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Magnetotransport of high-mobility electrons in quasi-one-dimensional quantum wires in
Si/Si0.7Ge0.3 heterostructures is studied. Arrays of shallow and deep etched wires with a period of
480 nm are defined by laser holography and patterned by reactive ion etching. Typical features of
transport in narrow electron channels, such as oscillations due to the depopulation of
quasi-one-dimensional subbands and an anomalous resistance maximum at low magnetic fields are
observed. The narrowest channels have an effective width of'70 nm and a sublevel spacing of 1
meV. © 1995 American Institute of Physics.
y

-

Quantum wires have been the subject of intensive stu
ies for several years.1–5 Magnetotransport phenomena, lik
the depopulation of one-dimensional subbands, the supp
sion of weak localization, and backscattering due to diffu
boundary scattering, give information about fundamen
electronic properties.6 The observation of these effects ha
already been possible on different host materials,4,7,8 such as
GaAs, InGaAs, and Si-MOSFETs, and normally requires
high-mobility two-dimensional electron gas~2DEG! and so-
phisticated fabrication methods. Recently, Si/SiGe hete
structures with electron mobilities above 100 000 cm2/V s
have become available9–12 and indeed classical size effect
have been demonstrated in field-effect induced wires.13 Simi-
larly, one should be able to observe one-dimensional tra
port phenomena in narrow electron channels if the fabric
tion process does not reduce the mobility too drastically, i.
if the elastic mean free path still exceeds the wire width.
this letter, we present magnetotransport results on quasi-o
dimensional quantum wires realized in the Si/SiGe system

Figure 1 presents a schematic cross section of then-type
modulation doped heterostructure. The layers were grown
Daimler-Benz by molecular beam epitaxy on Si~100!. The
layer thicknesses were determined by secondary ion m
spectroscopy and from transmission electron micrograp
For the etching process it is important to know that the
nm thick antimony doping layer lies 49 nm underneath t
surface and is separated from the 2DEG by an 11 nm th
undoped spacer. AtT5370 mK the 2DEG exhibits an
electron mobility ofm5175 000 cm2/V s at a carrier density
of ns56.931011 cm22, resulting in a Fermi energy
EF54.4 meV and an elastic mean free pathlmfp of 1.7mm.

On all specimens, photoresist stripes with perioda5480
nm were fabricated by means of standard laser holograp
The wire grating was transferred into the SiGe heterostr
ture by reactive ion etching~RIE! using CF4 as the gas
source. With a constant etch rate at a fixed gas flow a
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power input, we achieved etch depthsd between 50 and 92
nm by varying the etch time. The profile of the etched struc-
ture, i.e., the period and etch depths, were measured b
atomic force microscopy~AFM!. 150mm wide mesas were
defined by wet chemical etching into the Si channel, so that
about 300 wires are contacted in parallel. For the samples
with d550, 55, and 60 nm the wire lengthL is 300mm in
order to minimize the influence of the contact resistance, and
for d585 and 92 nm we utilize shorter wires between 20
and 150mm length because of the high series resistance in
deep etched wires. NeverthelessL exceeds the elastic mean
free path of the 2DEG by more than one order of magnitude
and therefore the geometrical conditions should allow elec-
tron transport in the quasiballistic regime whereW
, lmfp,L has to be satisfied.6 W is the effective wire width
in contrast to the geometrical wire width.

All measurements were performed in a commercial3He
system atT5360610 mK with standard lock in technique

FIG. 1. Schematic cross section of the upper layers of the Si/Si0.7Ge0.3
heterostructure. The two-dimensional electron gas is situated in the gray
shaded Si layer. The Si~100! substrate and the linearly graded buffer with a
final Ge content of 30% are not shown.
8337)/833/3/$6.00 © 1995 American Institute of Physics
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in two-terminal geometry@inset, Fig. 2~a!#. This low tem-
perature was chosen because of the strong damping o
Shubnikov–de Haas oscillations at higher temperature
silicon and to fulfill the condition 4 kT,\v0,

6 with \v0
being the one-dimensional subband spacing at zero mag
field.

