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Characterization of one-dimensional quantum channels in INABAISb
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We report on the magnetoresistance characteristics of one-dimensional electrons confined in a single InAs
qguantum well sandwiched between AISb barriers. As a result of a nanofabrication scheme that utilizes a
3-nm-shallow wet chemical etching to define the electrostatic lateral confinement, the system is found to
possess three important properties: specular boundary scattering, a strong lateral confinement potential, and a
conducting channel width that is approximately the lithography width. Ballistic transport phenomena, including
the quenching of the Hall resistance, the last Hall plateau, and a strong negative bend resistance, are observed
at 4 K in cross junctions with sharp corners. In a ring geometry, we have observed Aharonov-Bohm interfer-
ence that exhibits characteristics different from those of the GaAs counterpart due to the ballistic nature of
electron transport and the narrowness of the conducting channel width.
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[. INTRODUCTION properties that are crucial for practical applications in build-
ing a complex coherent circuit within a mean free path. First,
Electrons confined in low-dimensional systems have beethe lateral boundary scattering is found to be more than 95%
under intensive investigation both theoretically and experi-specular, which means that InAs nanowires can maintain a
mentally in recent years.2 One popular sample system in- long l.. Second, as a result of the tight lateral 1D confine-
volves semiconductor heterojunctions, particularly thement and a smaller electron mass in InAs, the 1D sublevel
GaAs/AlLGa, _,As high electron mobility transistor structure spacing is found to be a few times bigger than in the GaAs
grown by molecular-beam epitaxfMBE). The two-  system. Third, the conducting channel widWy) is found
dimensional(2D) electrons at the heterojunction interface to be approximately only 30 nm narrower than the wire
exhibit high mobility, long mean free pati.j, and long width (W). This makes it possible to tightly control the wire
phase coherence length,}. A typical fabrication method to  width, and most importantly, to place multiple nanodevices,
confine electrons laterally into quasi-one- and quasi-zerosuch as dots and rings in close proximity and within the
dimensions is the use of split gatt3Schottky gates depos- coherence length for quantum interference
ited at the surface can deplete the electrons below, therelgxperiments.
defining 2D electrons into an arbitrary pattern. Nanostruc-
tures fabricated by this approach hgve revealed inter(_asting Il. NANOFABRICATION OF 1D WIRES
new quantum phenomenadowever, in the Schottky split-
gate approach, due to the material properties and confine- We will first describe the nanofabrication scheme here.
ment electrostatics, the confinement potential is pargbiolic The samples, grown by MBE on semi-insulating GaAs sub-
the lateral directions. The resulting 1D level spacing is atstrates, consist of a 100-nm AlSb bottom barrier, a 17-nm.
most a few meV. In addition, it is difficult to control the INAs QW, a 25-nm AISb top barrier, and a three-layer cap
channel width when it is below 100 nm in this materials (3-nm InAs/3-nm AISh/3-nm InAs The capping layers are
system. New techniques for patterning narrowed00 nny  intentionally p-doped to 18° cm™3. As a result of a rela-
quantum wires and dots are therefore of fundamentalively low E3(InAs) and the doped profile, there are no free
interest. carriers in the 17-nm InAs single quantum well so the quan-
Recently, we have reported a techniffier nanofabrica-  tum well is insulating as grown at 4 K. Figuréal shows the
tion in the InAs/GaSb/AISb 6.1-A material syst®that uti-  self-consistent band bending for as-grown samples, where
lizes the large difference in the surface Fermi-level pinningthe lowest subband in the InAs QW is found to b 00
positions for InAs[ E(InAs)] compared with that for AISb. meV above the Fermi level. Simply by selectively removing
While this fabrication technique is of interest in it own right, the first thin p-doped InAs cap layer with a wet etch, the
it is important that electrons in the resulting quantum wiressurface Fermi level becomes pinned on AlSb and shiftes up-
maintain long elastic mean free paths and phase coherenwérd by half an electron volt. This results in a drastic change
lengths so that they provide a useful system for experimentdh the band bending as shown in Figbl, and creates a
studies and for device applications. We report in this paper aonducting electron channel in the buried InAs quantum
systematic study of transport characteristics as a function ofell. Quantum Hall plateaus and Shubnikov de HéBdH)
the width of quantum wires fabricated using our techniqueoscillations, both characteristics of 2D electrons, are clearly
which employs high-resolution electron-beam lithographyobserved on photolithographically patterned Hall bars. We
and wet chemical etching in high mobility AISb/InAs/AISb obtained a 2D electron concentration,f) of 4.92x 10t
single quantum well§QW'’s). cm ™2 and a mobility ,p) of 2.0X 10° cn?/V's. The corre-
We demonstrate that this system possesses three importagonding Fermi wavelength\g), Fermi energy, and,
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fabrication technique convenient, as the pattern can be arbi-

