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Quantum behavior in nanoscale ballistic rectifiers and artificial materials
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Low-temperature experiments are performed on nanoscale nonlinear débadlesic rectifiers as well as
nanostructured artificial materials, fabricated from an InP/InGaAs quantum well wafer. A dc output is gener-
ated between the lower and upper contacts of these devices, when an ac voltage is applied between the left and
right contacts. As the temperature is lowered from room temperature, the dc output voltage of the ballistic
rectifiers gradually changes from negative to positive. Since the negative output at high temperatures has been
well understood in the framework of the classical ballistic electron transport, our results indicate that the
electron transport comes into a different physical regime at low temperatures. Furthermore, we find that at even
lower temperatures, the devices generate a pronounced oscillatory output as a function of the applied bias. Very
similar phenomena are observed in the artificial nanomaterials, suggesting the existence of a common mecha-
nism. We present a simple model based on quantum transport, which explains the key phenomena that we have
observed at low temperatures.
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The rapidly advancing nanotechnology has made it postant, and only very limited number of such experiments have
sible to fabricate devices that are smaller than the electrobeen reporte&®*2In this work, we report on temperature-
mean free path.. In these devices, electrons are mainly dependent experiments performed on the nanometer-sized
scattered at device boundaries rather than by randomly digallistic rectifiers and nanomaterials. Surprisingly, reversed
tributed scatterers such as impurities and phonons, and it &s well as oscillatory outputs are observed when the tempera-
the device geometry that largely determines the paths tracddre T is sufficiently lowered. This is in strong contrast to the
by the electrons and, hence, the electronic properties. Bas@a@se at room or high temperatures, where the experimental
on this so-called ballistic electron transport, new deviceresults have been well understood in the framework of the
functionalities can be generated by simply tailoring the de-<classical ballistic electron scatterifThe results indicate
vice shape. Although most studies on the ballistic electrorthat at lower temperatures, the electron transport in the de-
transport were carried out in the linear regilmore and  vices has come into a different physical regime. We also
more attention is paid to the nonlinear regimé® Recently,  discover very similar phenomena in the nanostructured arti-
it was also realized that the symmetry of the device geometr§icial material. We propose a simple model, and show that
can have a pronounced influence on the nonlinear devicthe experimental results of the ballistic rectifiers and the na-
properties > One such example is the recently realized bal-nomaterials can be qualitatively explained in a unified physi-
listic rectifier, in which a triangular antidot was fabricated in cal picture based on the quantum electron transport.

a ballistic micrometer-sized cross junctidhe triangular Both the ballistic rectifiers and the nanomaterials are fab-
antidot breaks the symmetry of the device, and also serves agated from a modulation-doped |RGa, ,sAS/INP hetero-

an artificial scatterer, which deflects the ballistic electrons testructure(details in Ref. 15 in which electrons are confined

a certain direction independent of the direction of the appliedo a two-dimensional electron g&8DEG) in a 9-nm-thick
electric field. The generated rectifying functionality has beemquantum well located 40 nm below the surface. The patterns
shown to be so strong that when ballistic transport was realare defined using standard electron beam lithography and
ized at room temperature by fabricating nanometer-sized bailvet chemical etchingdetails in Ref. 1& Figures 1a) and
listic rectifiers, the sensitivity of microwave detection was 1(b) show the scanning electron micrographs of a typical
found to be roughly as high as a commercial microwaveballistic rectifier and a part of a typical nanomaterial mea-
diode! Based on a similar working principle, artificial func- sured in the experiments. The dark triangular areas are
tional materials have been made by fabricating an array oétched down through the 2DEG layer, and serve as artificial
nanometer-sized triangular antidots. The obtained nanomateeatterers for the ballistic electrons. In both cases, there are
rials have also been demonstrated to operate at room terfour electrical contacts: left or sources), right or drain
perature and at frequencies up to at least 50 &Hz. (D), lower (L), and upper ). The width of the source and