The two-terminal resistance of samples with various e
depths is shown in Fig. 2. The specimen with 50 nm de
modulation @Fig. 2~a!# shows well-pronounced plateau
down to filling factorn536. The position of these plateau
agrees well withh/ne2 for magnetic fields above 2 T. Spi
and valley degeneracies are lifted at higher magnetic fie
The shape of magnetotransport curves changes significa
if one etches deeper into the doped layer or into the 2D
@Fig. 2~b!#. A low field maximum arises which shifts to
higher magnetic fields with increasingd @dashed line in Fig.
2~b!#. For d>55 nm the longitudinal resistivityrxx becomes
clearly dominant. Only the wires separated by 55 nm d
etch grooves show a rise in the resistance of succes
minima above 2 T. Furthermore, the number of resolva
oscillations decreases strongly with increasing etch de
For d592 nm, where the etched grooves cut through
2DEG, only four minima are identified up to 12 T.

The specimen with 50 nm deep etch grooves still sho
two-dimensional transport characteristics. In two-termi
geometries bothrxx and rxy contribute to the resistance
Above a certain magnetic field, therxx contribution, in the
order of 100V for these samples, is negligibly small com
pared torxy . In this regime, one predominantly measures
voltage drop near the contact regions, and thus the resist

FIG. 2. ~a! Two-terminal resistance of the specimen with 50 nm deep e
grooves. The inset shows schematically the sample geometry and eq
tential lines in a magnetic field perpendicular to the 2DEG.~b! Magnetore-
sistance of samples with successively increased etch depth normalized
value atB50 T. The curves are vertically offset for clarity. The shift of th
low-field magnetoresistance peak is marked by the dashed line. All mea
ments were performed atT5360 mK.
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is dominated byrxy , yielding the plateaus. Etching deeper
into the doped SiGe-layer results in the formation of quan-
tum wires, indicated by the anomalous, low-field-resistance
maximum which is due to diffuse scattering at the wire
boundaries. The shift of this peak to higher magnetic fields
for d560 and 92 nm is a consequence of decreasing
effective wire widths WT according to WT5Apns/
2eBPeak

14 provided that the sheet density remains nearly con
stant.

Figure 3 presents the Landau plots for successively
deeper etched grooves. The clear deviations from linear be
havior manifest the depopulation of quasi-one-dimensiona
subbands. The two-dimensional sheet densityns for d
550 nm amounts to 7.031011cm22, which is almost equal
to that of the unstructured 2DEG. Obviously, removing the
cap layer and the upper undoped 32-nm-thick Si0.7Ge0.3 bar-
rier @Fig. 1# does not affect the magnetotransport character
istics along the wires significantly. Ford<55 nm, the
quasi-two-dimensional carrier concentrationns can be deter-
mined using the linear part of the corresponding Landau
plots. The carrier densities evaluated in this way all range
between 7.031011 and 7.531011 cm22, i.e., the RIE
process used is apparently not accompanied by a reduction
the carrier density.

Assuming a parabolic confining potential, deviations
from the linear behavior in Fig. 3 can be used to determine
the one-dimensional subband spacing\v0, the carrier line
densityn1D , and an effective wire widthWP .

4 In tensiley
strained silicon, however, the valley degeneracygv52 has
to be taken into account. The results of parabolic fits to the
Landau plots are summarized in Table I. The fits yield maxi-
mal sublevel spacings of about 1 meV and a carrier densit
of 9.03106 cm21.