1.5} @ r~— r (b) — trarily generated by computer graphics. The wet etching
— method is demonstrated to be highly selective. Most impor-
E 1.0F 17 1 tantly, because we are only target a shallow, 3-nm etch depth,
= the uncertainly in th&V is limited to be within a few nanom-
g 05¢ eters, as shown in Fig. 2. In the 17-nm InAs quantum well
w layer, the region underneath the field remains insulating at

0.0y U === 4.2 K, but that below the etched pattern contains electrons.

'0-50 30 60 0 30 60 . MAGNETORESISTANCE IN LONG

Distance (nm) Distance (nm) NANOWIRES: DIFFUSIVE TRANSPORT

FIG. 1. Self-consistent band bending f@ as-grown andb) A Specularity of boundary scattering

etched InAs/AISb quantum wells, where energy is referred to the The lateral confinement of electrons underneath the
Fermi energy. The two solid lines in the InAs quantum well and inetched area is electrostatically similar to the case of Schottky
the 3-nm InAs capping layers indicate the first two subbands.  gate depletion approach. It is then expected that 1D electrons
fabricated by our technique maintain a lohg and insensi-
are calculated to be 36 nm, 43 meV, and 2an, tive toW. Inorder to determine the specularity parameter
respectively. In the following, we will describe how we pat- ©f the boundary scatteririgwe have carried out magne-
tern 1D wires/rings by electron-beam lithography. totransport measurementstat 4.2 K using the Hall bar ge-
Two sets of metallic alignment marks for coarse and fincometry. We fabricated eight Hall bars with different targeted

; : : ; idth (W, ), including 5um, 1 um, 700 nm, 450 nm, 300
alignments are first defined by photolithography. The samplgv ! '
is then coated with a layer of PMM@oly(methyl methacry- hm, 200 nm, 100 nm, and 80 nm. Each Hall bar has wo

late)] resist, and exposed to a 40-keV electron beam for gechannel lengthg =15 um andL =4 W, (except for 80 nm,

vice patterning. PMMA is a positive tone resist, i.e., the re--— 2 Wi). The AFM inspection on the Hall bars showg

gion exposed to electron beam will be removed after—ViT30 nm, due to the proximity effect in electron beam

development. We then use PMMA as the etch mask and th@hography and the isotropic wet etching. All of the Hall bars

patterned opening is subjected to wet etching. A highly se?® fabricated from the same wafer and are at most a few mm

lective etchant removes the top 3-nm InAs and stops at th@P2rt: Other than the built-in nonuniformity inherent in MBE
AISb cap. After the wet etching is accomplished, the pmMmAdrowth, their structures are identical. The ac driving current
is removed. Bonding pads are defined by the seconif KePt between 10 to 100 nA, roughly scaled with, and
electron-beam lithography, where all the cap layers and thE'€ resulting voltage drop across two current leads is much
top AISb barrier are etched off, followed by metal evapora-'€5S than the thermal energy. Figure 3 shows(&éongitu-

tion on the exposed InAs QW surface and lift off. Figure 29Nl (pxJ) and (b) the transverse,) magnetoresistances
shows an AFM(atomic force microscopytopographic im- for different W, with L=15 um. As discussed by Thornton

age of a figure-8 structure, which has a diameter of 700 nr§t al.® partially diffusive boundary scattering can result in a
andW=80 nm. The bright region is lower than the field by positive zero-field magnetoresistance, which reaches a maxi-

approximately 3 nm, consistent with the metallurgical thick-MUM atBmay that scales with the ratio of the cyclotron radius
ness of the InAs cap. The grain feature in the field is thePf Fermi electronsle,.=h/qBA¢) to the conducting width
residual PMMA granules. A thorough dilution using acetone@SWc=0.55 (/qBnadg). On the other hand, junction scat-

leaves the field with fewer PMMA particles. We find this €ring can also cause a distinct magnetoresistance' héak
belowB.,;; whereB,; is the magnetic field beyond which the

