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Abstract We present transport measurements of surface-state electrons on liquid
helium films in confined geometry. The measurements are taken using split-gate
devices similar to a field effect transistor. The number of electrons passing between the
source and drain areas of the device can be precisely controlled by changing the length
of the voltage pulse applied to the gate electrode. We find evidence that the effective
driving potential depends on electron–electron interactions, as well as the electric field
applied to the substrate. Our measurements indicate that the mobility of electrons on
helium films can be high and that microfabricated transistor devices allow electron
manipulation on length scales close to the interelectron separation. Our experiment is
an important step toward investigations of surface-state electron properties at much
higher densities, for which the quantum melting of the system to a degenerate Fermi
gas should be observed.

Keywords Helium field effect transistor · Surface electrons · Helium film · Electron
transport · Confined geometry

1 Introduction

Electrons trapped above the surface of liquid helium form an ideal Coulomb system
[1]. Because the electrons ‘float’ several nm above the liquid surface, interactions
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between the charges and the helium substrate are generally weak, leading to the high-
est recorded electron mobilities [2,3]. On ‘bulk’ liquid substrates, the electron density
is limited to a maximum value of ∼2×109 cm−2 due to an electrohydrodynamic insta-
bility of the helium surface. At such low densities, the electron system is essentially
classical in nature, with strong Coulombic interaction between neighboring particles.
This leads to the observation of many unique phenomena such as Wigner crystal-
lization at low temperatures and anomalous magnetotransport due to many-electron
effects [1]. However, it is of considerable interest to extend the range of densities
investigated to higher values in order to observe the crossover from classical to quan-
tum mechanical behavior. This can be achieved by using thin van der Waals helium
films as a substrate. Electron densities of ∼1011 cm−2 have already been reached in
this manner [4]. However, because the thickness of such highly charged helium films
(∼10 nm) is comparable with the typical roughness of the underlying substrate, the
mobility of electrons on thin helium films has been found to be typically orders of
magnitude lower than in the ‘bulk’ case.

The exceptional purity of the system has led to proposals that surface-state electrons
could be used in quantum information processing or quantum optics applications [5,6].
Motivated by these goals, researchers have recently developed microchannel devices,
fabricated by multilayer lithography techniques, capable of manipulating single elec-
trons, or single electron chains [7–9]. In microchannels of helium depth ∼1 μm, the
electron system retains its bulk mobility. However, despite the reduced geometry, the
maximum electron density is still limited by electrohydrodynamic instabilities and is
increased only marginally over that of the bulk system [4]. Also, the fabrication of
such devices is challenging, as the sample is typically composed of several metallic
layers isolated from one another. In this study, we demonstrate that simple planar
electrode devices, fabricated in only one lithographic step on silicon wafers, can allow
the sensitive control of electron transport on thin-film substrates. Furthermore, we
show that the transport measurements in such devices are not greatly limited by the
decrease in electron mobility expected due to substrate roughness. Our experiments
are an important step toward the study of electron transport in the ‘quantum melting’
regime that should occur at high electron densities.

So far, the transport experiments with surface-state electrons (SSE) in narrow chan-
nels between two reservoirs have been mostly carried out close to equilibrium, i.e.,
with nearly the same electron density in both reservoirs [7,10,11]. A small ac driving
potential was coupled to one reservoir, and the signal resulting from the slightly oscil-
lating electron density in the other reservoir was picked up capacitively using a lock-in
technique. In the present study, however, we investigate the dynamics of the transport
of SSE through the gate channel under conditions far off equilibrium. For this pur-
pose, we use a source–gate–drain configuration, similar to a FET [12], and start with a
situation where the source (S) is full and the drain (D) is empty. We open the channel
completely, but only for a short time, then close it again, and measure the total amount
of electrons arriving at the drain.

A crucial quantity for interpreting our data is the electron density in the source at
the channel entrance. This problem was investigated previously with the same setup
in Ref. [13]. There it was shown that due to the externally applied potential gradient
along the sample, the electron density is not constant across the source area, but
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reaches its maximum value no directly at the channel entrance. In Ref. [13], a model 
was developed which allows one to determine no quantitatively from the potentials 
applied to S, D, and the gate G. The electron densities no studied here were between 
106 and 1010 cm- 2, that is in a range where the SSE behave like a classical system. 
A preliminary report of some of the results presented here has already been given in 
Ref. [14]. 