We compareWP to the effective wire width as deter-
mined from the position of the low field resistance peak
WT wherensis the quasi-two-dimensional carrier concentra-
tion. The wire widths obtained from the low field maximum
exhibit somewhat smaller values throughout the series o

tch
uipo-

to the
e
sure-

FIG. 3. Filling factorsn vs (1/B)/@1/B(n54)# for various etch depths.
The symbols refer to the measured minima in magnetoresistance. The tra
sition to quasi-one-dimensional transport for etch depths>55 nm gives rise
to deviations from linear dependence.
Holzmann et al.
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TABLE I. Wire properties: Etch depthd, subband spacing, one-dimensional carrier density, wire width accord
ing to a parabolic fit, wire width deduced from the low field maximum, number of theoretically occupie
subbands and number of experimentally observed quantum oscillations.

Etch depth
~nm!

v0

~meV!
n1D

(106 cm21!

Parabolic
potential
WP ~nm!

Low field
maximum
WT ~nm!

Occupied
subbands:

N>WPkF/4
Observed
oscillations

55 0.29 22.8 288 176 10.7 10
60 0.53 15.7 172 124 6.6 7
85 0.82 10.1 111 86 4.1 5
92 0.96 9.0 96 73 3.7 4
s.
l

.

.

.

samples, with better agreement for the two specimens etc
deepest.WT is independent of the shape of the confinin
potential and consequently comparingWP with WT gives
information about the validity of the model potential em
ployed. A parabolic potential seems to be a reasonable
proximation for wires with width<100 nm. Because of
screening effects, the actual potential probably has a flat b
tom which causes larger deviations for the shallower etch
samples withd555 and 60 nm.

For narrower wires, one also expects fewer on
dimensional subbands to be occupied and therefore
quantum oscillations. We estimate the number of theore
cally occupied sublevelsN in parabolic confining potential
using N>WPkF /4.

6 This corresponds very well to the
number of oscillations observed in the magnetotransp
measurements~columns 6 and 7 in Table I!. For wires with
WT573 nm only four subbands are occupied atB50 T.

Finally, we briefly discuss the depletion lengthsl depl and
the mobilitymW of the electron channels. AFM micrograph
performed to measure the etch depth are also a suitable
to determine the geometrical wire widthWgeo. Depletion
lengths in the plane of the 2DEG are estimated byl depl
5(Wgeo2WT)/2. In this way one obtainsl depl of '30 nm
and'80 nm for the 55 and 60 nm deep etch grooves,
spectively. The deep etching process, i.e., etching throu
the 2DEG, results in a depletion length of'100 nm. These
values are comparable to those known from GaA
nanostructures.15 The RIE process has not yet been studied
detail and we assume that a significant reduction ofl depl,
which mainly depends on the Fermi level pinning at the su
face, can be achieved by optimizing the fabrication para
eters.

The mobilitymW of the conducting electrons can easil
be estimated in two ways. First, we use the measured re
tanceR05(L/WT)MensmW at B50 T, assuming that all
M5300 wires are conducting. We consider only thed
555 nm specimen, for which the etch damage should
smallest. The measured resistance, however, contains
contact resistancesRC . To eliminate the influence of the
Ohmic contacts, we determine an upper limit forRC from the
deviation of then54 plateau@Fig. 2~a!# from its exact value
h/4e2. From this we obtain RC5107 V and mW

522 700 cm2/V s. Second, we use the condition for the ob
servation of the subband depopulationDEt'\, wheret is
the scattering time. The resulting mobility for a sublev
spacing of DE50.29 meV ~Table I! is about 21 000
cm2/V s in good agreement with the first estimate. The m
ett., Vol. 66, No. 7, 13 February 1995
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bility of the 2DEG is thus reduced by almost one order of
magnitude as a consequence of the nanostructuring proces

In conclusion, we have observed quasi-one-dimensiona
transport in electron channels in Si/Si0.7Ge0.3 heterostruc-
tures. By means of RIE, shallow and deep-etched quantum
wires were fabricated. Subband spacing in the range of 0.3 to
1 meV with corresponding effective wire widths between
180 and 70 nm were achieved. In the smallest wires only
four sublevels remain occupied.
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