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Quantum point contact transistor with high gain and charge sensitivity
Ç. Kurdak,a) L. Farina, and K. M. Lewis
Department of Physics, University of Michigan, Ann Arbor, Michigan 48109

~Received 9 November 2000; accepted for publication 6 December 2000!

We analyze the potential performance of quantum point contact~QPC! devices in charge detection
applications. For the standard QPC structure we show that the charge sensitivity is strongly
dependent on gate geometry and can be close to the quantum limit, and that the gain parameter is
less than one under bias conditions where the charge sensitivity is optimized. We propose a novel
QPC device consisting of two split gates for defining the QPC and a third gate which can be used
to filter out hot electrons that are emitted from the QPC. We show that this proposed device can have
a high gain and a charge sensitivity close to that of single electron transistors. The device can be
realized using high quality GaAs/AlGaAs with a two-dimensional electron gas and standard
nanofabrication techniques. Unlike single electron transistors, the gain of the proposed device does
not depend on the charge configuration near the active region of the device. Therefore the device can
be used as an electrometer without a feedback charged locked loop and multiple devices can easily
be integrated. ©2001 American Institute of Physics.@DOI: 10.1063/1.1344584#
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I. INTRODUCTION

A quantum point contact~QPC! is a three-terminal de
vice consisting of a quasi-one-dimensional constriction w
subband energy levels that can be controlled by split gat1

The physics of ballistic electron transport through such
constriction has been intensively studied.2 The size of the
constrictions can be close to the Fermi wavelength of e
trons; therefore the wave-like nature of electrons plays
important role in the transport behavior of these devices.
transport properties are best described by the Land
formalism.3 In this description, for a smooth constriction, th
conductance is given, in units of 2e2/h, by the number of
occupied subbands. Even though QPCs have been us
control the coupling between two electron systems or to
ject and detect ballistic electrons in many physics exp
ments for over a decade, they have not been used as tra
tors to measure charge or voltage on an external device
recently.4,5

In this article we investigate the potential performance
QPC devices in low-noise charge detection applicatio
There is indirect evidence from low-frequency noise m
surements that QPC devices are charge sensitive enou
resolve small changes in electric fields caused by the mo
of a single electron.6–9 Low-frequency resistance fluctuation
in QPCs arise from the changes in the remote ionized im
rity configuration near the constriction and the effects
most pronounced near the pinch-off regime of the QPC.8,9 In
the next section we provide small signal analysis of a qu
tum point contact as a transistor. We find that the cha
sensitivity of a QPC depends strongly on the gate geom
and with proper fabrication can be close to the quant
limit. The analysis also indicates that the voltage gain is l
than one for low bias currents where the noise performa
is optimized. We propose that by adding a third gate near

a!Electronic mail: kurdak@umich.edu
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QPC we can turn the QPC into a hot electron transis
which would have similar charge sensitivity but a volta
gain much larger than one. We predict the noise performa
of this proposed QPC device to be comparable to that o
single electron transistor~SET! and superior to that of low
noise semiconductor transistors, such as high electron mo
ity transistors.

Both SETs and QPC devices have very low gate cap
tance~fF!. However, there are many applications where lo
noise charge sensitive amplifiers are needed to measure
signals of a macroscopic device with large capacitance~pF-
nF!. The mismatch between the capacitance of the dev
under test and the input capacitance of the amplifier res
in a suppression of the charge sensitivity of the amplifi
given by the ratio of these two capacitances. In principle, t
input capacitance problem can be solved if multiple SETs
QPC devices are operated in parallel. We will argue that
comparison to SETs, it is much more practical to oper
multiple QPC devices in parallel as the transconductance
QPC does not depend on the charge configuration near
active region of the QPC. If we can achieve parallel ope
tion of multiple QPC devices, such devices can be used
electrometers in a variety of applications where signals fr
large capacitance devices need to be measured.

II. QUANTUM POINT CONTACT AS A TRANSISTOR

A. Small signal analysis

Let us consider the usual QPC structure shown in F
1~a!, which consists of two split gates placed on a hete
structure with a two-dimensional electron gas~2DEG! near
the top surface. In general the two split gates are electric
connected to each other. Such a QPC is very similar to a fi
effect transistor, and therefore the leads of the quasi-o
dimensional channel will be referred to as source and d
and the split gates will be referred to as the gate. Whe
sufficient gate voltage is applied, the electrons underne
3 © 2001 American Institute of Physics
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the split gates can be depleted leaving a quasi-o
dimensional channel in between the split gates. The width
the quasi-one-dimensional channel is shortest at the cent
the point contact and smoothly increases with distance f
the center. The width of the channel can be controlled by
gate voltage. For sufficiently large gate voltage the chan
would be completely pinched off, in which case there wou
be an energy barrier between the source and the drai
shown in the cross section of the energy band diagram of
QPC in the direction of the channel@Fig. 1~b!#. Perpendicu-
lar to the channel there is a confinement potential which
nearly parabolic.E1 and E2 are the first and second qua
tized energy levels of this confinement potential. When
device is pinched off, the lowest one-dimensional ene
level, E1 , is above the chemical potential of the leads a
therefore the energy levels of the one-dimensional chan
are unoccupied.

