One-dimensional transport of electrons in Si/Si  ;,Geq 3 heterostructures
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Magnetotransport of high-mobility electrons in quasi-one-dimensional quantum wires in
Si/Si /Ge, 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
guasi-one-dimensional subbands and an anomalous resistance maximum at low magnetic fields are
observed. The narrowest channels have an effective widta7é&f nm and a sublevel spacing of 1

meV. © 1995 American Institute of Physics.

Quantum wires have been the subject of intensive studpower input, we achieved etch deptthidetween 50 and 92
ies for several years.®> Magnetotransport phenomena, like nm by varying the etch time. The profile of the etched struc-
the depopulation of one-dimensional subbands, the suppreture, i.e., the period and etch depths, were measured by
sion of weak localization, and backscattering due to diffuseatomic force microscopyAFM). 150 um wide mesas were
boundary scattering, give information about fundamentatefined by wet chemical etching into the Si channel, so that
electronic propertie$.The observation of these effects has about 300 wires are contacted in parallel. For the samples
already been possible on different host matefidl§such as ~ with d=50, 55, and 60 nm the wire lengthis 300 um in
GaAs, InGaAs, and Si-MOSFETs, and normally requires grder to minimize the influence of the contact resistance, and
high-mobility two-dimensional electron g&8DEG) and so-  for d=85 and 92 nm we utilize shorter wires between 20
phisticated fabrication methods. Recently, Si/SiGe hetero@nd 150um length because of the high series resistance in
structures with electron mobilities above 100 0002ans  deep etched wires. Nevertheldssexceeds the elastic mean
have become availatfie’ and indeed classical size effects free path of the 2DEG by more than one order of magnitude
have been demonstrated in field-effect induced wit&imi-  and therefore the geometrical conditions should allow elec-
larly, one should be able to observe one-dimensional trandfon transport in the quasiballistic regime whel&/

port phenomena in narrow electron channels if the fabrica='mip<L has to be satisfielW is the effective wire width

tion process does not reduce the mobility too drastically, i.e. N contrast to the geometrical wire width. _
All measurements were performed in a commerdiié

if the elastic mean free path still exceeds the wire width. In > N ) . ¢
this letter, we present magnetotransport results on quasi-ongYStem aff =360=10 mK with standard lock in technique

dimensional quantum wires realized in the Si/SiGe system.
Figure 1 presents a schematic cross section ohitype

modulation doped heterostructure. The layers were grown at Sicap 17nm
Daimler-Benz by molecular beam epitaxy on(18i0). The
layer thicknesses were determined by secondary ion mass undoped Siy;Gegz  32nm

spectroscopy and from transmission electron micrographs.
For the etching process it is important to know that the 22

A ] X ; doped Siy ;Geg 5 22nm
nm thick antimony doping layer lies 49 nm underneath the
surface and is separated from the 2DEG by an 11 nm thick Sig.7Geq 3 spacer Tinm
undoped spacer. AT=370 mK the 2DEG exhibits an TS e m e S < 2DEG
electron mobility ofu=175 000 crd/V s at a carrier density S C'h?f?“e' cooeom g

of ng=6.9x10'! cm 2, resulting in a Fermi energy

Er=4.4 meV and an elastic mean free paf, of 1.7 um.
On all specimens, photoresist stripes with peredi80 undoped Siy ;Geps  500nm

nm were fabricated by means of standard laser holography.

The wire grating was transferred into the SiGe heterostruc-

ture by reactive ion etchingRIE) using CF as the gas

source. With a constant etch rate at a fixed gas flow an@IG. 1. Schematic cross section of the upper layers of the S&8i s
heterostructure. The two-dimensional electron gas is situated in the gray-
shaded Si layer. The @i00) substrate and the linearly graded buffer with a
3Electronic mail: holzmann@physik.tu-muenchenide final Ge content of 30% are not shown.
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FIG. 3. Filling factorsv vs (1/B)/[1/B(v=4)] for various etch depths.
The symbols refer to the measured minima in magnetoresistance. The tran-
sition to quasi-one-dimensional transport for etch deptb§ nm gives rise
0.5 . Q?nm . ) , to deviations from linear dependence.
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is dominated byp,,, yielding the plateaus. Etching deeper
FIG. 2. (a) Two-terminal resistance of the specimen with 50 nm deep etchInto th_e dOPEd_ SiGe-layer results in the formf’;ltlon Of. guan-
grooves. The inset shows schematically the sample geometry and equipfdM wires, indicated by the anomalous, low-field-resistance
tential lines in a magnetic field perpendicular to the 2DES.Magnetore-  maximum which is due to diffuse scattering at the wire
sistance of samples with successively increased etch depth normalized to thgy;ndaries. The shift of this peak to higher magnetic fields

value atB=0 T. The curves are vertically offset for clarity. The shift of the or d=60 and 92 nm is a consequence of decreasin
low-field magnetoresistance peak is marked by the dashed line. All measuré- - q g

ments were performed &=360 mK. effective wire widths Wt according to Wy=+mng/
2eBpe,” provided that the sheet density remains nearly con-

