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Quantized conductance in a long silicon inversion wire
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Quantized conductance with a step size of less than e2/h, which increases linearly with increasing
perpendicular magnetic field, and resonant tunneling through an impurity state in a long silicon inver-
sion wire have been observed at 4.2 K. This is approximately understood by considering a quantum
point contact, an impurity state, and a large gate-voltage-dependent resistor in series.

In the past decade, there has been a lot of progress in
introducing concepts in physics and exploiting device ap-
plications due to the emergence of quasi-two-dimensional
(2D) structures and advances in material growth tech-
niques, such as molecular-beam epitaxy and metal-
organic chemical vapor deposition. With the application
of electron-beam lithography and reactive ion etching, it
has proved possible to introduce another dimensional
confinement into a 2D system, such as a silicon inversion
layer or a modulation-doped (Al,Ga)As/GaAs hetero-
structure, to reduce the material dimension further to
quasi one dimension (1D, i.e., quantum wires) or zero di-
mension (0D, i.e.,, quantum dots). Previous transport
measurements on ballistic point contacts' in GaAs-based
systems have revealed that the 1D conductance is quan-
tized in multiples of 2e 2/h in the adiabatic limit, but both
recent experimental® and theoretical® results have shown
that, in a real point contact, the minimum quantized con-
ductance step does not necessarily have to be exactly at
2e%/h. A 10% variation has been observed experimental-
ly, which has been explained by a 10% change in the
transmission probability in the point contact.> One may
expect to see similar conductance quantization in 1D
wires at low temperature where the phase-breaking length
L, is longer than the wire dimensions.* Recent studies of
silicon inversion wires have seen no clear evidence of
quantized conductance.® Two papers®’ have claimed to
see 1D quantized conductance, but have seen no well-
defined steps. In this paper, we report an observation of
resonant tunneling through an impurity state, which is
similar to that reported by McEuen e al.,® and clear step-
like conductance, which has a step size of less than e?/h,
in a long silicon inversion wire. These conductance steps
increase linearly with increasing magnetic field, and have
been explained approximately by combining a quantum
point contact and a large gate-voltage-dependent resistor
in the physical picture of the wire, which causes a low ob-
served total conductance in the experiments.

The structure is basically a polycrystalline silicon
(poly-Si) gate metal-oxide-semiconductor field-effect
transistor (MOSFET) with a long narrow wire gate
defined by using electron-beam lithography and reactive
ion etching in SiCls,® as shown schematically in Fig. 1(a).
The 200-nm-thick heavily arsenic-doped poly-Si wire gate
and the p ~-type Si (p=8-16 2 cm) (100) substrate was
separated by 20 nm of thermal oxide [Fig. 1(b)]. The ac-
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tual gate was a 1.5 umXx70 nm wire with two equally
spaced probes [P1 and P2 in Fig. 1(a)] attached to it,
which allow us to carry out four-point transport measure-
ments. The effective mobility of electrons in the channel
of a similar device with a wide 2D electron gas region was
between 1.4-1.6 m%/Vs at 4.2 K.

The experiments were performed in a *He refrigerator
equipped with a superconducting magnet. The conduc-
tance measurements were made by using a low-frequency
lock-in technique.

Figure 2 shows the gate voltage dependence of both the
channel conductance and its derivative measured between
probes P1 and P2 at zero magnetic field. To avoid
thermal heating of electrons in the inversion wire, the
source-drain voltage was chosen to be 0.1 mV at 4.2 K. It
can be clearly seen that steplike quantized conductance
was observed with the obvious first step at ~0.6e >/ and
a step size of about 0.3e%/h. It is more evident from the
derivative curve in Fig. 2 that roughly periodic oscillations
in dG/dV were obtained which reflects the 1D nature of
the density of states with changing gate voltage.® Similar
features were also observed on a separate device of the
same type on the same chip. The biggest difference be-
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FIG. 1. Schematic diagram of the device structure.
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FIG. 2. Gate voltagz V¢ dependence of the conductance and
its derivative in a long narrow inversion wire. Clear steplike be-
havior has been observed which has a step size of less than e ?/h;
the dashed line is a simple fit of Eq. (2) to the experimental
G~V curve. A resonant tunneling peak related to impurity
state in the wire is also resolved in the measured curve.