Apart from the promising potentials for real applications, drain channels of the ballistic rectifier, shown in Figa)lis
the ballistic rectifiers and the nanomaterials might producebout 100 nm, while the width of the upper and lower chan-
pronounced quantum effects at low temperatures. This is barels is about 500 nm. The triangular antidot is situated away
cause the width of the channels, from which the ballisticfrom the center of the cross junction, which results in pro-
electrons are ejected, is comparable to the electron Fernmounced nonlinear effects as will be discussed below. The
wavelength. From the physics point of view, studying thenanomaterial, which we show the results from here, has a
influence of geometric symmetries of nanodevices on theepetition period of 600 nm in the horizontal direction, and
guantum electron transport in the nonlinear regime is impor300 nm in the vertical direction. Both the base and the height
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FIG. 2. The output of the ballistic rectifiev, ,, as functions of
the applied source-drain voltay, measured at different tempera-
tures.

S put voltageV,, between the lower and upper contatts.

Figure 2 shows the temperature dependence of the ballistic

rectifier. At room temperatur&/, , is negative, which is con-

= sistent with the results of our previous experimentsyhich

—t have been described by a model based on the classical bal-

3 listic transport:* The output remains negative as long as the
temperature is above about 70 K. However, starting from
aboutT=200 K, the curves show a clear trend of upward
bending, and a pronounced output reversal is observed at

FIG. 1. Scanning electron micrographs(af the ballistic recti- temperatures below ab_out 40 K. Even more sgrprlsmgly,
fier and(b) the artificial nanomaterial measured in the experiments VNen the temperature is below about 78 K, oscillatory be-
The dark triangular areas are etched down through the layer of thBaVvior can be clearly identified.
two-dimensional electron gas, and serve as artificial scatterers for S€parate experiments show that lower temperatures are
the ballistic electrons. In both cases, there are four electrical conf€eded to observe output reversal if the sample is illuminated
tacts: left or sourceS), right or drain ©), lower (L), and upper by a Iight-emitting dIOde(LED) before the measurements.
(V). After the illumination, the electron concentration is increased

by up to 30% and the electron Fermi wavelength becomes
of the triangles are 150 nm. The device consists of a crosshorter. A number of devices with different geometric param-
junction with four contacts, and the written pattern coverseters(from half to about twice the size in Fig) have also
the whole area. The distance between the contacts js™5 been measured, and the general trend is that the larger the
both between the source and the drain, and between the ugevice, the lower the temperature at which the output rever-
per and lower contacts. Without illumination, the 2DEG hassal starts to be seen. Both facts suggest that quantum effects
the following parameters: carrier concentrations of 4.5play an important role in causing the reversed and oscillatory
X 10" m~2 and 4.7 10" m~2, and mobilities of 45 MV's  outputs. This may be expected because the width of the
and 1.2 M/V's, atT=0.3 K and room temperature, respec- source and drain channels, from which the ballistic electrons
tively. Thus, the mean free pathvaries from 5um at 0.3 K are ejected, is comparable to the electron Fermi wavelength.
to 140 nm at room temperature. At room temperatiges Reversed and oscillatory outputs from a ballistic rectifier
shorter than but comparable to the distance between the trivere predicted very recently by Fleischmann and Géfsel.
angular antidot and the source or drain channel in the ballisthe mechanism was attributed to the large difference be-
tic rectifier, meaning that the electron transport is partiallytween the channel widths of the upward and downward elec-
ballistic. Similarly, the electron transport within one “unit tron transmissions fror8 andD in the ballistic rectifier, i.e.,
cell” of the artificial lattice in Fig. 1b), which largely deter- the gap between the triangular antidot and the edge of the
mines the transport properties of the whole nanomaterial, ispper channel is much narrower than the gap between the
also partially ballistic at room temperature. As the temperaitriangle and the edge of the lower channel. They argued that
ture is lowered, the electron transport in both the ballisticwhen the applied voltage is small, the nhumber of occupied
rectifier and one unit cell in the nanomaterial becomes purelynodes of lateral quantum confinement in tf@wver wider
ballistic. gap may increase because of the applied voltage, while the

