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Evidence for ballistic electron transport exceeding 16Qum
in an undoped GaAs/Al Ga, _,As field-effect transistor
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We report measurements of GaAs/@k, ,As undoped field-effect transistors in which two-dimensional
electron gase@DEG'’s) of exceptional quality and versatility are induced without modulation doping. Electron
mobilities atT=4.2 K and density % 10'* cm 2 exceed 4 10° cn? V! s~ . At lower temperatures, there
is an unusually large drop in scattering, such that the mobility becomes too high to measure im100-
samples. Belowl'=2.5 K, clear signatures of ballistic travel over path lengths in excess ofidfi0Oare
observed in magnetic-focusing experiments. Multiple reflections at the edges of the 2DEG indicate a high
degree of specularityS0163-18208)03248-2

High-quality two-dimensional electron systems in name implies, UFET's contain a high-quality, variable-
GaAs/AlLGa, _,As heterostructures form the basis for mostdensity 2DEG without the use of modulation doping. We
semiconductor mesoscopic devices, because they have fegport magnetoresistance measurements in several UFET's,
some time been used successfully to achieve long mean-freghere a series of sharp magnetic-focusing peaks demonstrate
paths in the electron layer. To date, modulation-doféD) ballistic transport across 10@m devices over the wide den-

: _ 1 2 T a2 g
structures, where dopants spatially separated from thglly range N__ZX101 cm © to 6X 10 cm , with
GaAs/ALGa, ,As junction induce a two-dimensional elec- ballistic-scattering lengths exceeding 1Gén established in

; . small magnetic fields at high densities.
tr:]c;r;)ili({;?g:lFZZDEG), have yielded the highest electron The 2DEG's under investigation form at a

GaAs/ALGa, _,As heterojunction upon applying a positive

In 2DEG’s where the mean free path becomes comparabl X .
to the device dimensions, oscillations in four-terminal resis-gIas to an epitaxially grown top géfe[ﬂg. @] The lack

) . of dopant-induced disorder greatly reduces scattering, in par-
tance measurements can be seen in small magnetic Belds P g y g9.np

ticular the small-angle scattering from distant iGA&IFET’s

TheB-periodic component corresponds to the electron €yclog s, iow precise tuning of the electron sheet density over

tron orbit_ diame_ter pas;ing through integer divisors of thenearly two orders of magnitude.
sample size. This classical phenomenon, referred to as elec- Optical lithography was used to fabricate UFET’s config-
tron focusing®* relies on scattering-free drllistic transport  red as squares with side length 1@0n [Figs. Ab) and
across the device. Extensive work has been performed Of{c)]. The 2DEG is measured via self-aligned Ohmic
electron focusing in 2DEG's over a wide range of devicecontacts? Van der Pauw resistance measurements have been
sizes €1 um to 150 um).>° In addition to the many ex- performed in a dilution refrigerator using low-frequency
periments that have been performed to investigate striking~ 15 Hz) lock-in techniques with currents less than 150 nA.
behavior such as fractal self-similarity in the magnetore-The temperature-dependent data were taken with gate leak-
sistance of very small samplésnd the development of bal- age less than 300 pA. Practical device sizes in the wafers
listic electron optic$1° electron mobility improvement reported here are limited t& 100 um by the presence of
through further development of epitaxial growth techniquesoval defects that can cause a short circuit between the gate
has resulted in the observation of focusing effects up tand the 2DEG.
length scales of order 150m.® Electron density and mobility af=4.2 K are shown in
Saku et al. have predictett that the highest obtain- Fig. 2 as a function of top-gate voltage. These 4.2-K data are
able mobility in MD systems with electron densiti®&  obtained via van der Pauw measurements; the densities agree
~3%x10" cm 2 is likely to be ~1.6x10" cn? V™1 s 1. to within 5% with values derived from Shubnikov—de Haas
This prediction is based on scattering from the potentiabscillations. The electron mobility peaks at a dendiy
landscape contributed by randomly located ionized dopants-3x 10t cm™2, an effect that is more pronounced at tem-
themselves. However, recent experimental studies on M[peratures beloWw =1 K. The presence of this mobility peak
structure$ have presented strong evidence that the effect ofs believed to be due to the increasing influence of interface
dopant disorder is not as severe as expected from that modebughness at higher gate voltages, as the 2DEG is pulled
Whether or not the inherent dopant disorder is the limitingcloser to the GaAs/AGa, _,As heterojunction. The scatter-
factor for the mobility, there is a way to avoid its effects: theing lengths given for the 4.2-K data in Fig. 2 are simply
2DEG can be induced by a gate bias in an accumulationdetermined from the mobility. The highest values are of or-
mode undoped field-effect transistUFET).}>"1* As the  der half the sample size.
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FIG. 2. Electron-sheet density, mobility w (filled triangles,
and mean free pattsquarescalculated fronN andu, atT=4.2 K,
for a UFET.

