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Quantum point contact transistor with high gain and charge sensitivity
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We analyze the potential performance of quantum point co@RC) 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 Physic§DOI: 10.1063/1.1344584

I. INTRODUCTION QPC we can turn the QPC into a hot electron transistor,
which would have similar charge sensitivity but a voltage
A quantum point contactQPQ is a three-terminal de- gain much larger than one. We predict the noise performance
vice consisting of a quasi-one-dimensional constriction withof this proposed QPC device to be comparable to that of a
subband energy levels that can be controlled by split datessingle electron transistdiSET) and superior to that of low
The physics of ballistic electron transport through such anoise semiconductor transistors, such as high electron mobil-
constriction has been intensively studfe@he size of the ity transistors.
constrictions can be close to the Fermi wavelength of elec- Both SETs and QPC devices have very low gate capaci-
trons; therefore the wave-like nature of electrons plays amance(fF). However, there are many applications where low
important role in the transport behavior of these devices. Thaoise charge sensitive amplifiers are needed to measure the
transport properties are best described by the Landauaignals of a macroscopic device with large capacitaipée
formalism? In this description, for a smooth constriction, the nF). The mismatch between the capacitance of the device
conductance is given, in units ofe2h, by the number of under test and the input capacitance of the amplifier results
occupied subbands. Even though QPCs have been useditba suppression of the charge sensitivity of the amplifier
control the coupling between two electron systems or to ingiven by the ratio of these two capacitances. In principle, this
ject and detect ballistic electrons in many physics experiinput capacitance problem can be solved if multiple SETs or
ments for over a decade, they have not been used as trans@PC devices are operated in parallel. We will argue that, in
tors to measure charge or voltage on an external device untlomparison to SETSs, it is much more practical to operate
recently™® multiple QPC devices in parallel as the transconductance of a
In this article we investigate the potential performance ofQPC does not depend on the charge configuration near the
QPC devices in low-noise charge detection applicationsactive region of the QPC. If we can achieve parallel opera-
There is indirect evidence from low-frequency noise meadtion of multiple QPC devices, such devices can be used as
surements that QPC devices are charge sensitive enough étectrometers in a variety of applications where signals from
resolve small changes in electric fields caused by the motiolarge capacitance devices need to be measured.
of a single electrofi-° Low-frequency resistance fluctuations
in QPCs_ arise from the changes in t_he remote ionized impug QUANTUM POINT CONTACT AS A TRANSISTOR
rity configuration near the constriction and the effects are

most pronounced near the pinch-off regime of the 38  A. Small signal analysis
the next section we provide small signal analysis of a quan- | ot us consider the usual QPC structure shown in Fig.

tum p_oi_nt contact as a transistor. We find that the chargq(a), which consists of two split gates placed on a hetero-
sensitivity of a QPC depends strongly on the gate geometryy,cqyre with a two-dimensional electron g@&DEG) near

and with proper fabrication can be close to the quantumyg 1o surface. In general the two split gates are electrically
limit. The analysis also indicates that the voltage gain is lesg nnected to each other. Such a QPC is very similar to a field

than one for low bias currents where the noise performanCgfect transistor, and therefore the leads of the quasi-one-
is optimized. We propose that by adding a third gate near thgyensional channel will be referred to as source and drain

and the split gates will be referred to as the gate. When a
dElectronic mail: kurdak@umich.edu sufficient gate voltage is applied, the electrons underneath
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wherel is the current through the channelijs the electron

Gat\ 0 charge,h is the Planck constant, angs is the quasi-Fermi
energy of the source. Here we assume that only the lowest
Source /E) Drain energy subband contributes to current. The analysis can eas-
2 DEG > 2 DEG ily be generalized to the multichannel case.