tween our results and the published data on quantum
point contacts in modulation-doped 2D electron gas in
heterostructures based on III-V compounds, such as a
(Al,Ga)As/GaAs system, is that our observed quantized
steps in conductance are much smaller than the theoreti-
cal value based on an adiabatic approximation, as ex-
pressed by Landauer’s formula'® on the multichannel ver-
sion of 1D conductance G, in a quantum point contact,

2
G, =232, (1)
h wv

where a factor of 4 accounts for both the spin and valley
degeneracies in a (100) silicon system; ¢, is the transmis-
sion coefficient; and the summation, representing the total
number of transverse modes in the 1D structure in the
adiabatic limit, is over all the possible conducting chan-
nels, which means that the 1D conductance can only be
multiples of a universal constant 4e%/h. The small values
of the conductance steps in our measurements could be
due to the low transmission coefficients or the long wire
length in our sample, which was longer than the phase-
breaking length L,. In other words, the transport in our
wire is only partially coherent. As we know, the calcula-
tion of transmission coefficients can be done from elemen-
tary quantum mechanics if the transport is coherent, or
from semiclassical Monte Carlo simulation, which is
equivalent to solving the Boltzmann equation, if phase-
breaking processes are so frequent that a totally in-
coherent transport can be assumed. However, when the
transport is partially coherent as in the present case, there
are no simple methods available at present. We found
that, as a good approximation for our sample, the actual
wire can be physically equivalent in a quantum point con-
tact, which gives the observed quantized steps, in series
with a large gate-voltage-dependent resistor, which
reduces the observed total conductance and the step size.
This is reasonable due to the physical width variation in
the long fabricated wirelike gate'' and has been confirmed
by a scanning electron microscopy examination. The total

conductance in our experiments G cxp should be
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Gop =G, '+G,', (2)

where G, is the conductance of the quantum point con-
tact, as expressed by Eq. (1) in the adiabatic limit, and G,
is the conductance of a series resistor, which is proportion-
al to the electron density in the inversion wire, i.e., propor-
tional to (Vg — ¥7) in the region in which we are interest-
ed. Evidence of the existence of this series resistor can be
seen in Fig. 2 that the minima in the conductance deriva-
tive curve, corresponding to the quantized steps in the
conductance curve, are not at zero but shifted slightly to-
wards positive values. A simple fit of Eq. (2) to the exper-
imental G-V curve in Fig. 2 (dashed line) indicates that
the first conductance step corresponding to the ground
state (n=0) is missing, and the variable series resistance
is about 9.7 times'? the corresponding point contact resis-
tance G, ' at a certain V. Meanwhile, it also gives a de-
vice threshold of V7=2.38 V from which the Fermi ener-
gy at different ¥ can be determined, i.e.,

Er=(nh 2N2|))/2m* s

where Nap=Co (VG —V7)/e is the area density of elec-
trons under the gate. When the Fermi level is raised to
the nth subband, i.e., Er =FE,, the nth conductance step
should be seen. The difference in ¥V between any two ad-
jacent steps, ~0.135 V, gives a nearly constant subband
spacing of Aw(=0.92+0.005 meV, which suggests an
approximately harmonic potential confinement in our in-
version wire.

We can now estimate the effective channel width of our
wire MOSFET by using Wer=(8Er/m*w¢)'"?, which is
82 nm, consistent with the physical dimension of the wire-
like poly-Si gate which was about 70 nm in width. An es-
timation of the 1D electron density Nip=CouWer(V¢
—Vyr)/e at the first measured conductance step (G
~0.6e%/h), 2.33%x10° cm ~', confirms its correspondence
to the filling of the n=1 subband. This figure agrees
reasonably well with previous calculated results of Laux
and Stern'? on a similar structure, and indicates again the
missing of a conductance step relating to the n=0 sub-
band, which might be due to the existence of an impurity
state related resonant tunneling peak.

To further convince ourselves of the physical picture of
the wire, we tried to apply a perpendicular magnetic field
to the device. The magnetic field creates edge states in the
inversion wire, which reduce backscattering of electrons
considerably in the incident contact of the wire, and in-
crease the conductance as a consequence. Meanwhile, the
conductance steps due to the quantum point contact be-
come better defined, as predicted from recent theoretical
calculations by Ando.® Such behavior was confirmed by
the experiments.