cyclotron orbit is smaller than the channel width, i.el2
<W,. B for differentW, , assumingV,=W,, are listed in
Table I, whereB,,=0.273B,;. The way to distinguish
these two phenomena is by investigating wires with different
lengths!® Magnetoresistance peaks resulting from diffusive
boundary scattering are observable only whenl ., while
that from junction scattering is more obvious in the ballistic
regime,L<l.. As shown in Fig. 8), the data do not display
a magnetoresistance peak except for a weak kink vilign
<700 nm, where the correspondiBg,,, is indicated by the
arrow. (By comparison, magnetoresistance peaks can be
clearly identified for the short segments due to the cross
P TR, junction scattering when 100 naW,<1 um. This will be
0' ) ) 10 2.02'0 Hm discussed in Sec. IV BAs a result, the lower bound for the
probability of specular scattering is determined to jpe
FIG. 2. AFM image of a figure-8 geometry with a diameter of =95% from 1—p=700 nm/15um. The observed nearly
700 nm andV=_80 nm. The bright region is lower than the field by 100% specularity indicates th&{ is predominately limited
approximately 3 nm. by impurity scattering in long, narrow wires.

0 10 nm
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FIG. 4. The effective 2D density and zero-field mobility as a
function of W, . The inset is the logarithmatic plot where the solid
line indicates the power lawt,p>n33 dependence.

(0) 200 nm

minima of p,, at B>3 T. For Hall bars withw/,>200 nm,
the density remains more or less constant. We ascribe the
slight variation in the density to the nonuniformity of the
MBE grown material. FolV,<<200 nm, we observed an ap-
parent reduction in density, which is attributed to the combi-
nation of two effects: lateral quantization and the slightly
narrower conducting channel width due to the lateral deple-
tion width. The lateral depletion width is estimated to be 30
nm, and this make¥V=W,. The zero-field resistivity does
not show a strong temperature dependencéNge 300 nm
0 . . at T=4 K. However, due to weak and strong localization
0 3 6 9 effects!*!® p,, (B=0) increases by 8%, 43%, and 70%,
B (tesla) respectively, folW, =200, 100, and 80 nm as temperature is
FIG. 3. () Longitudinal and(b) transverse magnetoresistance decreased from 4 to 2 K. This makes the determination of the

obtained from Hall bars with a channel length of A& for various zero-field mobility less meaningful fow, <200 nm, espe-

W, . The arrows indicate the position @, as discussed in the ~Cially for W;=80 nm. The inset of Fig. 4 depicts the depen-
text. NoteB ., =0.275B,,;, whereBy; for differentW, are listed ~dence of the mobility on the density at 4 K. We found that

in Table I. the mobility scales with the density in the same way as in 2D
systems? as indicated by the solid line in the inset. In other

The observed high specularity is expected, since with ouyords, again, lateral confinement does not introduce signifi-

fabrication scheme no additional surface scattering center@ant diffusive boundary scattering that can localize the elec-

are created and the edge of the 1D electrons is defined by dfPns, which is consistent with the observed high specularity

electrostatic potential. Consequently, the electron mean fre@f boundary scattering. As a result of the reduction of carrier

path is expected to be insensitive to the wire width, and th&lensity and mobility for narroWV;, however|, is reduced

material quality will not be degraded by the additional lateralslightly (see Table)l

confinement. This is further confirmed by examining the ]

zero-field mobility. Figure 4 summarizes the density and B. Magnetodepopulation of 1D channels

zero-field mobility as a function oV, for L=15 um, where The fact that material quality does not deteriorate from

the density is obtained from the slope @f, atB>1T and the additional lateral confinement easily brings our InAs

Puy (kohm)

TABLE |. Sample parameters for different targeted channel wiilth The critical magnetic field,;; is
calculated byw,=21¢,.=2(h/e\gBg).

W, (nm) 5000 1000 700 450 300 200 100 80
Nyp (101 cm™?) 4.92 4.71 4.19 4.29 4.01 4.04 3.31 2.7
top (10° cm?/V's) 200 186 149 143 139 139 143
Ag (nm) 36 37 39 38 39 39 44 48
lo (um) 2.3 2.1 1.6 15 15 15 1.4
Berit (T) 0.046 0.23 0.30 0.48 0.70 1.05 1.90 2.14
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15

(five) 1D sublevels are observed fa¥,=200 nm(100 nm),

in good agreement with the estimates #&10 (4) from

2W, /\g. It is clear that the 1D index starts to deviate from
the 2D linear relationship around 1.0T Tat N=8 for W,
=200 nm and 0.67 T at N=4 for W,=100 nm. The cor-
responding cyclotron diameters are calculated to be 200 and
111 nm, respectively, implying that the exact conducting
width is very close to the targeted one, i\/,~W,.