The current–voltage characteristics of a QPC in
pinched off regime were first studied by Kouwenhouv
et al.10 For drain–source voltages less than the thresh
voltage the device current is found to be zero. At the thre
old voltage the chemical potential of the source is align
with the lowest energy level of the one-dimensional chan
and for bias voltages larger than the threshold voltage
device turns on with a differential conductance less th
2e2/h. The energy band diagram of the device when curr
is flowing is shown in Fig. 1~c!. Electrons are injected from
the source to the drain at a rate that depends only on
relative position ofE1 with respect to the quasi-Fermi energ
of the source, given by the Landauer description

I 5H 0 for mS,E1

2e

h
~mS2E1! for mS.E1 ,

~1!

FIG. 1. ~a! Schematic diagram of a quantum point contact consisting of
split gates placed on a heterostructure with a 2DEG,~b! energy band dia-
gram when the device is pinched off under zero source–drain bias, an~c!
energy band diagram when the source–drain is biased such that the
current injection from the source.
e-
of
of

m
e
el

as
e

is

e
y
d
el

e

ld
-

d
l
e
n
t

he

whereI is the current through the channel,e is the electron
charge,h is the Planck constant, andmS is the quasi-Fermi
energy of the source. Here we assume that only the low
energy subband contributes to current. The analysis can
ily be generalized to the multichannel case.

In order to calculate the small signal parameters of
device we need to know the dependence ofE1 on gate, drain,
and source voltages. Changing the gate, drain, and so
voltages by the same amount is equivalent to shifting all
energy levels in the device, which leads to the constrain

2
1

e S ]E1

]VG
1

]E1

]VD
1

]E1

]VS
D51, ~2!

whereVG , VD , andVS are the gate, drain, and source vo
ages, respectively. The negative sign in front of the equa
arises due to the negative charge of electrons. The th
terms of this equation have the same sign and therefore
all less than one. The first term is particularly important, a
will appear both in the conductance and transconductanc
the QPC:

a52
1

e S ]E1

]VG
D . ~3!

The parametera, a positive number less than 1, describes
coupling of the gate to the one-dimensional channel. We w
define a parameterb

S ]E1

]VD
D5bS ]E1

]VS
D ~4!

which is a positive number and describes the asymmetry
the QPC.

When the current through the constriction is small, w
can assume that there is not a significant voltage drop
tween the source and the source contact, and thereforemS

52eVS . Now, using Eq.~1! we calculate all the small sig
nal parameters of the QPC. The differential conductancg
and the transconductancegtr are given by the following ex-
pressions:

g5
]I

]VS
5

~a1b!

~11b!

2e2

h
, ~5!

gtr5
]I

]VG
5a

2e2

h
. ~6!

As in other field effect transistors, the voltage gain parame
of a QPC device is given by the ratiog/gtr5(11b)/(1
1b/a). Note that for all possible values ofa and b the
voltage gain parameter is less than one. However, if the
rent through the constriction is large the assumption o
small voltage drop between the source and source conta
no longer valid. Such a voltage drop would lead to a su
pression of device conductance. In fact, in the extreme li
of high bias, when the electron velocities near the const
tion reach saturation velocity, the differential conductance
the device would go to zero. In the saturation regime
noise performance of the device is far from optimized, ev
though the gain parameter can be larger than one.
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B. Noise analysis

Noise measurements on QPC devices are performe
cryogenic temperatures and the devices are shown to ex
shot noise near the pinch off regime.11 However, noise mea
surements have not been performed at very high currents
example, when the device is operated in the saturation
gime. In this regime we expect significant additional therm
noise, resulting in degradation of the noise performance
the noise analysis of the device, we will only consider lo
bias operation and ignore contributions to noise from ther
and quantum fluctuations. Real devices also exhibit lo
frequency noise, such as 1/f or random telegraph noise
which are not of fundamental origin and will not be includ
in the following analysis.6–9 Using the small signal param
eters of the device, we can express the gate charge n
spectrumSQ in terms of the current noise power spectru
S152eI,