The experiments are performed by applying a dc voltagewumber of occupied modes in tlieppe) narrower gap re-
Vsp between the source and drain and measuring the dc outrains constant due to the larger energy separation of the

600 nm
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FIG. 3. The output of the artificial nanomaterij, as func- and the nanomaterials suggest the existence of a common
tions of the applied source-drain voltayg, measured at different physical process that gives rise to the phenomena.
temperatures. The inset is a magnification of the 4.2-K data. To understand the output reversal and the oscillatory out-

put, we noticed that the width of the source and drain chan-

lateral confinement energy levels. This gives rise to the “nor-neIS in the ballistic rectifier and the width of the gaps be-

” o . tween neighboring triangles in a vertical column in the
_mal_ rectifying effect (V,,<0). When the gpphed voltage - omaterial are all comparable to the electron Fermi wave-
is high enough to open up a new mode in the upper ga

i rhangth, which is about 35 nm in our samples. By taking into
however, the outpu¥/,, should undergo a change of sign, 4ccount of the finite depletion depth at the etched device
i.e., output reversal.

- ) _boundaries, the real widths of the lateral quantum confine-

good agreement with the experimental results in Fig. 2, such To simplify the presentation of our model, we first con-
mechanism for the output reversal does not seem to exist isider the artificial nanomaterial. At high temperatures, the
the nanomaterials shown in Fig(bl. This is because that in transverse quantum confinement modes in the gaps between
a nanomaterial, the width of the channel, which the electrongeighboring triangles in a vertical column cannot be well
have to pass to transmit upwards after being ejected from gesolved due to the broad Fermi-Dirac distribution. The an-
narrow gap between two neighboring triangles in a verticagular distribution of electrons ejected from a gap is not uni-
column, is identical to the channel width of the downwardform but, to some extent, collimatéf;?® as schematically
electron transmission. As a result, the changes in the occishown in Fig. 4. The pattern of the angular distribution in the
pied lateral confinement modes in the channels of both upranomaterial is tilted upwards a little because the geometry
ward transmissions and the downward transmissions are eef each gap between the two neighboring triangles is
sentially identical. However, when measuring the asymmetric>?* From the angular distribution, one antici-
nanomaterials with various geometric parameters, we obpates that the triangular scatterer immediately on the right
serve very similar reversed as well as oscillatory outputs tovill deflect most of the electrons downwards, while fewer
that shown in Fig. 2. Figure 3 shows typical results measureélectrons can transmit upwards without being scattered by
from a nanomaterial, which are unexpected from the modethe triangle. This may appear to result in an accumulation of
in Ref. 18. electrons in the lower contact, and consequently induce a
In Fig. 3, the output is normal at room temperature, whichnegative output voltag¥, . However, this certainly cannot
has been understood in the framework of the classical ballisaappen if no voltage is applied to the nanomaterial, since
tic transport? Output reversal starts to be seen at temperathere are always the same number of transmissions along the
tures as high as 204 K. A blowup of the curveTat 4.2 K opposite directions under the equilibrium condition. As is
clearly shows an oscillatory outptit.Also, similar to the shown by the model of the ballistic rectifi€r,a nonzero
case of the ballistic rectifiers, the experiments show that theutput can only be generated by changes of the transmission
larger the gaps or the “lattice constants” of the artificial lat- coefficients caused by the applied voltage. For a finite nega-
tice, the lower the temperature at which output reversal starttive Vgp, for example, the voltage drops, mainly at the open-
to be seen. In samples with much larger gaps between neigings and the exits of the gapswill cause an increase in the
boring triangles(not shown herg no output reversal is ob- velocity components of the electrons along &® direc-
served down tal =4.2 K. This again suggests that quantumtion, while the velocity components in the perpendicular di-
effects play an important role. Furthermore, the striking simi-rection are virtually not affected. This leads to smaller ejec-
larities in the experimental results in the ballistic rectifierstion angles of the electrons with respect to $#® axis, and
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therefore an overall narrower angular pattern of the electrotween neighboring triangles, only the branchlike electron
flow from S, as shown in Fig. éb). Furthermore, the overall flow is considered and will be shown below to result in the
angular distribution of the ejected electrons should also levebbserved phenomena.