2 Experimental Setup and Method 

The principle of the setup and the samples used in our experiments have been described 
in Ref. [13], and a sample chip with FET geometry as well as examples for gate 
channels (long, short, and structured) is shown in Fig. 1. A rectangular piece of a 
silicon wafer, covered with a 500-nm-thick oxide, serves as a substrate for the S-G-D 
configuration formed by evaporated Au film structures. The typical roughness (RMS) 
of the silicon oxide, determined by atomic force microscopy, was 0.45 nm across an 
area of 5 x 5 11-m2 . Since we are using undoped silicon, the substrate is insulating at 
low temperature. Its conductivity can, however, be increased by external illumination, 
and under this condition, a voltage applied between the edges of S and D provides a 
well-defined linear potential gradient for the SSE [ 13]. A typical value for the potential 
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Fig. l Examples of a a typical sample chip (22 mm x 18 nun) with S source, G split gate, D drain, P pickup, 
Gd guard; b a long gate channel (101101 wide); c a short gate channel ( I 01101 wide); and d a structured gate 
channel (3.75 and 7.71101 wide, respectively) (Color figure online) 
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Fig. 2 Pickup current /p as a function of time, representing a typical sequence for taking the data points 
shown in Figs. 3, 4 and 5. For details, see text (Color figure online) 

difference between S and D is 1 V, and the gate voltage is also in the range of a few 
V. The electrons used to charge the source are supplied by a tiny filament, which is 
periodically heated with short current pulses at a repetition rate of 4 Hz. As the gate 
channel is opened, electrons pass from S to D and are collected by a pickup electrode 
in the drain area. The typical dimensions of the gate channels used here range from 
3.5 to 20~m in width and from 10 to 400~m in length. In an experimental run, the 
sample was kept at a fixed height of ~1 mm above the bulk liquid 4He level and 
was thus covered by a He film with a thickness of ~60 nm in the flat portions of the 
sample. In the channel, the film thickness is expected to be somewhat larger due to 
capillary forces exerted by the 100-nm high channel walls. The temperature in all the 
runs shown here was l.3K; hence, the films were superflu.id. 

A typical time sequence for taking a data point is presented in Fig. 2. Shown is the 
pickup current /p measured at the drain when the gate voltage is manipulated. In the 
beginning, the filament which supplies the electrons is on and the gate is open. The de 
pickup current registered for that particular run was 5 pA. Then, the gate was closed 
at A, /p dropped to zero, and the electrons from the filament filled the source. After a 
few seconds, a high enough charge density was reached that electrons started to spill 
over the gate barrier [13], and the filament was switched off at B. Under this condition, 
the electrons can be stored in S for times much longer than minutes. In the example 
given here, a gating pulse which opened the gate channel was applied for a short time 
after 55 s at C. The electrometer registers the charge arriving at the pickup electrode 
as a pulse which is much wider than the actual electron pulse moving through the gate 
channel because of the slow response of the electrometer (which due to its integration 
time of 1 s measures charges correctly, but not currents on a timescale «1 s). After 
another lOs (D) the gate channel was opened completely for an extended period, and 
all the remaining (mobile) electrons stored in the source were transported to the drain. 
The sum of the charges picked up in the two pulses represents the total amount Ns 
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of mobile electrons present in S at the beginning of the pulse sequence. This quantity 
was therefore used to control that the conditions during a run did not change and, in 
particular, that the total number of mobile electrons remained more or less constant 

3 Results 

3.1 Single Pulses 

3.1.1 Long Channels 

We start with a description of the results for single gating pulses and channels whose 
length is considerably larger than the width, as shown in Fig. 1 b. An example for the 
number of electrons, N, transmitted through a 100-j.Lm-long and 10-j.Lm-wide channel 
as a function of pulse width /ltp is shown in Fig. 3. The total number of electrons in 
the source was Ns ~ 2 x 108 in this case. Since this value was fluctuating somewhat 
from pulse to pulse, we have used Ns (determined as illustrated in Fig. 2 for each 
data point) to normalize the data and have plotted the resulting normalized number of 
transmitted electrons, N / Ns. It is observed that for short pulses the transmitted charge 
rises linearly, as the pulse width is increased. Then the data bend over and saturate, 
which means that the charge in the source is depleted by the first pulse. In Fig. 3, the 
'depletion time' for reaching this state is about 4ms. 