In order to calculate the small signal parameters of the
device we need to know the dependencé& pbn gate, drain,
and source voltages. Changing the gate, drain, and source

(@) voltages by the same amount is equivalent to shifting all the
ET“S j/E energy levels in the device, which leads to the constraint

Up
— E 1(0E, JE, OJE
(b) y e [ e WAy P @)
i eldVg dVp dVg
S =~
ET ot Electrons whereVg, Vp, andVg are the gate, drain, and source volt-

©) U ages, respectively. The negative sign in front of the equation
arises due to the negative charge of electrons. The three
y » Ec terms of this equation have the same sign and therefore are

all less than one. The first term is particularly important, as it
FIG. 1. (a) Schematic diagram of a quantum point contact consisting of twoWIII appear both in the conductance and transconductance of
split gates placed on a heterostructure with a 2DH energy band dia- the QPC:
gram when the device is pinched off under zero source—drain biagcand
energy band diagram when the source—drain is biased such that there is 1 ( JEq

current injection from the source. a=——|——
Ng

e

: ()

The paramete, a positive number less than 1, describes the
the split gates can be depleted leaving a quasi-oneC-OUp”r‘g of the gate to the one-dimensional channel. We will
dimensional channel in between the split gates. The width of€fine a parametes
the quasi-one-dimensional channel is shortest at the center of JE, JE,
the point contact and smoothly increases with distance from ( = ’8(&7) (4)
the center. The width of the channel can be controlled by the S
gate voltage. For sufficiently large gate voltage the channglhich is a positive number and describes the asymmetry of
would be completely pinched off, in which case there wouldthe QPC.
be an energy barrier petween the source and_ the drain as When the current through the constriction is small, we
shown in the cross section of the energy band diagram of the . T

. o ) . can assume that there is not a significant voltage drop be-
QPC in the direction of the channd¥ig. 1(b)]. Perpendicu-
. : . .. .tween the source and the source contact, and thergfgre
lar to the channel there is a confinement potential which is : >
. . =—eVs. Now, using Eq(1) we calculate all the small sig-
nearly parabolicE, andE; are the first and second guan- nal parameters of the QPC. The differential conductamnce
tized energy levels of this confinement potential. When the P ' a

device is pinched off, the lowest one-dimensional energyand the transconductangg are given by the following ex-

Np

level, Eq, is above the chemical potential of the leads andresstons:

therefore the energy levels of the one-dimensional channel al  (a+p) 2e?

are unoccupied. 9= Ve~ (118 h 5)
The current—voltage characteristics of a QPC in the

pinched off regime were first studied by Kouwenhouven Il 2e2

et all° For drain—source voltages less than the threshold 9= Ve~ % h (6)

voltage the device current is found to be zero. At the thresh-
old voltage the chemical potential of the source is alignedAs in other field effect transistors, the voltage gain parameter
with the lowest energy level of the one-dimensional channebf a QPC device is given by the ratig/g,=(1+8)/(1
and for bias voltages larger than the threshold voltage the- 8/«). Note that for all possible values @i and 8 the
device turns on with a differential conductance less tharvoltage gain parameter is less than one. However, if the cur-
2e?/h. The energy band diagram of the device when currentent through the constriction is large the assumption of a
is flowing is shown in Fig. c). Electrons are injected from small voltage drop between the source and source contact is
the source to the drain at a rate that depends only on theo longer valid. Such a voltage drop would lead to a sup-
relative position o, with respect to the quasi-Fermi energy pression of device conductance. In fact, in the extreme limit
of the source, given by the Landauer description of high bias, when the electron velocities near the constric-
tion reach saturation velocity, the differential conductance of
the device would go to zero. In the saturation regime the
=4 2e (o noise performance of the device is far from optimized, even
T (ksm By for us>Ey, though the gain parameter can be larger than one.

0 for us<E;
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B. Noise analysis noise is shot noise, the transconductance of the devices is on

Noise measurements on QPC devices are performed ‘Iﬂe order of the quantum conductance, and the operation cur-
cryogenic temperatures and the devices are shown to exhidig"ts and the input capacitances are similarly small.
shot noise near the pinch off regirieHowever, noise mea-
surements have not been performed at very high currents, for
example, when the device is operated in the saturation rez. Optimization of geometry

gime. In thls_reg!me we exp_ect S|gn|f|can'F additional thermal The noise performance of a QPC device is strongly de-
noise, resulting in degradation of the noise performance. In

the noise analysis of the device, we will only consider Iowpendent on the geometry of the gate. In this section we will
' ?iscuss the dependence of energy sensitivity on the width of

bias operation and ignore contributions to noise from therm
and quantum fluctuations. Real devices also exhibit Iowa—the contacty, the depth of the 2DEGJ, and the angle of the

