaded regions) at the heterointerface for
negative gate biases.

waveguide. The middle-gate bias establishes the thin tun-
neling barrier between the two 1D waveguides.

In this paper, we are interested only in tunneling be-
tween a 1D electron waveguide and a 2D electron bath.
This single leaky electron waveguide can be implemented
by grounding one of the side gates of our dual electron
waveguide structure. This leaves the 2DEG underneath
that gate wunaffected and therefore establishes a
waveguide with a 2DEG next to it, separated by a thin
barrier of controllable strength.

Two heterostructures were used for the measurements
reported in this paper. They are shown in Figs. 5(a) and
5(b). The main difference between them is the size of the
spacer region separating the dopants from the 2DEG.
For the shallow heterostructure (used in Ref. 11), shown
in Fig. 5(a), which has the smaller spacer, the 2DEG mo-
bility is 170000 cm ™~ 2/V s, and the 2D carrier concentra-
tion is 7X 10" cm ™2 at T =4.2 K. The deep heterostruc-
ture, shown in Fig. 5(b), has a 2DEG mobility of
1.2X10% cm?/Vs, and a 2D carrier concentration of
4x10" cm™% at T=4.2 K. The values for the deep het-
erostructure have been optimized for both high mobility
and high carrier concentration using a multilayer §-
doping growth technique.?? Both are necessary for good
electron waveguiding. 8

We expect cleaner waveguides characteristics in the
deep heterostructure than in the shallow heterostructure
because of its higher mobility. However, since the 2DEG
is much further away from the split gates in the deep het-
erostructure (890 vs 525 A), the confining potentials will
be softer, resulting in smaller subband separations and
wider tunneling barriers. In Sec. V, we will see the effects
of this on the features of the waveguide and tunneling
currents.

Device fabrication after heterostructure growth
proceeds with optical lithography for mesa isolation,
Ohmic contacts, and gate pads. The fine split gates are
then fabricated using direct-write electron-beam lithogra-
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phy. If necessary, an additional gate metal is deposited
using optical lithography to ensure continuity between
the fine split-gate metal and the gate pads. Figure 6 shows
a scanning electron micrograph (SEM) faraway view of a
finished device.

The mesas are formed by wet etch using a 10:1
H,O/etchant  solution where the etchant is
[H,S0,4]:[H,0,]:[H,0] (1:10:10). The Ohmic contacts are
formed by e beam evaporating a Ni/Au/Ge multilayer (5
nm of Ni, 5 nm of Au, 25 nm of Ge, 45 nm of Au, 10 nm
of Ni, and 50 nm of Au) followed by a 425°C, 10-s rapid
thermal anneal. Four Ohmic contacts are fabricated for
each device to allow individual access to the two
waveguides. The gate pads are fabricated by e beam eva-
porating a Ti/Au bilayer before (20 nm of Ti and 100 nm
of Au) and after (30 nm of Ti and 300 nm of Au) the fine

(a)

[

GaAs 50 A
18 - o

n-AlGaAs 10 cm 400 A
i-AlGaAs 55 A
AlAs 20 A
i-GaAs 1.0 um
undoped-GaAs substrate
(b)

n-GaAs ~10'%cm° 50 A

3-doped Al ,Ga, ,AS 4xi0''cm 2 600 A

(Silicon atoms in planes every 40 A)

i-Al, .Ga__As 240 A
i-GaAs 1 um
LTBL 1um

(GaAs Buffer Layer Grown at a
Substrate Temperature of 250°C)

i-GaAs Tum

Undoped GaAs substrate

FIG. 5. Cross sections of (a) the shallow heterostructure, and
(b) the deep heterostructure.

15 061

FIG. 6. Scanning electron micrograph (SEM) of the complete
device including mesa, Ohmic contacts, gate pads, and fine split
gates.

split-gate lithography.