Figure 3 looks like the discharge of a capacitor C (source) via a resistor R (chan
nel), with a characteristic time constant r = RC. However, the situation here is quite 
different from the ' normal' discharge of a capacitor, where the density of the electrons 
carrying the current through R (the conduction electrons) is constant during the dis
charge and the driving force acting on the electrons is proportional to the voltage at C 
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Fig. 3 Normalized number of electrons, N 1 N 5 , transmitted from source to drain, as the gate is opened by 
positive pulses of various widths .Mp. The channel in this sample was lOO)J..m long and lO)J..m wide. The 

dashed line corresponds to a current of ~1.5 x 1011 e/s (from Ref. [14]) 
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Fig. 4 Number of transmitted electrons per pulse versus pulse width t.lp for a channel 100 IJ.ffi long and 
201J.m wide. The total nwnberof electrons in the source was here Ns = 2.5 x 108. The slope of the straight 
line corresponds to a current of 3.1 x 1012 e/s 

(=the potential drop across the resistor), which decreases exponentially as the capac
itor is discharged. In contrast, in our experiment the electron density at the channel 
entrance [which (roughly) is also the density of conduction electrons during trans
port] drops during the discharge of the source, and the external driving force, given 
by the potential gradient in the substrate, is constant during the discharge. To make 
the situation here even more involved, the relationship between the charge density 
at the channel entrance and the total charge in the source is nonlinear (see Ref. [13], 
Figs. 6, 7). A further important aspect, which will be corroborated further below, is that 
the self-field of the charges in the source adds to tl1e driving field. As a consequence, 
we will not analyze the whole discharge process here, but in the following concentrate 
on the linear part in the beginning. The initial slope in Fig. 3 corresponds to a current 
of~ 1.5 x 1011 e/s, or 24 nA, when the gate is opened. 

Figure 4 presents data for a second sample, where t11e channel also was 100!-lm 
long, but a factor of 2 wider (20 !-LID). Again, an initial linear portion is observed, but 
the slope was in this case distinctly steeper than in Fig. 3, namely 3.1 x 1012 e/s. The 
larger width of the channel can only partly explain the difference, meaning that the 
mobility of the electrons in the channel must have been higher in this rur1. A variation 
in mobility is not unusual for electrons on thin helium films; details of the substrate 
roughness and local potential fluctuations can play an important role [ 15, 16]. Also, a 
variation of the helium film thickness, which was not very precisely controlled in our 
experiment, can have a major effect on the mobility [lfr 18]. 

From the initial current of 3.1 x 1012 e/s, one can obtain an estimate for the elec
tron mobility, if one knows the electron density in the channel. Based on the model 
described in Ref. [13], the electron density no at the channel entrance for the parame
ters of this measurement is calculated to be 9.8 x 108 cm- 2 . We assume for simplicity 
that the electron density 11 in the channel is close to this value. The particle current 
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through the channel can be expressed as

I/e = w n μ E

where I is the measured electrical current, e is the electron charge, w is the channel
width, μ the mobility, and E the electric field. For a channel width of 20μm and an
externally applied electric field of 0.5 V/cm, this yields

μ = 3.0 × 105 cm2/Vs

This value is slightly higher than the one reported for the mobility on bulk 4He at that
temperature. One has to keep in mind, though, that this estimate is an upper limit,
because the electric field due to the electron pool in the source is neglected, which, as
shown below, is not justified for high electron densities.

3.1.2 Short Channels

The short channels studied here had a shape as depicted in Fig. 1c. They resemble
more a point contact, with an effective length on the order of the width of 10μm.

An example for the electron transport through such a point contact is shown in
Fig. 5. As before, for each data point the source was filled to the same level, 109

electrons in this case.
We again concentrate on the initial phase after opening the gate, when only a few

percent of the electrons in the source are leaving through the channel. The data indicate
once more that in this range the number of electrons transmitted through the channel
during one pulse increases linearly with pulse width. The slope of the straight line is
dN/dt = 2.6 × 1012 e/s, close to the long channel in Fig. 4.