whereL is the size of the device. The experimentally ob-
served oscillationsre B-periodic, and the wide tunability of
the UFET electron density allows analysis of the density
dependence. Figure (9 gives the oscillation positions
(maxima as a function of electron density. The solid curves
in the figure show that the periods are consistent with an
increase as the square roothdfNote the large magnitude of
the oscillations relative to the background signal; no subtrac-
tion of a background level is necessary for this data. The
number of visible oscillations is related to the specularity of

FIG. 1. (a) Layer structure of the FET device) Optical mi-
croscope picture of a UFET device: the width of the central square
is 100 um. Mottled regions in the corners are self-aligned Ohmic
contacts, which make contact to the electron layer without a short
circuit to the top gate(c) Schematic diagram, defining the labeling .
convention for the current,_,,, and the measured voltagé, 0 5 10 15 20
— V3, between ohmic contacts.

o 10
Below T=4.2 K, the electron mobility is expected to im- 2 E 5
prove due to the reduction of electron—phonon scattering. If g %
the mean free path exceeds the device dimensions, then a == Oy T 23545 6

meaningful sheet resistivity cannot be defined, and thus a Electron density (10" cm™)
conventional electron mobility cannot be determined. In-
stead, the scattering length of the electrons must be used to
describe the quality of the 2DEG system.

In the UFET samples, folf <4.2 K, magnetoresistance
oscillations are visible at fields on the order of 0.01 T, shown
in Fig. 3@. The vertical axis is the four-terminal
measuremem Ry, 4= (V4—V3)/11_,,. NearB=0, the mea-
surement can actually be negative, as seen in Ka), Be-
cause electrons are injected directly along the diagonal of the

device into the negative voltage-measuring contégf 0 "5 10 15 2o
Focusing-related oscillations are expected to be periods in Magnetic field (mT)
at any given density, and the field positi@q,. of the first . . ,
peak scales as the square roofbof FIG. 3. (a) Magnetoresistance fdB=0. (b) Oscillation posi-

tions as a function of electron density. The solid curves are propor-
tional to the square root of the electron dens(ty.Oscillations at a
range of temperature§i= 0.1, 0.65, 1.1, 2.5, and 4.2 K. Inset:
:2h V27N (1) graph of oscillation amplitude, defined as the change in resistance
foc eL '’ from the central minimum to the fir@" peak vsT.
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D (e 100-um devices. While there are several possible reasons
- a) /T= 1.6 K why AB could be greater thaB;,., such as the lack of
, ] fourfold symmetry in the device or anisotropy of injection/
absorption of electrons at the self-aligned ohmic contacts
(which have resistances 2 k(), a convincing explanation
of why AB>B;, is yet to be found.
‘ Figure 4b) shows data from UFET’s made from two wa-
25 0 s 0 ‘ 5 10 15 fers. The trace at higher resistan@abeled “WaferB" ) is
Magnetic field (mT) data taken as part of a far-infrared photoconductivity sttidy
2 T that has yielded a very narrow cyclotron resonance linewidth
[ b) T=16K (full width at half maximum of 6 mT atT=1.6 K and at
: a wavelength of 183.4«m. The waferB sample has the
(L Wafer B; lower T=4.2 K mobility of 1x1® cm? V™ 1s™1, for N
s =3.6x 10" cm 2. The ballistic transport oscillations in the
\ ] “Wafer A” trace are much better resolved. The different
: Wafer A form of the traces from 2DEG'’s of unequal quality also high-
S 0 o 020 lights another aspect of the ballistic transport data: the
Magnetic field (mT) B=0 resistance minimum, used in itself in previous stlies
as evidence for ballistic transport for which sequential peaks

FIG. 4. (a) Magnetoresistance spanniBg-0, in the configura-  are barely resolved, is far more robust than the later focusing
t!on of Fig. :I(.c). Vertical, dotted !ines indicate the expected posi- peaks, which degrade to a broader envelope.
tions of the firstB™ andB™ focusing peaks for a 10pm square. Several length scales have been used to describe scatter-
(b) Comparison between two samplé®m different wafersatthe  jng i high-mobility semiconductor heterostructures. To
same electron density. minimize confusion, we employ the convention of Spector

et al®>® The most commonly used distance is the elastic
reflections at the edges of the UFET, rather than to the scatnean free path ,, which is the distance derived from mo-
tering lengths within the 2DEG region. Specularity becomedility calculations.\ , is the distance over which an electron
relevant because each successive peak corresponds to teavels before its momentum is completely randomized.
added skipping orbit. Observation of several consecutive oNext, there is a ballistic mean free pakh, which is the
cillations (labeleda, b, ¢, din Fig. 3 indicates that the re- distance over which ballistic focusing peaks are visiklgis
flections from the UFET boundaries are highly specular. more sensitive to small-angle scattering thgp, since sev-

Oscillations at a range of temperatures, normalized to theral small-angle scattering events are required to fully ran-
base temperature limit, are shown in Figc)3Notably, there  domize the motion of an electron, whereas ballistic focusing
is a significant temperature dependence belbw1l K, relies fundamentally on directional effects. In the case of
which is stronger than the mobility change, dominated bythese UFET's, there will be a small angular tolerance intro-
electron-phonon scattering, usually observed in MDduced by the finite width of the corner constrictiofSg.
structureg:17:18 1(b)). Finally, there is\4, the length that is obtained via the

Magnetoresistance data spanning both field polaritiesjuantum lifetime from Shubnikov—de Haas oscillatié?usq
(B* and B™) are shown in Fig. @). For a diameter of is expected to be the smallest of all the various path
100 um, Eq. (1) predicts a position of the first peak lengths?® in GaAs/ALGa _,As systems, generally , >\,
Bfoc=1.98 mT. The vertical, dotted lines in Fig(a@ mark ~ >\,.