a bit as it tends to follow the direction of the electric field.  For simplicity, we assume that there is only one occupied
Such a collimation effect induced by the applied voltage willmode at zero applied voltage, which corresponds to the an-
clearly change the transmission coefficients, resulting irgular pattern of the electron flow shown in Figah but the
more downward deflections of the electrons by the triangulafollowing discussion applies to othéif not too large num-
scatterer, and fewer upward transmissions. This leads to lzers of initially occupied modes. The angular distribution in
normal negative outplt, ; as observed at high temperatures Fig. %@ is narrower than that in Fig.(d) because of the

in Fig. 3 (the probabilities for the electrons fromandU to  lower temperature. We note thitis not longer than a few
transmit to the drain contact are not much affected becausenit cells of the artificial lattice even at 4.2 K, implying that
the electric field is only strong in the region very close to thethe electron transport within a unit cell should be, to a large
gaps between neighboring triangles within a vertical col-extent, representative of the overall _behawor qf the nanoma-
umn). If a positive Vp, is applied, the angular pattern of terial. If a small negative source-drain voltage is applied, the

left-moving electrons from the gaps determines the net ﬂov\yoltage-lnduced collimation effect leads to a narrower and

of carriers, and should be considered. Also in this case, thg'ore leveled angular pattern of the electron flow, which is

angular pattern becomes narrower and more leveled due f}'m'lar o the case at higher temperatures shown in Kip. 4
. o . s a result, the downward transmissions of the electrons de-
the applied electric field, and yields the same negaltivg.