The comparable value for a long and a small channel of similar cross section could
be a coincidence, but still it appears surprising at first sight, because the resistance of
a point contact is expected to be much smaller than that of a long wire or channel. One
has to keep in mind, however, that here we do not apply a certain voltage to the ends
of the channel (as is usual for an electrical resistor), but the electrons in the channel
are exposed to a certain external driving field (0.5 V/cm in Figs. 4, 5), which acts on
each individual electron. The velocity of the electrons in the channel and hence the
current should therefore be the same for a short and a long channel under otherwise
identical conditions.

A similar consideration as in the previous section allows one to get an estimate for
the upper limit of the mobility for this point contact: For a current of 2.6 × 1012 e/s,
an electron density of 1010 cm2, an effective width of 10μm, and an applied electric
field of 0.5 V/cm, we find μ = 5.5 × 105 cm2/Vs.

3.2 Multiple Pulses

In the measurements to be described now the gate was opened not only once, but by a
sequence of multiple pulses, without recharging the source (Fig. 6). The total number of
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Fig. 5 a Number of electrons transmitted from source to drain as the gate is opened for times short compared 
to the depletion time. The total number of electrons in the source was here Ns ~ 109. b Same as in (a) for 
the regime of ns pulses. The shape of the gate channel in this sample was like a point contact (geometrical 
width 10 11m) ; therefore, the channel length was not weU defined, but effectively was comparable to the 
width. The slope of the straight lines corresponds to a current of 2.6 x 1012 ets (from Ref. [14]) 

electrons transmitted for a certain number of pulses in the burst was recorded, and then 
the source was again filled to saturation. Thereafter, the next data point with a different 
number of pulses was taken. The result is shown in Fig. 6 for up to I Q4 pulses per 
burst and for three different pulse lengths ~tp . The sample used for this measurement 
was a long structured channel (like in Fig. l d) with dimensions 3.75 J..Lm x 400 J..LID. 

It is observed that after a few hundred pulses, the total amount of electrons removed 
from the source saturates. The saturation level is different for the different pulse width, 
which implies that even after 104 pulses there are still electrons left in the source for 
the runs with pulse widths ~tp = 0.5 and 2J..Ls. For 10-J..Ls pulses, the saturation level 
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Fig. 6 Number of electrons transmitted from source to drain as a function of the number of applied gate 
pulses. The width of the pulses Mp in the tbree runs was 0.5, 2.0, and 10 Jl.S, respectively. For each data 

point, the source was charged to 2.8 x 108 electrons before the measurement. A few representative error 
bars are shown. The channel in this sample was 400 )J.m long and structured like in Fig. I d (Color figure 
online) 

is equal to the total number of electrons in the source; hence, only in this case the 
source is completely emptied by the pulse sequence. 

The different saturation levels are obviously caused by the drainage of the source. 
We interpret this observation as a signature for the contribution of the electric field 
of the electrons in the source to the electron transport: If only the externally applied 
potential Vsd were responsible for the electron current through the channel, the source 
should be emptied completely also by short pulses, if the pulse sequence is long 
enough. However, if the mutual repulsion of the electrons contributes to the transport, 
then this part drops as the source is gradually emptied and therefore the charge density 
at the channel entrance decreases. Eventually, the force due to the externally applied 
field will not be large enough for the electrons to reach the middle of the gate channel 
while the gate is open. These electrons will be pushed back into the source as soon 
as the gate barrier is switched on again at the end of the opening pulse, and they will 
thus not reach the drain. 

3.3 Quasi-de Measurements 

In order to check for consistency, measurements on the same sample as in Fig. 5 (short 
channel) were taken by a complementary method: While in the experiments described 
so far the source was always filled up to saturation before a data point was taken and 
then the filament was switched off, in this run the source was charged continuously 
by the filament and the gate was opened repetitively for a certain pulse duration D.tp. 
Figure 7 shows an example for a repetition rate of 1000 s- 1• 
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delayed onset was interpreted in a previous publication as a signature for the finite
transit time of the SSE through the gate channel [14]. However, another source for a
delayed onset also has to be considered: The finite resistance of the electrical leads in
the cryostat (30�) and the gate capacitance (3 nF) give an RC of this circuit of 10−7 s.
As a result, the originally rectangular gating pulses arrive somewhat distorted at the
gate channel and for pulses shorter than ∼100 ns, open the channel for times distinctly
less than the nominal pulse width. This generates the major part of the observed offset
of 50 ns. The true transit time of the electrons through the contact therefore has to be
shorter than 50 ns.

