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Negative difFerential conductance in quantum waveguides
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We discuss far-from-equilibrium electron transport in quantum waveguide structures at low
temperatures. On slowly cooling the devices in the dark, the current-voltage characteristics are
found to be similar to those of a quantum point contact. Exposure to light at low temperature alters
the characteristics dramatically, with one or more regions of current-controlled negative differential
conductance occurring. The characteristics can be returned to their prelight condition by annealing
the samples above 120 K, which indicates that the effect is associated with the occupancy of DX
centers in the Al Gai As. We argue that the negative differential conductance arises &om hot-
electron bistabilities due to puddles of charge trapped in the waveguide by potential inhomogeneities
associated with ionized DX centers.

Near equilibri»m transport through quantum point
contacts and quantum waveguides has received consid-
erable attention over the past five years, yet there
have been few reports of nonlinear transport in these
structures. ' Near equilibrium transport occurs when
the energy eV,p associated with a bias V,g applied across
a quasi-one-dimensional channel or constriction is less
than the subband separation, and is characterized by
linear current-voltage (I V) charact-eristics that have a
slope G = n2e2/It, where n is the niimber of occupied
subbands. When eV,g becomes comparable to the one-
dimensional subband energy separation there is a differ-
ence in the number of subbands occupied for the for-
ward and reverse currents which causes nonlinearities in
the I- V characteristics. Furthermore, in the high source-
drain bias regime it has been argued that the extra sub-
bands made available by V,p can act like current fila-
ments and cause current controlled (S-type) negative dif-
ferential conductance (SNDC) in the I Vcharacterist-ics. 4

Another mechanism that produces SNDC behavior has
been identified in the far-&om-equilibri»m transport of
pinched quant»m-dot devices. In these devices SNDC
occurs when a critical thermionic current over the electro-
static potential defining the dot causes thermal runaway
of the carriers in the dot which results in switching &om
a low to high impedance state. In this paper we present
measurements of the far-from-equilibri»m I- V character-
istics of single constriction quantum waveguides. A rich
variety of instabilities are observed including single and
multiple regions of SNDC, depending on the sample his-
tory in the cryostat. The SNDC occurs close to wave-
guide pinch-off and by analogy to similar behavior ob-
served in quant»m-dot devices we believe that the origin
is related to heating of &ee carriers localized by inhomo-
geneities in the waveguide.

Overlapping split-gate quantum waveguides of length
L and physical width 0.2 pm were fabricated on a
molecular-beam epitaxy grown, uniform modulation-
doped GaAs/A1Q 27Gao rsAs heterostructure, as shown
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FIG. 1. The equilibrium conductance after light exposure
of a zero overlap point contact (A) and the L = 0.1 (B) 0.2
(C) and 0.5 asm (D) waveguides. The inset is a schematic of
the material and devices.

schematically in the inset to Fig. 1. The silicon donor
concentration was 1 x 10 cxn in both the GaAs cap
and the Al Gai As layer. The overlapping Schottky
gate electrodes were defined by electron-beam lithogra-
phy and comprised 25 nm of Au on top of 7.5 nm of Ti.
The 4.2 K mobility and electron density of the ungated
sample were 1 x 10s cm2/Vs and 3 x 10ii cm 2, respec-
tively. With a sufficiently negative gate bias V~ applied
to the gates, the two-dimensional electron gas (2DEG)
beneath the electrodes is depleted forxning a channel
through which the electrons can propagate. Herein we
report results for waveguides with L = 0.1, 0.2, and 0.5
pm, and a quantum point contact with L = 0 pm.

The samples were mounted in a pumped 4He cryostat
fitted with an in&ared light emitting diode (A = 830 nm)
to enable in situ device illuxnination. Two measurement
techniques were used to study the I-V characteristics of
the devices as a function V~. The equilibrium conduc-
tance was measured using a 70 pV amplitude, 23 Hz
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source-drain bias and a lock-in amplifier to detect cur-
rent. Far-&om-equilibrium experiments were performed
with a four-terminal arrangement using a constant cur-
rent dc source-drain bias and measuring V,g across the
device. The devices were cooled slowly in the dark to
1.2 K and the I-V characteristics were measured before
and after sample illumination. The lattice temperature
of the sample increased by less than 1 K during illumi-
nation and after returning to thermal equilibrium the
sample conductance had increased by up to 5%, showing
that silicon donor ionization had occurred.

