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Nonlinear operation of the Y-branch switch: Ballistic switching mode at room temperature
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We have studied symmetri¢-branch switch devices based on InP/InGaAs heterostructures under influence
of finite bias between the branches. In this nonlinear operating regime, the applied bias breakes the original
geometrical symmetry of the device and a very efficient switching and rectifying properties are observed.
These effects are due to ballistic electron propagation, in contrast to conventional rectifying devices relying on
depletion inp-n junctions. As the ballistic propagation characteristics remain as long as the carrier mean-free-
path is not shorter than the device size, we can observe the switching and rectifying behavior even at room
temperature.

. INTRODUCTION taxy at 650°C on a InP:Fe substrate with the following se-
guence: 200 nm not intentionally dopé@dID) InP, 120 nm
In semiconductor structures with characteristic dimen{npP:zn (1x10 cm %), 600 nm NID InP, 10 nm InP:Si
sions smaller than the mean-free-path, electron propagatiqn x 10 cm™3), 15 nm NID InP spacer, 12 nm
is ballistic, leading to a variety of nonclassical effects. Thein, .Ga, ,As quantum well, 15 nm NID InP spacer, 10 nm
Y-branch switch(YBS) has been proposed with the aim to |np-S;j (1x10*® cm 2), and 60 nm NID InP top layer. The
realize low (not thermally limited switching voltages in a carrier densityN,q and mobility x in the active layer was
single-mode, coherent regime of operatfoim this device,  determined in standard Hall measurements in a macroscopic
electrons are switched from a source to either of two draingyall bar samples. We foundl,q=1.65(1.3x 10> cm™?
(routed by a lateral electric field, created by gates in theand,u=1.05>< 10%(1.2x 10°) cn?/V's at 300 K and 20 K,
branching region. It has been studied experimerttaiyd respectively.
theoretically and recently clear indication of coherent trans- To fabricate nanostructures, patterns were defined on 170
port was found:® nm thick 950 K PMMA resist by electron-beam lithography
However, the nonlinear operating regime is of growingwith 50 kV accelerating voltage. The mask was then trans-
interest. For cascaded devices, source-drain voltages in thgrred to a 40 nm thick SiN layer by GFeactive ion etch-
same order of magnitude as the gate voltages are requirefhg. The semiconductor was deeply etci#ttough the ac-
Thus, thesd voltages are likely to influence the switching tive layep by chemically assisted ion-beam etching with
state of the device in a manner similar to the gate voltagesacceleration voltage 75 V with Ar. Ohmic contacts were de-
i.e., to cause nonlinearities. In a recent p&pself-gating has posited on the capping InP layer and annealed at 425°C. In
been predicted for symmetric single-mode devices. A negagig. 1 a scanning electron microscofEM) micrograph of
tive voltage at the reservoir to one branch is transferred intg, YBS device is shown together with a schematic view of
a high electrochemical potential within that branch, and ishe measurement configuration.
expected to “switch off” this branch, as a negative gate The experiments presented in this paper have been carried
voltage on that side would do. According to this prediction,
in an experiment with floating stem, we should always mea- sourcemeter sourcemeter
sure a voltage near to the more positive of the two drain @ @_

voltages. This is in contrast to what we would expect in a
classic case or even in the linear coherent regime, where the
device symmetry is not changed by the drain voltages and
the potential at the stem should be the average of the drain
potentials.

In this paper, we present experimental results on YBS
devices. A very strong nonlinear behavior was found, mak-
ing the device similar to a rectifier without classical analog.
The results are contrary to the self-gating picture and will be
explained by ballistic electron propagation rather than space
charge and gating effects.