From this fact one can obtain a lower bound for the electron mobility in the channel:
At an effective length of the constriction of ∼10 μm, the electron velocity v has to
be higher than 100 m/s in order for an electron to reach the contact center in less
than 50 ns. This implies an electron mobility μ = v/E > 2 × 104 cm2/Vs, if we only
take the external electric field E = 0.5 V/cm into account. With the contribution of the
Coulomb field of the source electrons, this estimate has to be reduced accordingly. This
lower-bound estimate shows, nevertheless, that the mobility of SSE in microscopic
structures can be quite high.

3.4 Simulations

As shown in Ref. [13] and already mentioned in the beginning, the charge density in the
source is not constant across the source area. When the gate is closed and the current
flow thus blocked, the electrons arrange under the influence of the externally applied
potential Vsd in the substrate in such a way that the chemical potential is constant
throughout the charge pool in S. Because of the potential gradient in the substrate,
this implies that the charge density is highest directly in front of the gate. As pointed
out before, when the gate is opened and a current starts to flow, the electrons in front
will not only be set in motion by the externally applied potential gradient stemming
from the substrate, but also by the Coulomb repulsion of the charge in the source.
The electrons will therefore move faster than they would solely under the effect of
the external field on the order of 1 V/cm applied along the channel. This modifies the
estimates on the electron mobility given above.

In order to qualitatively illustrate the behavior of the electron pulse under such
conditions, we have carried out a numerical simulation. Here we give only a brief
description of the main results; a more complete treatment will be the subject of a
separate paper. In short, we have used Brownian dynamics of particles under the influ-
ence of an external potential gradient and with repulsive particle–particle interaction
[19]. The simulation was greatly simplified by calculating the diffusion trajectories
of only 12 particles in the channel. Instead of the repulsive Coulomb interaction of
our experimental system (which is modified by image charges in the substrate and
hence contains dipolar contributions [18,20]), we have used in the calculations a pure
repulsive dipole–dipole interaction, which varies with particle distance r as 1/r3. The
simulation was originally devised to model the channel transport of 2D ensembles
of paramagnetic colloidal particles, which are also interacting via dipolar forces. A
description of these systems and the calculations can be found in Refs. [19,21]. The
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Fig. 8 Snapsllots of particle configurations after different time steps, corresponding to tile trajectories in 
Fig. 9. a I = 76, b I = 342, c t = 402, and d 1 = 520. The barrier is switched off at I = 300, and the 
position of tbe barrier is indicated by tbe ye/law line (Color figure online) 

simulation was carried out for a temperature T = 295 K and hence a thermal energy 
per particle Em = 4.1 X w-21 J, an external force of 4.8 X l0- 15 N due to a (gravi
tational) potential gradient, and an interparticle force of 4.2 x w- 14 N at an average 
particle distance of20~m. This leads to a potential energy Epot = 3.75 X w-20 J and 
a plasma parameter r = Epot/ Em of about 10. Although the details of this colloidal 
system and the SSE are quite different, the relevant quantities are comparable: Both 
the .ratio between the interparticle repulsive force and the force due to the external 
potential gradient on the one hand and the plasma parameter r = Epot/ Em on the 
other are on the order of 10. One can expect, therefore, that effects of the interparticle 
repulsion on the particle transport are qualitatively reproduced by the simulation. 

The procedure in the simulation was similar to our experiment with SSE: The chan
nel was first blocked by a barrier, until the stored particles had reached thermodynamic 
equilibrium. Then the barrier was instantaneously switched off, and the drift of the 
particles under the influence of the potential gradient was recorded. 