Figure 1 shows the equilibrium conductance as a func-
tion of V~ for the waveguides and the point contact. As
expected, the point contact has conductance plateaus at
n2e /h. The I = 0.1 ym waveguide has five conduc-
tance plateaus close to n2e /h indicating that the trans-
verse orientation of the waveguides with respect to the
source-drain axis does not significantly reduce the elec-
tron transmission coefficient &om unity. Consistent with
previous quantum waveguide studies, longer devices al-
ways showed less ideal conductance quantization with
structure in some of the plateaus probably caused by the
random potential &om ionized silicon donors. The volt-
age at which the waveguides pinched off shifted by at
most 0.5 V after light exposure, and the ideality of the
equilibrium conductance depended on the illumination.

Figure 2 shows the source-drain characteristics as a
function of V~ for the 0.5 pm waveguide before and after
light exposure. For V,g close to zero the slopes of both
sets of characteristics show the conductance quantiza-
tion. Before illumination the I Vcharacter-istics (solid
curves in Fig. 2) at higher values of V,g are similar to
those expected for an adiabatic point contact. Assuming
ballistic transport at finite V,g, we have modeled the I- V
characteristics in this range using the finite temperature
I andauer-But tiker formalism,

OO

I(V,g) = — dE ) T„(E)[f'(E,V,g) —f"(E,V,g)],
o n=1

where T„(E) is the transmission coefFicient, and
f""(E,V,q) are Fermi-Dirac distribution functions for
the source and drain reservoirs. The energies E„
qPo —(qVd/a) + e where Po is the potential in the
constriction relative to the conduction-band edge of the
2DEG, ~„are the subband energies and o. is a parameter
that describes the change in barrier height with potential
across the waveguide. We assume the transmission co-
efficient to be given by the local adiabatic model as,
T„(E)= (1+e ~"~@ '"l) i, where P„ is a parameter de-

scribing the degree of coupling of the entrance and exit
of the waveguide. Assuming simple hard wall confine-
ment, this analysis provides good fits to the data prior
to illumination as shown by the dotted curves in Fig. 2,
using e„,P„, and a as parameters for each gate bias. Ad-

ditionally, a numerical mode matching analysis revealed
no significant difFerence in the quantized conductance of
the overlapping gate structures studied here compared to
a straight constriction.

Very different behavior is obtained in the same sam-

ples depending on the cooling rate and sample illumina-
tion, which is shown by the dashed curves in Fig. 2. At
values of V~ and V,d where prior to light exposure the
conduction was close to zero, a rapid conductance rise
was observed after illumination. The conductance rise
moves to higher V,g as Vg is made more negative. The
I-V characteristics of the L = 0.2, 0.1, and 0 pm de-
vices show a similar change after illumination. In some
cases the rapid increase in conductance exhibited SNDC
behavior. Figure 3 shows the I-V characteristics of the
I = 0.1 pre device for forward and reverse V,g, which
demonstrates the effect is asymmetric. The details at
the onset of the conductance increase are changed, but
the overall I- V characteristics are the same. In some de-
vices two regions of SNDC occur, as shown in Fig. 4.
The two SNDC regions have a different dependence on

Vg, the first switching at V,g = 6 mV independent of Vg,
the other switching at a value of V,g that depends almost
linearly on V~.

Several transport mechanisms are possible sources of
SNDG in these devices, including impact ionization,
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FIG. 2. The I- V characteristics of a I = 0.5 pm waveguide
before (solid curves) and after (dashed curves) light exposure.
The gate voltage is incremented in —20 mV steps from —0.7
V for the solid curves and —0.8 V for the dashed curves. The
dotted curves are theoretical fits to the preexposed data.
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FIG. 3. The I- V characteristics of a L = 0.1 p, m waveguide
after light exposure. The solid and dashed lines show the
efFect of reversing the source drain bias. The gate voltage
increment is —20 mV.