SQ5
CG

2

gtr
2

SI , ~7!

whereCG is the total gate capacitance. The gate is cap
tively coupled to the source, the one-dimensional chan
and the drain. Therefore we can express gate capacitan
a sum of three capacitors,CG5CGS1CGC1CGD , where
CGS, CGC , and CGD are gate-to-source, gate-to-chann
and gate-to-drain capacitance, respectively. Even thoughSQ

determines the charge sensitivity of an electrometer, i
physically more meaningful to use energy sensitivity,EN , as
a figure of merit for noise performance of a QPC transis

EN5
SQ

2CG
5

1

g

CGC

gtr
2

eI, ~8!

whereg5CGC /CG . For a given current the total charge th
is contributing to current is given byeNC5CGCI /gtr , where
NC is the total number of electrons in the channel that
contributing to current. When there is one sublevel contr
uting to device current,NC is a small number that depend
on bias conditions, device geometry, and density of electr
in the channel. If we rewrite the energy sensitivity in term
of NC and use the expression forgtr we get

EN5
pNC

ga
\. ~9!

Note that the noise analysis presented here is physic
meaningful only forNC greater than one. For the case wh
NC is less than one, quantum fluctuations must also be
cluded in the noise analysis. In fact for any detector
energy sensitivity must be larger than\ due to quantum fluc-
tuations. For the QPC, bothg anda are less than one and th
energy sensitivity is larger than the quantum limit of\ by a
prefactor that is dependent on the geometry of the Q
Before discussing how to optimize the device geometry
minimize this prefactor, we should point out that the e
pected noise performance of a QPC electrometer is simila
that of single electron transistors12–14 and superior to that o
semiconductor field effect transistors.15 This should not be
surprising since, in both the QPC and SET, the domin
at
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noise is shot noise, the transconductance of the devices
the order of the quantum conductance, and the operation
rents and the input capacitances are similarly small.

C. Optimization of geometry

The noise performance of a QPC device is strongly
pendent on the geometry of the gate. In this section we
discuss the dependence of energy sensitivity on the widt
the contact,w, the depth of the 2DEG,d, and the angle of the
contact,u, for the geometry shown in Fig. 1~a!. We focus on
how this dependence can be used to optimize the noise
formance.EN , as defined through Eq.~9!, has a dependenc
on device geometry throughNC , g, anda. g is determined
by the geometry of the 2DEG as well as the gate and will
be calculated in this article. However, the method for op
mizing g is straightforward, the capacitance between the g
and the 2DEG should be dominated by the capacitance
tween the gate and the channel. This can be accomplishe
etching away all the 2DEG except for a channel surround
the active region of the device.

The optimization ofNC and a is more subtle. The cal-
culations forNC anda can be obtained from a simple ele
trostatic model discussed by Davieset al.16 In the calcula-
tion, the potential on the exposed surface is set to zero
the gates are negatively biased toVG . This is a highly sim-
plified but convenient model, which enables us to do anal
cal calculations. A more realistic model should include
proper treatment of donor and surface states in high fie
Nevertheless, the simplified model captures the main f
tures of the confinement potential and is sufficiently accur
to allow us to see how the geometry affects the noise per
mance of the device. Furthermore, in this model the 2DEG
neglected, which is a reasonable assumption as we will o
consider the device operation near the pinched-off regi
when the 2DEG is depleted. With these boundary conditi
and assumptions, the potential for the geometry shown
Fig. 1~a!, at z5d, is given by

f~x,y!

VG
5

1

p FarctanS d sin~u!

R11~x1w/2!cos~u!2y sin~u! D
1arctanS d sin~u!

R21~x2w/2!cos~u!2y sin~u! D
1arctanS d sin~u!

R11~x1w/2!cos~u!1y sin~u! D
1arctanS d sin~u!

R21~x2w/2!cos~u!1y sin~u! D G , ~10!

whereR65A(x6w/2)21y21d2.16 A typical constriction in
x andy due to this potential is shown in Fig. 2.

The first sublevelE1 can be calculated by solving th
Schrodinger’s equation for this potential and the transc
ductance can be found from the dependence ofE1 on the
gate voltage. For this particular model we Taylor expand
confinement potential around origin and neglect nonpa
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bolic terms in the calculation ofE1 , as the additional correc
tions are well outside the precision of this approximation.W
find that the transconductance, which is directly proportio
to a, increases almost linearly with the gate angle~Fig. 3!.
Transconductance is also found to be increasing with
creasing ratio of width to depth,w/d, but, for a givenw/d, is
weakly dependent on these parameters individually. Du
this weak dependence we will only present results in te
of w/d.