A typical electron-beam-written gate pattern is shown
from a distant and close-up view in Figs. 7(a) and 7(b), re-
spectively. The electron-beam lithography uses a bilayer
poly(methylmethacrylate) (PMMA) technique to achieve
high yield lift-off.”> The thermally evaporated metal in
the e-beam lithography process is a 20-nm Au/Pd alloy
which has a very small grain size. The common middle
gate used to create the leaky barrier is fabricated using a
single-pass e-beam lithography technique.?® Its width is
approximately 30 nm. In order to achieve such small
feature size, proximity effects have to be reduced; there-
fore, only the periphery of the side gates are drawn. This
does not compromise input/output isolation.?* The mid-
dle gate is widened to 0.5 um in the areas outside the
waveguide region in order to provide isolation between
the 2D electron baths. We fabricated several devices
with various lithographic dimensions: W is the distance
between the side gates and the middle gate, and L is the
length of the central region of the split gates.

For the shallow heterostructure, the sheet resistances,
as measured by the transmission line method (TLM) tech-
nique, are 1200 and 55 Q /0 at 300 and 4.2 K, respective-
ly. The contact resistance is 0.27 Q@ mm at 4.2 K. For
the deep heterostructure, the sheet resistance is 1700
Q /0, and the contact resistance is 0.3 @ mm at 300 K.

IV. DEVICE BIAS CONDITIONS

In order to maintain consistency with our previous pa-
pers, the two electron waveguide in our device are re-
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3. Bum,

ferred to as the “top waveguide” and “bottom
waveguide.” The side gates associated with the respec-
tive waveguides are then labeled “top gate” and “bottom
gate.” The thin common gate to both waveguides is re-
ferred to as “middle gate”.

In our measurements, one of the side-gate biases [either
the top-gate voltage (Vgy) or the bottom-gate voltage

FIG. 8. Bias conditions for (a) a top leaky electron
waveguide, and (b) a bottom leaky electron waveguide. The
shaded regions indicate the electron-gas distribution at the
heterointerface.
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FIG. 7. SEM distant and
close-up views of the split gates
used to implement the leaky
electron waveguide. The middle
gate, which serves as the tunnel-
ing barrier for the channel, is 30
nm wide.

(Vgp)] is swept depending on which electron waveguide
is being studied. The middle gate is fixed at a negative
bias which allows only a small tunneling current to pass
through the thin barrier in the central portion of the de-
vice while providing good isolation in the outer regions of
the device. This arises from short-channel effects, since
the middle gate is lithographically wider in the outer re-
gions.?’ The remaining side gate is grounded so a 2D
electron bath exists on the other side of the thin
waveguide sidewall. The bias schematics for implement-
ing a top “leaky” electron waveguide and a bottom
“leaky” electron waveguide are shown respectively in
Figs. 8(a) and 8(b).

A small ac (f =19 Hz) voltage is applied between the
drain and source contacts of the waveguide. This voltage
is referred to as Vpg; (in the absence of any series resis-
tance, equal to ¥, in our theory). The source current
flowing through the waveguide, referred to as I, is fed
into a current-to-voltage preamplifier whose output is
monitored by a lock-in amplifier. The 2DEG on the oth-
er side of the thin middle gate is also contacted and kept
at the same potential as the waveguide source contact, as
illustrated in Fig. 8. The voltage between the drain con-
tact and this contact is referred to as Vg, (in the absence
of series resistance, equal to ¥, in our theory). Since
Vpsi is equal to Vpg, in our experiments, from now on
we will drop the numerical subscript and refer only to the
drain-source voltage as Vpg. The current flowing out of
the 2DEG contact is the tunneling current, referred to as
Ig,, and it is monitored by a different preamplifier—lock-
in setup. In general, the tunneling current Iy, is much
smaller in magnitude than the waveguide current Ig;. All
measurements are carried out at 7=1.6 K and
Vps =100 1V unless otherwise specified.

V. EXPERIMENTAL RESULTS

The I¢-V gt characteristics of an L =1.0 um, W =0.3
pm leaky electron waveguide implemented in the deep
heterostructure are shown in Fig. 9. The forward
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FIG. 9. Top leaky waveguide Is-Vgr characteristics showing
the current Ig, flowing through the waveguide, and the tunnel-
ing current I, leaking out of the channel through the thin
sidewall barrier. This device was implemented in the deep het-
erostructure.

waveguide current Ig; shows sharp steps of magnitude
(2¢%/h)Vps as the top-gate bias sweeps the subbands
through the Fermi level. The first five steps are especially
clean while the higher-lying ones are somewhat less visi-
ble. This indicates the presence of nonuniformities in the
confining potential near the side gate, which is verified by
an asymmetric bias technique.?> 2’ The tunneling
current Ig, shows the theoretically predicted peak and
valley structure arising from the 1D subbands, consistent
with our previous experimental findings.!! Ideally a new
peak should occur at the onset of a new step since this
corresponds to a subband crossing through the Fermi lev-
el. Except for the first two subbands, the expected line up
is observed in Fig. 9. The tunneling current I, becomes
zero when Ig; =0, which confirms that tunneling only
occurs in the middle central region of the device.