. . contact,#, for the geometry shown in Fig(d). We focus on
frequency noise, such asflér random telegraph noise, : U :
) - . . how this dependence can be used to optimize the noise per-
which are not of fundamental origin and will not be included

in the following analysi$~° Using the small signal param- formance Ey, as defined through E¢9), has a dependence

eters of the device, we can express the gate charge noiSe device geometry througRc, ¥, anda. yis determined

spectrumS,, in terms of the current noise power spectrum, > the geometry of the 2DEG as well as the gate and will not
P So P P "be calculated in this article. However, the method for opti-

Sp=2el, mizing vy is straightforward, the capacitance between the gate
(2; and the 2DEG should be dominated by the capacitance be-
So=—=S, (7)  tween the gate and the channel. This can be accomplished by

9 etching away all the 2DEG except for a channel surrounding

whereCg is the total gate capacitance. The gate is capacith® active region of the device.
tively coupled to the source, the one-dimensional channel, 'Nn€ optimization ofN¢ and a is more subtle. The cal-

and the drain. Therefore we can express gate capacitance gdations forNc and « can be obtained flré)m a simple elec-
a sum of three capacitor€s=CgstCoctCop, Where trostatic model discussed by Daviesal™ In the calcula-

Css, Cec, and Cgp are gate-to-source, gate-to-channel tion, the potential on the exposed surface is set to zero and
and gate-to-drain capacitance, respectively. Even th@gh the gates are negatively biased\ig. This is a highly sim-
determines the charge sensitivity of an electrometer, it i$lified but convenient model, which enables us to do analyti-

physically more meaningful to use energy sensitiviy,, as cal calculations. A more realistic model should include a
a figure of merit for noise performance of a QPC transistorPTOPer treatment of donor and surface states in high fields.
Nevertheless, the simplified model captures the main fea-

So 1Cgc tures of the confinement potential and is sufficiently accurate
En= = el, (8 to allow us to see how the geometry affects the noise perfor-
2Ce v ¢? g y p

mance of the device. Furthermore, in this model the 2DEG is
wherey=Cgc/Cg. For a given current the total charge that neglected, which is a reasonable assumption as we will only
is contributing to current is given byN-=Cgcl/g;, Wwhere consider the device operation near the pinched-off regime,
Nc is the total number of electrons in the channel that arevhen the 2DEG is depleted. With these boundary conditions
contributing to current. When there is one sublevel contrib-and assumptions, the potential for the geometry shown in
uting to device currentN¢ is a small number that depends Fig. 1(a), atz=d, is given by

on bias conditions, device geometry, and density of electrons

in the channel. If we rewrite the energy sensitivity in termsg(x,y) 1 d sin(6)
of N¢ and use the expression fgy we get Ve = arctaré R, + (x+ Wi2)cod 6) —y sin( )
7TNC H
En=—g - ©) +arcta dsin(é) .
ya R_+(x—w/2)coq #) —y sin(0)
Note that the noise analysis presented here is physically d sin( 6)
meaningful only forN¢ greater than one. For the case when
oY ey +arCta’6 R, + (x+W/2)cog 6) +y sin( a))

Nc is less than one, quantum fluctuations must also be in-
cluded in the noise analysis. In fact for any detector the d sin( 6)
energy sensitivity must be larger thArdue to quantum fluc- +arcta76 R+ (x—wi2)cod ) Fy sin(a)) } (10
tuations. For the QPC, bothand« are less than one and the

energy sensitivity is larger than the quantum limitfoby a
prefactor that is dependent on the geometry of the QPONhereRi=\/(xiw/2)2+y2+ d?.1® A typical constriction in
Before discussing how to optimize the device geometry tocx andy due to this potential is shown in Fig. 2.