Although the data presented in Fig. 5 are similar to what
ols L ! ! have been observed in GaAs nanowires, they cannot be fit by
assuming a harmonic potential confinement. We follow the
L procedures laid out by Berggren al.® and impose two con-

‘ 1 straints in the fitting parameters. First, the calculated effec-

tive width W cannot exceed 20% &/, . Second, the effec-

tive 2D density ;p/W, where n;p is the 1D electron
density cannot exceed the bulk 2D value %90 cm™2.

The solid curves in Fig. 5 are the best fits to the linear regime
obtained by assuming an effective mass of Ofi28 The

5 4 harmonic quantization energy,,, andW are obtained, re-
| Besia) spectively, to be 3.5 meV, 8:910° cm !, and 182 nm for
0.0 05 o 15 2.0 W, =200 nm; and 5.8 meV, 4410° cm™*, and 100 nm for
1/B (tesla”) W, =100 nm. Although the parameters obtained are physical,
FIG. 5. The 1D channel indices obtained from the minima ofthe numerical fits to the high indices show a deviation. The
oscillations as a function d~* for W,=(a) 200 nm andb) 100 fitting results indicate that the lateral potential shape is
nm. The dashed linear lines describe the expected dependence ofteeper than parabolic. The total lateral depletion width
2D electron system, and the solid curves are the calculated resul@uding two boundarigsis empirically determined to be 30
assuming a parabolic lateral confinement potential. The dashedm. An accurate description of the potential profile requires a
curves in the inset are the calculated Landau levels including th@D self-consistent calculation and an understanding of the
nonparabolic effect of the InAs conduction band. The solid curveddetailed impurity distribution. Nevertheless, this fitting exer-
in the inset depict the evolution of the 1D sublevels to Landaucise does reveal, as expected, a 1D subband structure with a
levels forW; =100 nm. large quantization energy.

10

1D Channel Index

1D Channel Index

wires into the effectively pure 1D metal regimé/(<l.) and IV. MAGNETORESISTANCE IN SHORT
makes it possible to observe magnetic depopulation of 1D NANOWIRES: QUASIBALLISTIC AND BALLISTIC
subbands. When a 1D system is subjected to a perpendicular TRANSPORT

magnetic field, the 1D density of states evolves into 2D Lan-
dau levels, as depicted in the inset of Figo)Sfor a channel
width of 100 nm. A magnetic field imposes additional para- As a result of the short lateral depletion length, nanode-
bolic confinement on the electrons and results in hybridvices can be fabricated close by one another. For example,
electric-magnetic subbands. The hybrid subbands eventualtfie spacing of the voltage probing leads ¥y=100 nm is
evolve into Landau levels at high magnetic field when theas short as 400 nm, and in principle can be further reduced.
strength of the magnetic parabolic confinement surpasses ti#s the probe spacing approaches and eventually becomes
(latera) electrostatic one. The crossover occurs when the dishorter thanl,, the magnetoresistance exhibits different
ameter of the cyclotron orbit for each Landau level becomegharacteristics from what have been described in the preced-
smaller than the channel width. This occurs whening section. Figure @ shows the longitudinalR, 3) resis-
24(hleB)(2N—1)<W,, where the Landau levelor 1D  tance, where current is passed from lead 1 to 2 and the volt-
channel index N=1,2,3,.... Evidence for the 1D sublevel age difference is measured from 3 to 4. The lead numbers are
formation is provided by magnetodepopulation experimentsindicated in the inset of Fig.(b) that shows an AFM image
where the magnetoresistance oscillations are no longer pemf a Hall bar. The arrows mark the correspondidg; for

odic in B!, Figure 5 shows the 1D channel index and thedifferent W, . For 200 nn=W,<1 um, Ry, 3, exhibits two
experimentap,, as a functional oB~1. The oscillations in  features: a magnetoresistance peak beiqyy, and a repro-

pxx are masked by the quantum interference, including thelucible quantum interference signal that slightly distorts the
universal conductance fluctuatidh$UCF) and the structural SdH oscillations. The resistance peak is a result of junction
resonance effet? (which will be discussed in Sec. IV)A scattering of ballistic electrons, which will be elaborated on
This makes the determination of minimumgg, difficult at  in Sec. IV B. The interference signal manifests two signa-
low fields. We have filtered out the fast componentpg@f  tures: aperiodic, fast variation UCF at low fields, and quasi-
due to quantum fluctuations, and assigned the proper 1lPperiodic, slow fluctuations due to the structural resonance at
channel index based on the larger oscillation amplitudes. Tehigh fields. However, when the width and length are further