The total number of electrons in the channel,NC , con-
tributing to current also appears in the calculation of ene
sensitivity.NC is proportional to the one-dimensional dens
of states, a bias energy dependent term, and the length o
one-dimensional channel,l 1d . The density of states and en
ergy bias terms will depend on the source-to-drain volta
and the properties of the 2DEG, butl 1d is primarily affected
by the gate geometry. The channel length defined here a
width at half maximum of the potential iny direction, in-
creases with gate angle as shown in Fig. 3. We also find
l 1d increases withw/d.

The noise of the QPC device, which is best characteri
by EN , is proportional tol 1d /a for given bias conditions.
From the minima inl 1d /a, plotted for differentw/d in the

FIG. 2. The electrostatic potential at the depth of the 2DEG due to a vol
applied to the QPC gates for the structure shown in Fig. 1~a! with a gate
angleu590°, contact spacingw50.3 mm, and 2DEG depthd50.1 mm.

FIG. 3. Dependence ofa and l 1d on gate angle,u, for w/d53. The inset
showsl 1d /a vs a for different values ofw/d.
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inset of Fig. 3, we can calculate the optimum gate angle. T
energy sensitivity improves asw/d decreases and the de
creasingw/d has the additional effect of widening the curve
making the choice of angle less important. Therefore
achieve the best energy sensitivity, the widths of the po
contacts should be fabricated as small as possible with
spect to the two-dimensional electron gas depth, and with
angle determined to be optimum for a givenw/d.

III. A HIGH GAIN QUANTUM POINT CONTACT
TRANSISTOR

We have shown in the previous section that the Q
device in the usual geometry has good charge sensiti
but low gain. If it is operated in the saturation regim
like other field effect transistors then the gain can be la
but the additional thermal noise suppresses the charge s
tivity of the QPC. We propose a new QPC device w
an additional gate, which has large gain without sac
ficing the charge sensitivity. The schematic diagram
this proposed device is shown in Fig. 4~a!. The existence
of the third gate turns the device into a hot electr
transistor.17,18 For this transistor we will refer to the electro
gases on the left of the QPC split gates, in between
split gates and the third gate, and on the right of t
third gate as emitter, base, and collector, respectively. N
consider the situation discussed in the previous sec
where the split gate voltage is such that the QPC is pinc
off and the emitter base voltage is large enough s
that there will be current injected from the emitter. The em
ter current is given byI E5(2e/h)(mE2E1), where I E is
the emitter current andmE is the chemical potential o
the emitter. We will assume that the third gate is bias
such that there is an energy barrier between the base an
collector as shown in Fig. 4~b!. The barrier can be biase
such that the probability of tunneling of cold electro
is negligibly small. However, if the distance between t
QPC and the third gate is less than the scattering len

e

FIG. 4. ~a! Schematic diagram of QPC with the addition of a third ga
which can used as an energy filter and~b! the energy band diagram when th
device is operated as a hot electron transistor.
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an easy criteria to achieve in structures fabricated us
high quality GaAs/AlGaAs heterostructures, most of t
hot electrons injected from the QPC will reach t
collector.19 Under these conditions the collector curre
would not depend on collector voltage but would be stron
dependent on the split gate voltages, therefore suppres
collector conductance without affecting transconductan
Thus the device can have a gain parameter much larger
one. In the presence of such a filter the collector curr
noise would still be dominated by shot noise.20 The energy
sensitivity of the device would be suppressed by the colle
efficiency, the ratio of collector current to emitter curre
Note, however, the collector efficiency can be close to o
in which case the noise performance of such a QPC de
would not be significantly degraded.

IV. CONCLUSIONS

In this article we show that QPC devices are prom
ing candidates for low noise electrometer applications.
guide future experiments, we calculate small signal para
eters for different gate dimensions and discuss how the
geometry can be optimized to achieve the best noise pe
mance. We also propose a new QPC device with an a
tional gate, which can have a high gain and a charge se
tivity close to that of the SET. For the electromet
applications it would be particularly interesting if multip
QPC devices are operated in parallel such that the total in
capacitance of the electrometer is matched to that of the
vice under test. Since the sign of the transconductanc
a QPC, unlike the SET, does not depend on the locali
charges present near the active region of the device, mul
QPCs can, in principle, easily be operated in parallel.
believe QPC devices may find a wide range of applicati
in the future if the parallel operation of multiple QPCs
achieved.
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