An independent confirmation of the 2DEG isolation in
the outer device regions can be obtained by directly
measuring the middle-gate characteristics with the side
gates grounded. The resulting I4-V 5\ characteristics are
shown in Fig. 10. Two thresholds are noted, one in
which the 2DEG is turned off underneath the wider por-
tions of the middle gate, V3 ~ —0.6 V, and another in
which the electron gas is turned off underneath the nar-
row portion of the middle-gate, V3> ~—1.2 V. The
value of V2P is sensitive to the exact dimensions of the
middle gate. By biasing the middle gate beyond the first
threshold V,ZID, the outer 2DEG regions become com-
pletely isolated from one another. In our tunneling ex-
periments, we bias the middle gate in a tunneling regime
near V2P.

We note that the tunneling current is not affected when
the 2D electron concentration is modulated on the other
side of the barrier. Figure 11 shows the tunneling
characteristics for an L =0.5 um, W =0.3 um bottom
leaky waveguide under different fixed top-gate biases
(while still maintaining a 2DEG underneath the top gate).
Both the features and the magnitude of the current I,
are independent of the changes in carrier concentration
on the 2D side. This confirms our theory which postu-
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FIG. 10. Middle-gate Ig,-V sy characteristics for a device
implemented in the deep heterostructure (Vgr=Vgg=0 V).
The threshold voltages for the 2D electron gas underneath the
wide and narrow portions of the middle gate are labeled V2P
and V2P, respectively.

lates that the tunneling current is limited by the 1D side.

The higher mobility, deep heterostructure has led to an
overall improvement in conductance quantization as well
as in waveguide yield over our previous work.!! Almost
all of the devices measured showed some degree of quant-
ization in the waveguide current as well as observable os-
cillations in the tunneling current. That was not the case
for the shallow heterostructure. We were therefore able
to find a few devices in which both waveguides were rela-
tively free of scatterers. Figure 12 shows the tunneling
current I, for the top leaky waveguide and the bottom
leaky waveguide of a single L =0.2 um, W =0.3 um de-
vice. The nearly identical characteristics of both
waveguides help confirm that the observed features arise
from the potential landscape imposed by the symmetric
gate pattern, and not by an arbitrary impurity
configuration.
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FIG. 11. Tunneling characteristics Is,-Vgp of the bottom
leaky waveguide for different values of top-gate bias (deep het-
erostructure).
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FIG. 12. The tunneling characteristics Is,-V(g,gp) of the top
and bottom waveguides in an L =0.2 um, W =0.3 um device
implemented in the deep heterostructure.

We have found that the strength of the middle barrier
affects the quality of the quantization in the waveguide
current. Figure 13 shows the I-V gy characteristics for
an L =0.5 um, W=0.3 um device biased in the leaky
waveguide configuration for two different values of
middle-gate bias, Vg =—1.2 and —1.15 V. For the
more positive middle-gate bias, there is more tunneling
current out of the waveguide (I, increases). At the same
time, the staircase structure in Ig; almost completely
washes out, resulting from the weaker confinement. The
reduction in the middle-gate bias has also led to a slightly
wider waveguide, since the threshold for the 1D electron
waveguide becomes more negative.

We also studied the temperature dependence of the
tunneling current. Thermal broadening will smear the
electron energies around the Fermi level by 3.5 kT."
Figure 14 shows the Ig,-V gt characteristics of an L =0.5
pum, W =0.3 um device implemented in the deep hetero-
structure for temperatures from 7 =4.2 to 10 K. The os-
cillations are noted to wash out around 10 K, which cor-
responds to a 3.5-kT value of 3 meV, close to the calcu-
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FIG. 13. Top leaky waveguide characteristics for different
values of the middle-gate bias, Vgpy=—1.2 and —1.15 V (deep
heterostructure).