(a) voltmeter (b) ammeter
1,=0 V=0

Il. EXPERIMENTAL DETAILS

We have prepared the devicgs by.deep dry etching FIG. 1. SEM image of an YBS consisting of 200 nm wide
through a InP/InGaAs based two-dimensional electron gas.electron waveguides together with a schematic view of the mea-
The growth was done by metalorganic vapor phase episurement configuration.
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025 13 ” 1 In order to analyze the experiments systematically, we
0.2 %0 iy, (a) 128 describe the device as a threeport by means of a conductance
e ™, 26 i) matrix G:
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branches, respectively. Incoming currents in all terminals are
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counted positive. This generalized voltage-dependent con-

Vieftdran) =~ V (nght draln) (Vaits), ductance matrix can be defined to relate differential voltages
1 and currents in the YBS. For small bias, this description
og voltage at left drain:| * ?o‘;v coincides with the usual expressi¢for linear responsel
0'6 o 01V =GV. Using Kirchhoff's law and the fact that the conduc-
= | : -0.2v tance matrix is symmetrigwithout external magnetic field
Q 04 g |- 0¥ we can write down the general expression:
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1 In a geometrically symmetric device without any electro-

0 50 100 150 200 250 300 350 magnetic fieldsG¢=Gg,. We can define the switching pa-
T (Kelvin) rametery= (Gg— Gg,)/(Gg 1+ Gg,); y=1(—1) corresponds
to the left branch opeiclosed and the right branch closed
FIG. 2. (a) stem voltageV and its derivatived Vg /dV= vy ver- (open, respectively.
sus left branch voltage in a symmetrically biased 200 nm wide YBS  For our two measurement configurations we fiagl for
with opening angle 30° af=77 K; (b) dependence oj on tem- l.=0 and \7=(VS,V,—V): dV,/dV=y and (b) for v

perature for the same device and measurement configuration foj(O,V,—V): dl,/dV=G, —Gy,.

different bias; the solid line represents an estimation for the depen- ST . .

dencey(T) based on the mean-free-path. The curves in Fig. Qa) can thus be interpreted in terms of
a bias-dependent switching parameter The geometrical
symmetry of the devices is broken by the applied bias and

out in dc mode, using Keithley 2400 source meters. Thepa |atter is dominating completely. For negative potential at
variabel voltage¥ and—V are applied in a symmetric push- |4 (right) branch, Gy, (Gy,) increases an®,, (G.,) de-

pull manner at the left and right branch(), respectively.  raa5es. We will refer to this effect as “ballistic switching
We measure in two configuration®) the stem voltag¥sis o4 This very pronounced switching effect is typical for
measured as function of with a high-impedance voltmeter 5 gy,died samples and remains partly even at elevated tem-
(ensuring that no current flows in the steand (b) the stem perature, as will be shown later.

potential is held 80 V and the stem curreny is measured. We describe this switching behavior to a ballistic effect
In both cases, the currents in the left and right branches argiihin the YBS. Intuitively, it can be understood that an

measured simultaneously. The influence of the Ohmic €Ong|eciron which is injected into one branch, will preferentially
tact resistances has been eliminated by separating current agfhar the stem if it is not deflected by an electromagnetic

voltage probes at each terminal. The side gates in our stiUgg|q into the other branch; thus the conductance matrix ele-
tures have been used to apply a bias over the YBS in order tQ,ant for the injection port will increase.

compare the “external” and “internal” switching effi- v have changed the measurement configuration to check
ciency. this explanation qualitatively, see Fig. 3. If the symmetric
bias (V,—V) is applied between one branch and the stem,

. MEASUREMENT RESULTS AND ANALYSIS and the resulting potential is measured on the other branch,

then the ballistic switching has an asymmetric characteristic
In Fig. 2, Vg is plotted versusV. In this measurement, and is more effective when the stem is negative. In other
both side gates were grounded. The measured voltage at therds, the more straight the path between electron injection
stem is always negative and approximates linear dependenterminal and voltage probe terminal is, the better the cou-
on V for larger bias, with|dVs/dV|~0.85. Note thatv is  pling is revealed.
scanned between 0.4 V. ..0.4 V, which is two orders of A more quantitative theory is based on the model of a
magnitude larger than the subband spacing. We have foundBS as a ballistic cavity, adiabatically coupled via three
similar results in a variety of devices, and the effect is largestjuantum point contactQPOQ to the reservoirs, and has been
for small devices and low temperatures. published recently. This theory agrees very well with the
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> FIG. 4. Comparison of the switching degree vs left branch volt-

age for the ballistic switching mode and switching by biased side
FIG. 3. Measurement of the ballistic switching effect in gates. The switching degreeis plotted for a gate bias of zero, 2

floating-stem configuration in the same device as 1 at room temand —2 V for a YBS with 200 nm(opening angle 60°) in a

perature(curve in the middlgand the same measurement, but with floating-stem configuration at 77 K. The branches are symmetri-

a changed symmetry axis in the devidéise terminals have been cally biased.