On the other hand, the electron subbands of a wire can
develop into hybrid magnetoelectric subbands in a mag-
netic field. The increasing magnetic field will increase the
subband spacing, causing magnetic-field depopulation.
Figure 3 shows the subband index n and 1/B relationship
at different Vg (solid lines) as extracted from the
magnetic-field-dependent conductance measurements of
our inversion wire. It can be seen that, similar to results
reported before,” our measured curves of the subband in-



RAPID COMMUNICATIONS

45 QUANTIZED CONDUCTANCE IN A LONG SILICON INVERSION WIRE 13801
5 impurity
4l ]
=
= ¢! | ) &C
E T 7 (a)
E 2f ]
= impurity
2
7 1F i %
0 [ 770 R N 1 1 1 ) d
(b)

00 02 04 06 08 10 12 14
1/B (1/Tesla)

FIG. 3. The subband index n and 1/B relationship (solid
lines) of the wire at different V. The pure 2D behavior is also
plotted as dashed lines. Curve a, V¢ =2.95V; b, V¢ =3.10 V; ¢,
Ve=3.20V.

dex n are slightly away from the corresponding 2D behav-
ior (dashed lines in Fig. 3) at high 1/B indicating a 1D be-
havior of the wire. Using a procedure described in Ref. 7,
we can estimate both the Fermi energy Er and the sub-
band spacing Awg at each V¢ by assuming a harmonic po-
tential confinement in the wire. This process gives
hwo=0.93 meV at V5 =2.95V, consistent with our previ-
ous estimation from the G ~ ¥ relationship in Fig. 2. A
reduction of Awg from 0.93 to 0.90 meV is also obtained
when V¢ increases from 2.95 to 3.20 V, which is attribut-
ed to the slight broadening of the effective channel width
of the wire with increasing V.

Except for the quantized conductance discussed above,
the observation of resonant tunneling through impurity
states in Fig. 2 also supports our argument on the ex-
istence of a constriction or a point contact in the wire.
This feature with an asymmetric profile increases its in-
tensity with increasing magnetic field (not shown). As-
suming the impurity states are due to the charge states in
the oxide layer, and the charge density in our oxide is
about 10" m ~2, we can estimate the total number of
charge states under the gate between the two probes P 1
and P2, which is about 70. The number of impurity states
within the point contact should be much less, therefore it
is reasonable to assume that the impurity states are well
isolated in the point contact. The potential distribution
should be similar to that of a Coulomb blockade structure.
Meanwhile, the asymmetric profile of the resonant tunnel-
ing peak and its magnetic-field dependence suggest that
the impurity state locates closer to one side of the point
contact than the other in the wire, i.e., the wire contains a

FIG. 4. Physical picture of the inversion wire. (a) The poten-
tial distribution of a quantum point contact with an isolated im-
purity state in the middle at ¥ < V'7; (b) the potential distribu-
tion when the impurity state attached to one side of the quan-
tum point contact at Vg > Vr.

localized state with a high static potential barrier to one
side and a low potential barrier to the other side of the
point contact [Fig. 4(a)l, which constructs a full picture
of the wire. When Np <2.2x10% cm ~','3 the increas-
ing V¢ will not be able to force the disappearance of the
lower potential barrier and only resonant tunneling
through the single impurity state is possible, which ex-
plains the missing of the n =0 conductance step. Further
increase of V¢ will make the double barrier system reduce
to a single point contact, which contributes to the quanti-
zation in the conductance measurements.

This work also suggests a possible way of making quan-
tum point contacts in Si by intentionally introducing a
constriction in a shorter wire, which is currently in pro-
gress.

Summarizing the above results, we can conclude that
we have for the first time observed quantized conductance
in a long narrow silicon inversion wire with a conductance
step size of less than e 2/h, which has been explained as a
result of a quantum point contact in series with a large
gate-voltage-dependent wire resistor in the structure.
Resonant tunneling through a single impurity state within
the point contact is also detected.
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FIG. I. Schematic diagram of the device structure.