A. Quantum interferences
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4 . . AR/R? is 6x10°° (7x10°®), corresponding to 1.51.8)
e?/h. The electron phase coherent length is estimated to be
2.5 um (2.0 um) at 4 K for our 1D wires. It has been shown
that at 4 K|, is dependent on temperature Bt It is

then expected that in InAs quasi-1D systely, will be
longer than 10um at sub-Kelvin temperatures, comparable
to what has been measured in GaAs/AlGaAs 1D systems.

It is worth mentioning that the sheet resistivity obtained
from the short segment is always larger than that from the
long one by, e.g., 10% fow,=1 um, and increases mono-
tonically to 70% forW,=200 nm. This observation is ac-
counted for by nonlocal effect8. When L approaches or
becomes less thah,, both the voltage and current leads
become an integral part of the device under inspection,
which makes the effective size of device larger than what
been defined by lithography. In addition, wher<l <l ,,
the resistance in the short segments decreases as the tempera-
ture is decreased, opposite from what has been observed in
the long segments. For example, the resistance decreases by
13%, 27%, and 37%, respectively, faf,=200, 100, and 80
nm as temperature is decreased from 4 to 2 K. This is ex-
plained by noting that the system approaches ballistic trans-
port at a lower temperature.

80 nm (@)

Ryz,46 (kohm)

B (tesla)

FIG. 6. (a) Longitudinal Ry, 34and(b) transverser;, ;s magne-
toresistance for the short segment of the Hall bar, where the arrows
indicate theB,;; position. The inset is an AFM image of a 300-nm
Hall bar, where lead numbers are indicated. Experimental verification of ballistic transport phenomena

in InAs nanowires is discussed in the following. In cross
reduced, UCF are not discernable due to the nature of thginction devices, we have observed the quenching of the
ballistic transport. Instead, the interference due to the strucHall effect, a weak “last plateau” featurd; 12and negative
tural resonance dominates even at low field¢ €100 nm)  band resistanc& all of these indicate that the system is in
and eventually exceeds the SdH strength for whole range dahe ballistic transport regime and that there is a substantial
magnetic field YW,=80nm). The structural resonance at collimation effect. The Hall resistanceRR{, 49 for 200-,
high field, where only the lowest Landau level is occupied,100-, and 80-nm wide cross junctions are shown in Fig).6
have a spacing of-0.11 T (~0.15 T) for W,=100 nm(80  The observed low-field Hall resistance can be negative, zero,
nm). It is interesting to note that the period of the Aharonov-or superlinear, and is strongly dependent on the exact, de-
Bohm (AB) interference corresponds to an enclosed aredailed geometry at the junction. Such a deviation from ideal
which is approximately the “channel space,” i.e., 100 classical Hall characteristics at low fields is observed only in
X 400 nnt (80X 400 nnrf). the two narrowest wired),= 100 and 80 nm, reflecting that

The electron phase coherence length is an important pahe junction corners are relatively shdfg*In other words,
rameter that needs to be determined for our nanosystersharp corners suppress quenching Yé=200 nm. As the
Electron interference phenomena such as weak localizatiomagnetic field increases, the last plateau featur®;yye is
UCF, and AB oscillations in ring structurshave been used accompanied by a magnetoresistance peaRis4. Both
to determind , . However, the suppression of weak localiza- result from electron guiding due to the Lorentz force. Be-
tion by a magnetic field is masked by UCF for 200 nm cause of the sharp corners at the cross junction, the last pla-
<W,=<1 um in both short and long segments. Consequentlyteau feature is weak in our samples. It disappears at high
we estimatd , from the root mean square of the resistancefields whenW,>21.,. as the system is brought to the 2D
fluctuation here and from AB oscillatior{gliscussed in the regime.
following section. It is expected that UCF would disappear In our narrow cross junctions, the collimation effect also
asL is reduced and approachigs WhenL> 1., the strength  generates a strong negative bend resistance, as shown in Fig.
of UCF depends on the relative length scald.aindl,, as 7 for W;=100 nm. Based on the classical pictuRag 4, (B
expressed &} =0) should be close to zero. However, in the ballistic re-