“renamed”) (the outer curves

duced by the bias. For 520 nm wide components, no signifi-

experiments W'th.'n Its V\_/ho_le validity regiotbias compa-— -ant deviation from the symmetric state could be observed at
rable to the Fermi potential in the devjc&he theory will be
room temperature.

extented to cover the higher biases used in the experiments. The reduction of the ballistic switching efficiency with

In short, in this articléthe stem currenit in a symmetri- . . o
cally biased YBS is calculated in the expression increasing temperature and device size is correlated to the
mean-free-path. From Hall measurements, we found that
varies between 2300 nrtat 20 K) and 220 nm(at room
|s:%“ [Ns(E) =Rs{E) If(E—us, T)dE temperaturg By using the arguments in a recent artitlee
can estimate that the measured voltage at temperatise
reduced roughly by a factor (12)-(") due to impurity scat-
- f TG(E)f(E—u;, T)AE|, (3)  tering, wherd is the characteristic length of the device. The
i=Lr solid curve in Fig. 2b) is calculated according to this esti-

) ) ] mation by using the experimentally found dependdn(E),
where N is the number of occupieddlsubbands in the anq 54 good agreement is found. The possibility of ballistic
stem, w;;=pe+eV the electrochemical potentials in left papayior in small InP based components at room temperature
and T'th reservar, anﬂ(_E,T) the Fermi-Dirac function. BY has already earlier been demonstrated by the authors.
requiringl =0, a condition to determine the electroc_hemmal This ballistic switching effect can be compared with the
DOF‘?F‘“a' in the stem can be found. _The transmission prObéide-gate switching mode in order to estimate the switching
abilities Ty, between stem and left/right branch and the re'efﬁciency. In earlier studies on YBS devices in the linear-

flection probabilityRgs in the stem can be calculated underr sponse mode. the low predicted switching voltages have
the assumption that the properties of the YBS are determine(?otpyet been ac’hieved durt)e fo screening of ?he apglied bias
by the conductances of the QPCs. Under these condition jthin the structuré® In Fig. 4, the switching degres is

n for th m vol rati nden n . . 4
one gets for the stem voltage a quadratic dependence o tp otted vs the branch bias for three different gate bias con-

bias: figurations. Obviously, the nonlinear ballistic switching is by
far the dominating effect. At bias 0 V, the difference in gat-
Vy=— Eavz, 4) ing degree is 0.35 when changing the gate yoltages from
2 (1 V,—1 V)to(—1 V,1 V). The same switching can
be obtained without the gates by varying the branch bias
wherea is a positive constant, determined by the propertiefrom (0.03 V,—0.03 V) to (—=0.03 V, 0.03 V). Thus, the
of the QPCs and the temperature. internal ballistic switching is by a factor of approximately 30
In Fig. 2(b), v is shown as a function of the temperature more efficient than the external side-gate switching mode.
for different bias. At bias 0 Vy is near 0, independent of the Thus, the observed ballistic switching effect in connection
temperature. This is the linear regime in YBS operation andvith the low gating efficiency leads to serious complications,
the very small deviation from zero shows that our device isf YBS shall be cascadéland the output of one device shall
geometrically symmetric in good approximation. When ap-be used to gate anoth@equiring thatsd voltages are of the
plying finite bias, the device switches into an asymmetricsame order of magnitude as the gate voltagesrther stud-
state and the switching degree reduces with increasing tenies are needed to increase the external gating efficiency and
perature. The switching can be made more pronounced evea suggest new circuit architecture adapted to the unique in-
at room temperature by using higher bias. In wider compoternal ballistic switching. In very recent experiments, it has
nents, however, there is only a very weak asymmetry inbeen found that electrochemically deposited Schottky gates
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06 PYYYY does show the unique ballistic behavior over a largely ex-
§o,4 (128000 ) B . ;i -
>Noz 200nm | % guoe® tented bias and temperature region with high efficiency.
Sg-gzsug.mu\sgzi fo\" 520 nm i In comparison to the predictioh®f self-gating in YBS
© gof”ﬂmﬁ ooooo 1200m | with finite bias, our experiments show strong nonlinearities
01301 -0050 00 01 01 with opposite sign. In the cited publication, a coherent
520n g 40 single-mod_e Y_BS was studied, and the breaking of the sym-
S metry by bias is ascribed to changed electrochemical poten-
30| . o7 ; : )
E tials within the waveguides near the branching point, creat-
3 20 \ ing an electric field over the branching region. Our
200 nm 10| experimental results can, instead, be explained by the model
s : ' ‘ , i of a ballistic three-probe cavityAccording to that theory,
1 .08 06 -04 02 © 02 04 06 08 1 the bias only modifies the conductance of the waveguides but