in two-terminal geometnfinset, Fig. 2a)]. This low tem-  Stant. _

perature was chosen because of the strong damping of the Figure 3 presents the Landau plots for successively
Shubnikov—de Haas oscillations at higher temperatures iff€eper etched grooves. The clear deviations from linear be-
silicon and to fulfill the condition 4 k¥Aw,,® with #w, havior manifest the depopulation of quasi-one-dimensional

being the one-dimensional subband spacing at zero magnei¢ibbands. The two-dimensional sheet density for d
field. =50 nm amounts to 7:010*'cm2, which is almost equal
The two-terminal resistance of samples with various etcH0 that of the unstructured 2DEG. Obviously, removing the
depths is shown in Fig. 2. The specimen with 50 nm deeap layer and the upper undoped 32-nm-thick;Sky 3 bar-
modulation [Fig. 2@a] shows well-pronounced plateaus rier [Fig. 1] does not affect the magnetotransport character-
down to filling factor»=36. The position of these plateaus istics along the wires significantly. Fod<55 nm, the
agrees well withh/ ve? for magnetic fields above 2 T. Spin quasi-two-dimensional carrier concentratimcan be deter-
and valley degeneracies are lifted at higher magnetic fieldgnined using the linear part of the corresponding Landau
The shape of magnetotransport curves changes significantBots. The carrier densities evaluated in this way all range
if one etches deeper into the doped layer or into the 2DEdetween 7.&10'" and 7.5<10' cm™?, ie., the RIE
[Fig. 2b)]. A low field maximum arises which shifts to process used is apparently not accompanied by a reduction of
higher magnetic fields with increasim[dashed line in Fig. the carrier density.
2(b)]. Ford=55 nm the longitudinal resistivity,, becomes Assuming a parabolic confining potential, deviations
clearly dominant. Only the wires separated by 55 nm deejirom the linear behavior in Fig. 3 can be used to determine
etch grooves show a rise in the resistance of successiife one-dimensional subband spacifig,, the carrier line
minima above 2 T. Furthermore, the number of resolvablglensityn,, and an effective wire widtiWp.* In tensiley
oscillations decreases strongly with increasing etch depttstrained silicon, however, the valley degenerggy-2 has
For d=92 nm, where the etched grooves cut through thgo be taken into account. The results of parabolic fits to the
2DEG, only four minima are identified up to 12 T. Landau plots are summarized in Table I. The fits yield maxi-
The specimen with 50 nm deep etch grooves still showsnal sublevel spacings of about 1 meV and a carrier density
two-dimensional transport characteristics. In two-terminalof 9.0x10° cm ™™,
geometries bothp,, and py, contribute to the resistance. We compareW; to the effective wire width as deter-
Above a certain magnetic field, thg, contribution, in the mined from the position of the low field resistance peak
order of 100Q) for these samples, is negligibly small com- W5 wherengis the quasi-two-dimensional carrier concentra-
pared topy, . In this regime, one predominantly measures thetion. The wire widths obtained from the low field maximum
voltage drop near the contact regions, and thus the resistaneghibit somewhat smaller values throughout the series of
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TABLE |. Wire properties: Etch deptt, 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 occupied
subbands and number of experimentally observed quantum oscillations.

Parabolic Low field Occupied
Etch depth wg Nip potential maximum subbands: Observed
(nm) (meV) (10% cm™) Wp (nm) W; (nm) N=Wpke/4 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

samples, with better agreement for the two specimens etchdadlity of the 2DEG is thus reduced by almost one order of
deepestWs is independent of the shape of the confiningmagnitude as a consequence of the nanostructuring process.
potential and consequently comparifgp with W5 gives In conclusion, we have observed quasi-one-dimensional
information about the validity of the model potential em- transport in electron channels in S{$Be, s heterostruc-
ployed. A parabolic potential seems to be a reasonable apgres. By means of RIE, shallow and deep-etched quantum
proximation for wires with width<100 nm. Because of \jres were fabricated. Subband spacing in the range of 0.3 to
screening effects, the actual potential probably has a flat botr ey with corresponding effective wire widths between
tom which causes larger deviations for the shallower etchquo and 70 nm were achieved. In the smallest wires only
samples withd=55 and 60 nm. four sublevels remain occupied.

. For. harrower wires, -one also.expects fewer one The authors would like to thank W. Hansen for valuable
dimensional subbands to be occupied and therefore les . . )

S . .discussions and S. K for excellent technological support.
guantum oscillations. We estimate the number of theoreti-

cally occupied subleveldl in parabolic confining potential Financial suppprt by the Bundesministeriunt forschung
using N=Wpks/4° This corresponds very well to the und Technologi€Germany under Grant No. NT 24137 and

number of oscillations observed in the magnetotranspory (e Siemens AGSFE Mikrostrukturierte Bauelements

measurementé&columns 6 and 7 in Table.|For wires with ~ 9ratefully acknowledged.
W;=73 nm only four subbands are occupiedBxt0 T.
Finally, we briefly discuss the depletion lenglhg, and
the mobility u\y of the electron channels. AFM micrographs
performed to measure the etch depth are also a suitable tool
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