BOTTOM GATE-SOURCE VOLTAGE Vgg(V)

FIG. 14. Temperature dependence of the tunneling features
for the bottom leaky waveguide (deep heterostructure).

lated energy-level separations in split-gate-defined chan-
nels.'*?® The peak and valley structure of the tunneling
current is expected to smear together when this energy
value approaches the subband separation. In addition,
there is an overall increase in I, for higher temperatures
in Fig. 14. This is a result of a substantial thermionic
emission component over the thin middle barrier, riding
on top of the tunneling current.

The impact of temperature cycling on the features of
the leaky electron waveguides was also investigated. Fig-
ure 15 shows the I¢-Vr characteristics of an L =0.1
pm, W =0.2 um device implemented in the shallow het-
erostructure, both before and after cycling up to room
temperature. The general features are largely unper-
turbed following thermal cycling, which implies that the
peak and valley structure in the tunneling current results
from the potential landscape imposed by the shape of the
split gates and the voltage applied to them. There are
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FIG. 15. Top leaky waveguide characteristics for the shallow
heterostructure. Characteristics after temperature cycling up to
T =300 K are also shown.
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FIG. 16. Characteristics of an L =0.5 um, W =0.25 ym bot-
tom leaky waveguide under common drain and source bias
configurations (see inset). Vpg is equal to 100 uV (Vgy=—0.9
Vand Vgr=0V).

some noticeable changes in the details of the features
which suggests that impurities are affecting the shape of
the confining potential. The peak to valley ratio as well
as the magnitude of the tunneling current decreases after
temperature cycling, signifying a modified barrier. The
threshold voltages of the middle and side gates are also
noted to shift positive upon thermal cycling.

We also studied the case in which the voltage applied
across the waveguide is brought to zero (¥;=0 V). For
this bias condition, the lower contacts are tied together as
drain and the upper contacts are tied together as source
(see inset in Fig. 16). The results show the familiar peak
and valley structure in the tunneling current illustrated in
Fig. 16. This measurement is an important confirmation
of our claims since the tunneling structure should not be
dependent on the drain-source bias configuration. It
should only be affected by the 1D density of states and
the tunneling probability.

The oscillatory features in the tunneling current are
quite consistent between the two different heterostruc-
tures used in our experiments. The most noticeable
difference between their characteristics is that the peak to
valley ratios of the tunneling oscillations for the deep het-
erostructure are smaller than those observed for the shal-
low heterostructure.!! We attribute this to the increased
distance between the gates and the 1DEG which results
in both smaller subband separations and a wider tunnel-
ing barrier. The smaller subband separations cause the
features in the tunneling current to smear together. For
a wider tunneling barrier, the height of the barrier must
be reduced in order to measure similar tunneling current
levels as through a thin barrier. This results in weaker
waveguide confinement and increased thermionic emis-
sion current over the barrier.

VI. SIMULATIONS

This section compares the experimental results with
numerical predictions based on the theory presented in
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Sec. II. In order to carry out the simulations, we must
first estimate the height of the tunneling barrier which, to
first order, can be found from the temperature-
dependence measurements. This is a measurement in
which all the biases are fixed and only the temperature is
varied. Therefore any changes in the current I, will be a
result of thermally activated processes and thermal
smearing. In general, in addition to the tunneling com-
ponent extensively discussed above, I, will also contain a
thermionic emission component of electrons over the bar-
rier. By charting Ig, versus 1/kT in an Arrhenius plot,
the height of the barrier relative to the Fermi level can be
extracted, to first order, from the slope of the line passing
through the data points.

Figure 17 shows an Arrhenius plot for the valley
current levels in Fig. 14. A clear thermally activated
behavior is observed. The extracted values of the barrier
height above Ep lie in a range of 0.8-0.24 meV for the
second through seventh valleys. The barrier height is
noted to increase rapidly for the lower valleys. This is
most likely a result of the weak modulation of the middle
barrier by the side-gate bias near threshold. For high
electron concentrations in the 1D channel, the electron
gas effectively isolates the electrostatic action of the side
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FIG. 17. Arrehnius plot of second through fifth valley levels
of data in Fig. 14. The thermal activation energy E, for the
different valleys range from 0.24 to 0.8 meV.
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and middle gates. As the electron population in the 1D
channel is reduced by means of the side-gate bias (this
corresponds to lower-order valleys), the electron gas does
not completely screen out the tails of the potential. As a
result, the middle barrier is raised as the side gate sweeps
negative. This finding explains why the peaks get higher
as the side-gate bias sweeps positive. It also explains why
in the deep heterostructure, it is very difficult to resolve
tunneling from the first and second subbands.