not the properties of the branching region itself, resulting in
a quadratical dependendg(|V|) (in floating-stem configu-
FIG. 5. Comparison of three different YBS with 120 nm, 200 "ation. _

nm, and 520 nm widtHopening angle 60°) in a grounded-stem  Both models are fundamentally different but do not ex-
configuration at 77 K. The branches are symmetrically biased. Thélude each other. The experiments are likely to show a su-
figure shows the stem current vs left branch bias. In the inset, th@erposition of both effects, with the ballistic switching by far
normalized derivativadl/dV (normalized with the maximurh-r dominating in our actual configurations. In this context it has
conductancel1/2dV(l1;=0,V=0) for the respective compongris  t0 be mentioned that our experiments showed the largest
plotted. deviations from the mentioned quadratical characteristics at
small bias and the lowest temperature. One possible expla-

on the sidewalls of the electron waveguide yield about d'@tion is that both nonlinear effects partially compensate
factor of 10 higher gate efficiency. each other in this regime. _ . : -
The studies of this ballistic switching effect are comple- _ 10 conclude, we have studied YBS devices with a finite
mented by measurements in grounded-stem configuratiotﬂ'as between the bra_nches. This bias b_reakes the geometric
(b). Figure 5 compares the stem current for different compoSYMmetry of the devices and—depending on the measure-
nents. A finite bias between the branches of the YBS alwayd'€nt configuration—an efficient switching or rectifying ef-
generates a current in the stem and this stem current has tfeet can be observed. Those are due to ballistic electron
same sigrinamely, electrons are injected from the junction propagation in the dewces._B_oth effects persist partly_eve_:n at
into the sterh independent of the direction of the bias. This '00M témperature. The efficiency of the ballistic switching
result is interpreted as a ballistic rectifying effect, closely@"d rectifying is closely related to the ratio between mean-
related to the ballistic switching above. The total stem cur{f€&-path and device sizehannel width, explaining both
rent is larger for wider devices than for smaller ones due tdh€ dependence on temperature and device size.
the larger intrinsic conductance of wider waveguides. How-
ever, the normalized derivatiehown in the insgtwhich is
a measure for the difference between the matrix elentegts
and G, , is larger for the smaller devices, showing a more The authors would like to thank Hongqgi Xu, Lukas Wor-
efficient ballistic rectifying in those components. schech, Lars Thyle and Erik Forsberg for helpful and
This remarkable ballistic rectifying property is fundamen- stimulating discussions and exchange of data and theories
tally different from conventional rectifying devices relying prior to publication. Bjon Stdnacke and Bjn Stoltz helped
on p-n junctions. Our YBS rectifier has similarities to the with the sample fabrication. The authors gratefully acknowl-
voltage-rectifying four-terminal device presented edge financial support by the EU LTR research project
recently®?In contrast to that four-terminal device, our YBS QSWITCH.

V(left drain) = - V (right drain) (Volts)
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