minimize this prefactor, we should point out that the ex-  The first sublevelE; can be calculated by solving the
pected noise performance of a QPC electrometer is similar t&chrodinger’s equation for this potential and the transcon-
that of single electron transistdfs'*and superior to that of ductance can be found from the dependencé pfon the
semiconductor field effect transistdrsThis should not be gate voltage. For this particular model we Taylor expand the
surprising since, in both the QPC and SET, the dominantonfinement potential around origin and neglect nonpara-
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FIG. 2. The electrostatic potential at the depth of the 2DEG due to a voltage Up
applied to the QPC gates for the structure shown in Fig) with a gate (b)
angle #=90°, contact spacing=0.3 um, and 2DEG deptld=0.1 um. Ec
—_
y

bolic terms in the calculation d,, as the additional correc- FIG. 4. (a) Schematic diagram of QPC with the addition of a third gate,
tions are well outside the precision of this approximation.Wewhich can used as an energy filter ahbiithe energy band diagram when the
find that the transconductance, which is directly proportionafllev'ce 's operated as a hot electron transistor.

to a, increases almost linearly with the gate an¢itey. 3.

Transconductance is also found to be increasing with de- . .

creasing ratio of width to deptiw/d, but, for a giverw/d, is inset of Fig. 3, we can calculate the optimum gate angle. The

weakly dependent on these parameters individually. Due t§Neray sensitivity IMproves asid decregses_ and the de-
this weak dependence we will only present results in termgreasmgN/d has the additional effect of widening the curves,
of w/d making the choice of angle less important. Therefore to

The total number of electrons in the chanriél,, con- achieve the best energy sensitivity, the widths of the point

tributing to current also appears in the calculation of energ)fomacts should b.e fabncated as small as possible W.'th re-
sensitivity.N is proportional to the one-dimensional density spect to the tv_vo—dlmenS|ona_1I electron gas depth, and with the
of states, a bias energy dependent term, and the length of tﬁggle determined to be optimum for a giveru.
one-dimensional channdl,y. The density of states and en-

ergy bias terms will depend on the source-to-drain voltagey|. A HIGH GAIN QUANTUM POINT CONTACT

and the properties of the 2DEG, by} is primarily affected TRANSISTOR

by the gate geometry. The channel length defined here as the

width at half maximum of the potential ig direction, in- _VVe.have shown in the previous section that the Q,P_C
creases with gate angle as shown in Fig. 3. We also find thg€Vice in the usual geometry has good charge sensitivity
|4 increases withwid. but low gain. If it is operated in the saturation regime

The noise of the QPC device, which is best characterizedi<€ other field effect transistors then the gain can be large
by Ey, is proportional tol 4/« for given bias conditions. but the additional thermal noise suppresses the charge sensi-

From the minima inl14/a, plotted for differentw/d in the  tVity of the QPC. We propose a new QPC device with
an additional gate, which has large gain without sacri-
ficing the charge sensitivity. The schematic diagram of

04 — this proposed device is shown in Fig@a# The existence
o ] of the third gate turns the device into a hot electron
R s transistort”*® For this transistor we will refer to the electron
03 % wie2 gases on the left of the QPC split gates, in between the
s wm=1w 14 split gates and the third gate, and on the right of the
s S~ third gate as emitter, base, and collector, respectively. Now
i L N L | /E\ consider the situation discussed in the previous section
5 02 3 3 where the split gate voltage is such that the QPC is pinched
— z off and the emitter base voltage is large enough such
12~ that there will be current injected from the emitter. The emit-
01 r ter current is given by g=(2e/h)(ug—E;), wherelg is
11 the emitter current angug is the chemical potential of
the emitter. We will assume that the third gate is biased
0.0 — .. g such that there is an energy barrier between the base and the
0 30 60 90 120 150 180

0 (degrees) collector as shown in Fig.(#). The barrier can be biased
g such that the probability of tunneling of cold electrons

FIG. 3. Dependence of andl,4 on gate angle, for wid=3. The inset 1S Negligibly small. However, if the distance between the

showsl 14/ vs « for different values ofw/d. QPC and the third gate is less than the scattering length,
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