This is also required by the geometric symmetry with respecﬂeme(j by the triangle i_ncreasg, -VYhiCh givgs rise 0 a negative
. ButputV,_U. This explains the initial negative output voltage
to thel.-U axis. _(or normal behavior at low temperatures. If the applied
At sufficiently low temperatures, the transverse modes inheqative voltage is decreased further, the right-moving elec-
the gaps become well resolved. It is rather complex to detefyons from the left-hand side of a gap will eventually occupy
mine the number of occupied modes in the gaps, becausfie second lateral confinement mdavhich gives rise to a
while the electron transport between neighboring triangulatwo-branch angular distribution, on top of the single-branch
antidots is ballistic, the transport over the whole material ispattern of electron flow of the first occupied mode. In total,
not. Furthermore, both electron backscatterings and multiplehere are three lobes of electron flow as shown in Fig).5
reflections from the antidots also seriously influence the reThe widening of the angular distribution clearly results in an
sistance. However, from the width of the gaf@bout 100 increased probabilityor percentagefor the electrons to
nm) and the depletion depitabout 10 to 20 nm at each edge transmit upwards, and a reduced probability of the down-
of the etched gapswe estimate that there are between oneward transmissions. As shown by a detailed model and
and four occupied modes at low temperatures. Separate ranalysis in Ref. 14see Eq.(6) and the discussiofisthe
sistance measurements on devices consisting of only a singtitput of a ballistic rectifier is determined by thelative
narrow channel of similar width have confirmed the abovechanges of the transmission coefficienis,/T, rather than
estimate on the number of occupied modes. Similarly to théhe absolute values of the changes in the transmission coef-
case of a quantum point contact in the adiabatic transpoficientsAT. This should be true for the artificial material as
regime, each mode contributes to a specific angular pattemvell because of the similarities between a ballistic rectifier
of electron flow from the gaps. The number of lobes  and a unit cell of the artificial material. Therefore, the in-
branchesin the pattern of electron flow corresponds to thecreased probabilityor percentagefor the electrons to trans-
number of maxima ir|? (where ¢ is the electron trans- mit upwards and the reduced probability of the downward
verse wave function as a direct result of the adiabatic trans- transmissions, which are discussed above and illustrated in
port. Therefore, for théNth transverse mode, the number of Fig. 5(c), will lead to an increase i, ; and may even cause
lobes isN. Such branchlike patterns of electron flow were the output reversadfrom negative to positiveas observed in
recently imaged using a low-temperature scanning probé&ig. 3 in the intermediat®sp range.
microscop€®<’ In their experiments, additional fine fringes, I the negative applied voltage is decreased further, the
separated by half the Fermi wavelength, were discovered oapplied voltage or electric field should again cause the nar-
the branchlike patterns, which are caused by coherent comewing and leveling of the overall angular pattern of the
structive and destructive backscatterings of the electroelectron flow as shown in Fig.(8). The right-moving elec-
waves. In general, such effects of quantum phase coherent®ns hence have more and more chance to be scattered
can be easily destroyed by increasing the temperature or agownwards by the triangle on the right-hand side, and this
plying a bias voltagé® which is the reason why the fine contributes again to a decreaseMp, . The voltage-induced
fringes were observed only at very low effective electroncollimation effect is more pronounced at lower temperatures,
temperatures. However, the branchlike electron flow sursince the average kinetic energy of the electrons is smaller
vived at biases up to at least 3 nf¥orresponding to 30—40 and it is easier to reduce the ejection angle of an electron at
K), because it is associated with the spacing between tha given voltage drop across the gaps. At sufficiently low
transverse quantum confinement subband levels. In our exemperatures the downward bending of the curve may be
periments, since the reversed and oscillatory output are olstrong enough to cause negative output again, and therefore
served at up to about 150 K and quite large biases, where ttgives rise to an overall oscillatory output, which is in good
phase coherence is unlikely to exist over the distance beagreement with the experimental data in Fig. 3.
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FIG. 5. Schematic model for the output rever-
sal and oscillatory output, in one unit cell of the
artificial nanomateria{a)—(d) and in the ballistic
rectifier (e)—(h) at low temperaturesAs an ex-
ample, suppose that there is only one lateral con-
finement mode occupied in the narrow gaps be-
tween neighboring triangles in a vertical column
when the applied voltag¥sp is zero. As a result
of the adiabatic transport at low temperatures, the
electrons ejected out of the gaps have a narrow
(rather than uniforrh angular distribution(a).
With decreasingVsp, the angular distribution
first becomes narrower due to the collimation ef-
fect induced by applied electric field, and also
becomes more horizontal to follow the direction
of the electric field, as shown ifb). By decreas-
ing Vgp further, eventually the second lateral
confinement mode becomes occupied, which
gives rise to a two-branch angular distribution, on
top of the single-branch pattern of electron flow

of the first occupied mode. In total, there are
1St +2nd modes three lobes in the electron floge). The total an-
gular distribution will become narrower again
with continously decreasinysp because of the
e) f) voltage-induced collimation effecfd). Overall,
by decreasing the applied voltayg, from zero,
the angular distribution of the electrons ejected

S Ov D S <-_->v D out of the gaps changes alternately by subsequen-

tially narrowing (b), widening (c), narrowing
(d).... Consequently, both the upward and
downward transmission probabilities for the elec-
trons ejected from the gaps are oscillatory func-
1st mode tions ofVgp, and this induces the oscillatory out-
putV, y as shown in Fig. 3. Similar to the case of
g) h) the artificial nanomaterial shown it@—(d), by
L decreasingVgp applied to the ballistic rectifier
from zero, the angular distribution of the elec-
D trons ejected out o6 changes alternately by sub-
sequentially narrowingf), widening(g), narrow-
_] r_ j r_ ing (h), ..., because of the interplay between
' the voltage-induced collimation and the openings
of additional lateral confinement modes in the

1st +2nd modes source channel.