Figure 8 shows the snapshots of the particle configurations at different instances: 
Fig. 8a shows the equilibrium configuration before the barrier is turned off. The 
particle- particle distance is governed by the mutual repulsion of the particles and 
the external potential gradient along the channel. As in the experimental SSE sys
tem, the particle density increases for decreasing distance from the barrier [13]. This 
compression in front of the barrier follows from the pressure exerted by the particles 
further away from the barrier. For the choice of parameters used here, the particles 
form two lanes. This Ianing is well known not only for colloidal particle ensembles 
[21,22], but for SSE in a channel [7]. 

Figure 8b represents the situation shortly after the barrier has been removed. Three 
particles have already passed the former position of the barrier, and the whole particle 
ensemble has expanded, exhibiting now a zigzag-like configuration, as calculated 
already by Peeters for Coulomb systems in a channel [23]. This expansion, mediated 
by particle-particle repulsion, continues in Fig. 8c, d, until eventually a situation 
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Fig. 9 (Top) trajectories of 12 repulsively interacting particles in a channel , exposed to an external potential 
gradient. The trajectories were obtained from a Brownian dynamics simulation. In the beginning, the 
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initial phase after the barrier is switched off. In the beginning, the velocity of the first particle, as derived 
from the d1Jsl!ed line, is a factor of 4 higher than the average velocity of the ensemble after 2500 time steps 
(Color ligure online) 

is reached (not shown here) where the particle distance is large and the repulsive 
potential hence weak enough that it can be neglected compared to the thermal energy. 
What is also obvious from Fig. 8c, d is that the particles tend to form only one lane 
in the channel as the interparticle distance increases. Such a behavior is expected 
when the interparticle distance is of the order of the effective channel width or larger. 
Experimentally, this can be realized by gradually varying the gate potential [7], even 
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if the geometrical width of the gate channel, given by the distance of the split-gate
electrodes, is large compared to the particle distance. In our SSE experiment, however,
the electron–electron distance was in most cases distinctly smaller than the channel
width; the laning effect should therefore play only a minor role in the experimental
SSE data presented above.

The effect of repulsion on the particle transport, on the other hand, should be
quite similar—at least qualitatively—for the SSE experiment and the simulation. The
spreading out of the particle cloud in Fig. 8 implies, apparently, that the front particles
move at a speed higher than the average drift velocity, which is governed by the
external potential gradient. This is exemplified more clearly in Fig. 9, which shows
the positions of the 12 particles along the channel as a function of time. Before the
barrier is opened, the particles close to it are more or less fixed in their positions due to
the pressure of the particles further back. For the last particles, in contrast, Brownian
motion leads to large fluctuations in their positions. As soon as the barrier is switched
off, the particles start drifting downstream. The particle velocities in this plot are
proportional to the slope of the individual trajectories. It is obvious that the velocities
of the front particles (red and orange) are largest and that the whole ensemble spreads
out. This clearly demonstrates the influence of interparticle interaction on the transport
under the conditions envisaged here.

4 Conclusions

The results presented in this work demonstrate that quantitative studies of helium film
SSE transport through micro-constrictions are feasible, in spite of complications like
surface roughness and trapped charges that appear when the SSE are supported not
by a thick, but only by a thin helium film. In contrast to previous transport studies,
the measurements here were taken under conditions far from equilibrium, and clear
indications for the effect of the Coulomb field of the electrons on the transport were
found. On the basis of the reported results, it will now be possible to carry out sys-
tematic investigations on the influence of relevant parameters such as charge density,
voltage bias. So far, the SSE transport in gated channels could be controlled on a
timescale in the 100-ns regime, mainly limited by deficiencies of the gate circuitry,
and much faster manipulation should be possible with an improved design. A major
goal for future experiments will be transport studies of SSE in other regions of the
phase diagram, e.g., in the Wigner crystal regime, where experiments close to equilib-
rium are already available [8] and where new phenomena could arise under strongly
non-equilibrium conditions. Particularly interesting will be the transport behavior at
high electron densities near the quantum melting of the Wigner crystal [24]. More-
over, transport through more complex microchannels appears in reach, in order to
study electron tunneling across potential barriers, Coulomb blockade, and transport
through very narrow constrictions comparable to the mean free path of the SSE. The
silicon substrates used here appear also interesting for other investigations of SSE
systems on thin films, especially at high frequencies [20], because the conductivity of
this material can be tuned in situ over a wide range by external illumination.
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