gime, electrons injected from lead 6 more efficiently transmit
AG \/_2 312 1. 9 (ly 2 to the modes in lead 4 than to those in lead 1, and this results
“R? 2w\t in a negative voltage o¥,,. Under a perpendicular mag-
netic field, the Lorentz force changes the trajectory of elec-
Here the thermal length is defined las=(2D/kgT)*? and  trons and eventually destroys the negative bend resistance.
D=14le, whereD and s are the 1D diffusion constant and The field that destroys the negative bend resistance also
the Fermi velocity, respectively. FOM,=1 um (700 nm),  marks the onset of the last Hall plateau feature. We find the

B. Quenching of the Hall effect and bend resistance

—1/2
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Fourier Spectrum

10
(micron)

Bend Resistance, Rw’ 40 (kohm)

B (tesla)

FIG. 7. Bend resistance for a cross junction with=100 nm.
Note the asymmetric feature arouBer 0 and SdH-like oscillations
above 3T.

-500 -250 0 250 500

same critical fields taken from the same junction~#t5 T. Bmiasia)

The o(;)s_erved Cr/ItllcaI field is Iarger thandV\_/ha_t has been ob- FIG. 8. (a) The magnetoresistance of an InAs ring of a diameter
served in GaAs/AlGaAs nanowires, and is in good agre€qt 500 nm andw, =100 nm. Two traces are taken simultaneously

ment with a calculation assuming a hard-wall confinement,qing two symmetric pairs of the voltage leads. The left inset shows
and sharp Come'jg-_ The four-terminal resistancRie 4> '€ the AFM image of a device on the same waié). The AB oscil-
covers to 2D SdH'“ke OSC|“at|OnS at h|gh fle|dS, as expectedannS of R12’34’ where the smooth background resistance is

for a Van der Pauw geometry. We note that while the bendubtracted. The Fourier power spectrum of thR is displayed

resistance returns to the 2D characteristics under a sweeping the right inset of(a). The short marks on the top ¢fle and

magnetic field, there is no significant overshoot, again indih/2e peaks indicate the full width of the peak, while the long

cating that our junction is sharp. ones show the expected width based B~ '~ md,;, W, /(h/€)
and md,i,gW, /(h/2e), respectively.

V. MAGNETORESISTANCE CHARACTERIZATION

IN RINGS: AHARONOV-BOHM OSCILLATIONS 6(a). The large negative magnetoresistance around zero field