For our simulations, we assume a constant energy sub-
band spacing of 2 meV which does not change as the sub-
bands are swept through the Fermi level. This scenario is
most accurate for the first few subbands in which the po-
tential in the waveguide is lifted with more negative side-
gate bias. This assumption does not restrict the con-
clusions that are reached below. The barrier width is
kept fixed at d =350 A in the simulations reported in this
paper. The barrier height with respect to the Fermi level
in the waveguide is varied continuously from 1 meV for
the lowest subband to 0.3 meV for the fifth subband,
roughly consistent with the values extracted from the Ar-
rhenius plot. The transmission coefficient for the rect-
angular barrier used in the simulations can be found in
Ref. 13.

The simulations were carried out for T'=1.6 K condi-
tions. Thermal broadening is included in the simulations
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FIG. 18. Simulated (a) tunneling and (b) waveguide currents
vs energy for a leaky waveguide device (d =350 A, / =0.5 pm,
and w =0.25 um). The barrier height with respect to the Fermi
level is varied from 1 to 0.3 meV.
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in the manner outlined by Bagwell and Orlando. !’ Volt-
age broadening is negligible in our experiments and does
not affect the simulation results.

Figures 18(a) and 18(b) show the simulated tunneling
current Iy, and the simulated waveguide current Ig,, re-
spectively, in a leaky electron waveguide device. The
current values are consistent with those measured in the
experiments. The tunneling features in Fig. 18(a) closely
resemble those observed in our measurements. As ex-
pected from the theory, the steps in the forward
waveguide current Ig; in Fig. 18(b) line up with the indi-
vidual oscillations in the tunneling current Ig, in Fig.
18(a). Each new oscillation occurs at the onset of a new
conductance step.

The simulations show that the tunneling features are
rounded from thermal smearing. Simulations carried out
for lower-temperature conditions show much sharper on-
sets. Our simulations also show that the tunneling
features drop off faster than expected by the density of
states. This again becomes much more evident at lower
temperatures. Once the subbands pass far enough below
the Fermi level, their tunneling component becomes
negligible due to a rapidly diminishing tunneling proba-
bility.

In our simple picture, the tunneling current is directly
subtracted from the waveguide current. When the tun-
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neling current becomes large enough, a noticeable round-
ing of the quantized conductance steps occurs. In our ex-
periments, we often see degradation in the quantized con-
ductance as the tunneling current increases. Other fac-
tors, not accounted for in the simulations, also affect the
quality of the quantized conductance in leaky
waveguides, such as weak confinement and increased
scattering along the barrier.

Figures 19(a) and 19(b) show simulated tunneling and
waveguide currents, respectively, as a function of the car-
rier concentration in the 1D waveguide. The carrier con-
centration in the waveguide is related to the side-gate
voltage through a weakly changing variable, namely the
capacitance. Therefore, plotting I, and Ig, as functions
of the carrier concentration provides a picture that more
closely resembles experimental observations. The general
features in Fig. 19 become more spread out, causing more
symmetric tunneling oscillations with side-gate voltage.
Such broadening is partly the cause of the finite smearing
of the observed features in Iy, and I,.
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VII. CONCLUSIONS

This paper has presented a comprehensive set of exper-
iments of 1D-to-2D tunneling in leaky electron
waveguides. In agreement with our previous findings, !!
the tunneling current from the side of a leaky waveguide
shows a strong peak and valley structure as the 1D car-
rier concentration is modulated. The features in the tun-
neling current are shown to arise from the 1D subbands
in the electron waveguide. Our work provides an experi-
mental confirmation of electron waveguiding in a 1D
electronic system which is completely independent of the
observation of conductance quantization.
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FIG. 6. Scanning electron micrograph (SEM) of the complete
device including mesa, Ohmic contacts, gate pads, and fine split
gates.



FIG. 7. SEM distant and
close-up views of the split gates
used to implement the leaky
electron waveguide. The middle
gate, which serves as the tunnel-
ing barrier for the channel, is 30
nm wide.