B=+1.98 mT, and it can be seen that the experimental data Related to\, is the lifetime obtained via cyclotron-
agree very well with the predictel;,.. The electron focus- resonance measurements. The 6-mT resonance linewidth
ing peaks, therefore, imply that the ballistic mean free path istated above for wafé yields a scattering lifetime of 130 ps

at least r/2x 100)~160 um. Indeed, given the strength of in a low-density regime N=2.7x10' cm 2). If one na-

the oscillations(recalling that there is no background sub- ively multiplies this lifetime by the Fermi velocity, a path
traction, the path length probably exceeds this value, bulength of 9 um is obtained, attesting to the high quality of
explicit confirmation requires larger samples that are coneven the lower-mobility wafeB sample.

strained by the oval defects in these high-mobility wafers, It is known that the ionized dopants in modulation-doped
described earlier. structures act as small-angle scattef@iis, addition to scat-

At the lowest temperatures, there is an antisymmetridering by any random intrinsic impurities. In a recent study
background slope ne@=0, which is visible only for|B| of modulation-doped layers, Umansky al! report a mobil-
<100 mT. This slope is believed to be related to the Hallity at T=0.1 K of 1.44<10" cn? V™1 s 1. In that paper,
effect, and is evident even in the standard four-terminal gethe authors calculate that the dopants contribute only 10% of
ometry because of the ballistic nature of transport in thethe total scattering. The mobility yields, = 110 um at
UFET'’s. the statedN=2.4x10'"* cm 2, which we note is smaller

Although the observed position of the firBt" and B~ than then, of 160 um in waferA above. A previous study of
focusing peaks agrees well with the predicBg., the sub- N, in MD structures withu=1.1x10" cnm? V™1 s also
sequent periodAB separating successive oscillations isindicated that the dominant scatteringTa£ 0.5 K is large
larger tharB;,. by 20%. A largerAB indicates a tighteti.e.,  angle, probably due to impurities at the heterojunction
smaller diametef cyclotron orbit than is expected for the interface® In the same paper, the ratio of the elastic and

Rizq3 ©)

Riz43 Q)




PRB 59 BRIEF REPORTS 4625

ballistic mean free paths was found tobg/N,~6. Apply-  2DEG) are enough to significantly perturb the potential land-
ing the same factor to the ballistic mean free path data rescape, and thus the device behavibin addition, mean free
ported here would imply an unreasonably high mobility, andpaths improve as\ increases, enhancing the worth of the
\,~1 mm; therefore it is likely that the ratid, /N, in the  tunability of UFET’s to very highN: in MD structures, high
UFET samples is less than that in MD structures. densities are attainable only by bringing the dopants closer to
A mechanism that may be relevant to theependence of the 2DEG, with a corresponding increase in disorder. We
the focusing peak amplitudes is electron-electron interactiorhave recently reportééiballistic transport in quantum wires
Electron-electron scattering is expected to dependlars  fabricated from the UFET material described in Fig. 1.
T2In(T/Tg), whereT is the Fermi temperatufé.While it is In summary, ballistic-path lengths of 166m, limited by
not expected that electron-electron interactions should havegractical UFET device sizes, have been demonstrated in
significant effect on the resistivity, such interactions haveGaAs/ALGa _,As UFET'’s free from dopant disorder. Such
been demonstrated to have an impact on resistance measulenag ballistic paths show that non-modulation-doped FET'’s
ments of smaller devices in a ballistic-transport regffme. can contain 2DEG's of exceptionally high quality. The fact
The amplitude data in the inset to FigcBdo not fit such a that ballistic mean-free-paths exceed the dimensions of the
temperature dependence well, although a one-to-one corrglevice mean that conventional diffusive descriptions of the
spondence between the interaction rate and the peak ampétectron behavior, in terms of mobility and resistivity, are no
tudes should not necessarily be expected. The precise mechanger appropriate. A substantial improvement in scattering
nism involved in the large mean-free-path improvementiength as a function of temperature beld@w 4.2 K, greater
belowT=4.2 K is, therefore, yet to be identified. than has been reported in recent high-mobility modulation-
Even if mobilities in MD structures improve substantially, doped 2DEG's, has also been observed.
UFET samples will prove of greatest benefit in the produc-
tion of one- or zero-dimensional structures. This is because,
in nanostructures, even the minimal fluctuations caused by This work was supported by the Australian Research
dopants(sufficient only to cause small-angle scattering in aCouncil.
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