is attributed to the reduction of backscattering at the inner
The AB interference effects have been studied extensivelyall of the loop, and the steplike features are accounted for
in  mesoscopic Xg,le<L<L,) metallid® and semi- by cyclotron trapping® When the large negative background
conducting® rings. In narrow metal wires, electrons show no resistance is subtracted, the oscillations correspondihgeto
size quantization effects even at the lowest temperaturesndh/2e fluxes are clearly observed in Figi. The strong
They suffer from elastic scatteringith a typicall,~1 to 10  oscillations occur up to 1 T or so, and remain discernable
nm) and traverse the ring diffusively. Yet, AB interference until ~2 T, consistent wittB;; estimated foiV,=100 nm in
experiments make it evident that there is long-range phas&able I. The Fourier spectrum of oscillations in the range of
coherence. Experiments on semiconductor rings, particularly=250 mT, shown in the inset of Fig(&®, exhibits four har-
those fabricated from high mobility GaAs heterojunctions,monic components. The fundamental frequency is centered
have gained insights into the mechanism of the AB interferat 48 T, implying an average diameter of 503 nm. It is
ence. In combination with our nanofabrication scheme and &ound that the amplitude of the fundamental pdale is
resulting hard-wall confining potential, the diameter of thetwice the second peak, ten times the third peak, and about
InAs rings can be made smaller thirand with much better twenty times the fourth peak. Unlike what has been observed
control and knowledge of the wire width than for the GaAsin GaAs rings, the amplitudes of these four peaks do not
counterpart. As the system enters the ballistic transport regfollow an exponential dependence expected for the diffusive
gime, the AB oscillations exhibit characteristics different transport. This is attributed to the fact that the fundamental
from what have been commonly observed in GaAs rings. and the second harmonic peaks result from ballistic and qua-
Figure §a) shows the magnetoresistance of a 500-nm ringsiballistic electrons, respectively. Consequently, we have
with W,=100 nm at 2 K, where two traces were recordedused the third and the fourth harmonics to fit an exponential
simultaneously using voltage leads on the opposite sides afecay formula expfL/L ), whereL =i X 7dq, i is the or-
the current channel. Aside from the difference in the absoluteler of the harmonics, ard};,, is the diameter of the ring. We
resistance value due to nonlocal effects, these two traces coobtainL ,=3.7 um at 2 K, compared with. ,=2.5 um ob-
sist of AB oscillations superimposed on an asymmetric negatained at 4.2 K for the sam#/, as discussed in Sec. IV A.
tive magnetoresistance with steplike features, e.g= 260 In the case of diffusive metallic rings, whevé=W,, the
mT. The system returns to 2D behavior above 2 T and exwidth of theh/e fundamental peak is found to be determined
hibits SdH oscillations similar to the middle curve in Fig. by the inner and outer diameters of the conducting wire, i.e.,
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AB_l"N“Wdrinch/(h/e)- As a result, it is a common practice Hall resistance, the last Hall plateau, and a negative bend
to estimateW, from the width of theh/e peak for GaAs resistance. Their dependence on the magnetic field indicates
rings, where the knowledge &, is lacking due to the fact a relatively sharp corner in the cross junction. Quantum phe-
that Ws>W,. The full width of theh/e peak in our InAs homena such as magnetic depopulation of 1D sublevels and
ballistic ring is 13.6 T from which we can infekv,  universal conductance fluctuations are also observed in InAs
=36 nm as opposed to 100 nm, which was obtained from th#/'€s. _ _ _
previous discussion in Sec. Il B. If the conducting channel We have also studied the AB quantum interferences in the
width were indeed 36 nm, we should have only one 1D subballistic regime in which the diameter of rings is less than the
level occupied, in contradiction to the unambiguous observaélastic mean free path and also the phase coherence length.
tion of filling factor 6 in Ry, 34 at 2.25 T. A similar experi- The AB oscillations in our ballistic InAs rings exhibit char-
ment done on a one-micron InAs ring witk, = 100 nm also  acteristics different from those reported in GaAs rings. First,

20 T ! as opposed to 76 - the fourth harmonic componerti/4e, in the Fourier power

Another characteristic, which is different from that in SPectrum of the AB oscillations. However, as a result of the
insensitive to the magnetic field. We have carried out Fourie®nd the second harmonic components, the amplitudes of the
transformation on the magnetoresistance with 0.5 T intervalfour harmonic peaks do not follow a simple exponential de-
up to 2 and 2.5 T for 500-nm and Am diameter rings, Cay as expected by the diffusive picture. Second, unlike in
respectively. The power amplitude of thée peak decreases the case of diffusive rings, the full width of the'e peak in

mains approximately the same. from the channel width. Third, the position of thée peak
does not shift toward lower frequencies as the magnetic field
VI. CONCLUSIONS is increased.

In summary, we have demonstrated a nanofabrication

We have performed systematic and detailed magnetoresischeme leading to a 1D system that possesses desired prop-
tance measurements on InAs nanometer wires and rings fabrties for nanodevices, including specular boundary scatter-
ricated by a scheme that employspadoped cap layer to ing, a strong lateral confinement potential, and a conducting
create an insulating sample to start with. Based on studieshannel width that is approximately 30 nm narrower than the
with various wire widths down to 80 nm and lengths down toetched wire width. This InAs nanosystem is able to provide
400 nm, we found that the lateral confinement leads to preadditional insights into ballistic transport.
dominately specular boundary scattering, and as a result the
elastic mean free path is not substantially degraded when the
system is patterned into nanometer-wide quantum wires. In
addition, the conducting channel width is approximately 30 The authors thank Dr. T. L. Reinecke for critical reading
nm narrower than the pattern width defined by wet etching. Aof the manuscript and Dr. Y. B. Lyanda-Geller for fruitful
number of ballistic transport phenomena are observed in thdiscussions. This work has been supported in part by the
Hall bar geometry at 4 K, including the quenching of the ONR/NNI and LPS/NSA.
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