The electron transport in the ballistic rectifier is quite probabilities for the electrons to be transmitted upwards and
similar to that in the nanomaterial discussed above. At higldownwards, and hence leads to an oscillatory outfjuyf.
temperatures, the collimation effect induced by a finite nega- Based on this model, it is easy to predict that at low
tive applied voltage narrows the angular distribution of thetemperatures the output reversal may well start showing up
electrons ejected out @3, as shown in Fig. @). This en- aroundVsp=0. In the above discussion, it is assumed that
hances the probability for the electrons to be deflected dowrthe Fermi energy a¥sp=0 lies well inbetween two trans-
wards by the triangular antidot, and decreases the probabilityerse subbands, either in the source and drain channels of the
of the upward electron transmissions, leading to the normdballistic rectifier or in the gaps between neighboring triangu-
negative outpu¥/, . At sufficiently low temperatures, also lar antidots in a vertical column in the nanomaterial. In real-
similar to the case of the artificial nanomaterial, by decreasity, it is possible that the Fermi energy is just below the
ing the applied voltag®/sp from zero, the angular distribu- bottom of the next subband. Because of the finite broadening
tion of the electrons ejected out 8fchanges alternately by of the subband as well as the Fermi-Dirac distribution, the
subsequentially narrowing as shown in Figf)5widening  occupation of the higher subband is not an abrupt process. In
[Fig. 5d], narrowing[Fig. 5h], due to the interplay between this case, any finite negative applied voltage may greatly
the electric-field induced collimation and the openings ofenhance the population of the high subband, and result in the
additional lateral confinement modes in the source channebroadening of the angular distribution of the ejected elec-
This results in oscillatory modulations to the transmissiontrons and hence a reversed output starting right fidgg
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=0. Experimentally, we indeed observe such a phenomenomransmissions in the ballistic rectifier does not exist in the

and the low-temperature curves in Fig. 2 are such an exaanomaterial. Therefore, it is expected that the transport
ample. Also, since the chance for the Fermi energy to be jusiroperties of the nanomaterial and the ballistic rectifier can

below a transverse subband is relatively small, in most casagell have different temperature dependence.

one should observe a normal negative output arougg To conclude, we have investigated the electron transport
=0, which is indeed the case in our experiments where théh nanoscale ballistic rectifiers and nanostructured artificial

devices are measured at different processes of coolingaterials, from the classical ballistic transport regime at

downs, which cause small variations in the electron concenygom temperature down to a different regime at low tempera-

tration and therefore changes in the electron Fermi energy.; res. Reversed and oscillatory outputs are observed. We

A_]Eart fr(()jmhthe similaritie_slin the resultshof tr;]e baIIistig_ present a model based on the quantum and the adiabatic
rectifier and the nanomaterials, we notice that there are difyjo.n transport, which explains the key phenomena that

ferences between the temperature dependences in Figs. 2 have ob-served at low temperatures, and the similarities
3. This is not surprising because of the noticeable differences

between the ballistic rectifier and the nanomaterial. So far. | the output from the ballistic rectifiers and the nanomateri-

we have only discussed the electron scattering within ongls' .
Note added in proofRecently, we became aware that fur-

unit cell of the nanomaterial. While a unit cell_should largely ther discussions on the model by Fleischmann and Geisel in
represent some of the key transport properties of the wholﬁef 18 have been publish@3e:

nanomaterial, long trajectories of the ballistic electron over
more than one unit cells also play an important role in the The authors are grateful to L. Samuelson for constant sup-
determination of the output voltagé, ,, especially when port and W. Seifert for providing us the InP/InGaAs material.
the mean free path is long at low temperatures. The analysi/e wish to thank I. Maximov for the technical help and H.
of the detailed influence of long trajectories of the inter-unit-Q. Xu for the discussions. This work was supported by the
cell scatterings is very complex and is not presented in thiSwedish Research Council, the Swedish Foundation for Stra-
paper. Furthermore, as mentioned earlier, the large differendegic Research, and the European Commission through LTR
in the channel widths between the upward and downwardesearch projects Q-SWITCH and NEAR.
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