50 BRIEF REPORTS 14 641

0.8-

0.6-

8 O4-

0.0 i
0 10

Vss (mV)

15 20

FIG. 4. The I- V characteristics of a I.= 0.1 pm maveguide.
The gate voltage increment is —20 mV.

Coulomb blockade, and hot-electron runaway of con-
6ned carriers. s 6 If impact ionization of donors was re-
sponsible for the SNDC, we would expect that further
ionization of the donors by the light would decrease the
efFect. However, the opposite trend was observed in every
sample studied. From the waveguide dimensions we es-
timate that SNDC due to the Coulomb blockade would
have a low impedance state current at least three or-
ders of magnitude below the measured value. The mech-
anism invoked to explain SNDC in quantum dots re-
quires carrier con6nement between two barriers. Nixon
et a/. have shown that in 6nite length quantum wave-
guides close to pinch-ofF, double barriers can be formed
by the random potential &om ionized impurities in the
Al Gai As. We believe that the formation of barriers
in the electrostatic potential defining the waveguide, and
puddles of charge trapped between the barriers, are re-
sponsible for the SNDC we observe.

In the Alp g7Gap 73As layers used in the present sam-
ples the lowest energy state of the silicon donors is a DX
center. DX centers have capture and emission barriers
that govern the rate of electron exchange with the donor.
At low temperatures these rates are exceedingly small.
When the samples are Grst cooled slowly in the dark an
equilibrium distribution of ionized donors is formed with
only about 10% being ionized. The long range potential
from this distribution introduces a random component
to the electrostatic potential that dennes the quantum
w'aveguide. In this equilibrium state we do not observe
SNDC in any samples, which suggests that for the tem-
peratures studied the potential barrier heights are insuf-
6cient to con6ne carriers. When the sample is illumi-
nated at low temperature more donors are ionized. How-
ever, after the light has been switched off most of the
ionized electrons remain in the conduction band of the

Al Gaq As. We have verified this conjecture through
self-consistent calculations of the electronic states of the
modulation-doped structure. The degree of inhomo-

geneity in the potential forming the quantum waveguide
will now be increased due to a larger concentration of
ionized DX centers after illumination. This increases the
likelihood that charge puddles exist in the waveguide,
even after pinch-ofF. If the puddles behave as quant»m
dots, they may be excited by electrons injected &om the
contacts through the waveguide. Using the thermal run-

away model reported earlier for quantum dots, s the 6rst
SNDC region shown in Fig. 4 is explained by efFective
barrier heights of about 10—20 meV with approximately
30—40 electrons trapped between them. Such SNDC be-
havior cannot be explained using the simple quasiadia-
batic model [Eq. (1)].

Upon annealing the samples at about 120 K for 12 h,
the I- Vcharacteristics returned to their original, prelight
exposed state. Mooney et a/. have shown that with an
Al mole &action of 0.27 and a silicon donor concentra-
tion of 1 x 10 cm, the time taken for one-half of the
ionized DX centers to capture an electron is 10~ s at 115
K, which is consistent with the times and temperatures
necessary to anneal the present samples back to their
pre-illuminated state. Furthermore, the shift in channel
pinch-ofF voltage caused by the light is also consistent
with DX center ionization. i

The model of hot-electron, instabilities due to charge
puddles in the waveguide qualitatively explains several
other features of the data. For example, the difFerences
when V,g is reversed (Fig 3) ar.e predicted if the poten-
tial barriers are of different height. Barriers caused by
the random potential may also explain the double SNDC
behavior shown in Fig. 4. When more than two barriers
in8uence the transport there is the possibility of two or
more regions of trapped charge. In this case the thermal
runaway model predicts multiple SNDC structure, the
nature and scale of which depend on the position and
size of the barriers, and whether the trapped regions can
be considered to be in series or parallel.

In summary, we have shown that quantum waveguides
at low temperatures can exhibit single or multiple re-
gions of SNDC. These features may be explained by the
formation of charge puddles in the waveguide due to po-
tential inhomogeneities &om DX centers. The puddles
act like quantum dots which have been reported to have
hot-electron instabilities in their I- V characteristics.
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