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Charge transformer to enhance noise performance of single-electron
transistor amplifiers in high-capacitance applications
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A device, called a charge transformer, is proposed for noise matching single-electron transistor
amplifiers to high-capacitance devices. The operation principle is demonstrated on a prototype
charge transformer with four capacitors made using a GaAs/AlGaAs heterostructure with a
two-dimensional electron gas. @002 American Institute of Physic§DOI: 10.1063/1.1431393

Following the discovery of Coulomb blockade phenom-region of the devicé? Thus, operation of multiple SETs in
ena arising from discreteness of charge and the advances parallel would require an individual feedback circuit for each
nanofabrication techniques, we have been able to make ne®ET to compensate the effects of offset charges, which is not
kinds of devices that enable us to control and measure thgractical when a large number of SETs are needed. We pro-
motion of a single electroh? One of the most exciting ex- pose an alternative solution to the input capacitance mis-
amples of such a device is a single electron transi@&T)  match problem by using a matching device called a charge
which is an extremely precise solid-state electronieter. transformer. A similar problem, due to an inductance mis-
SETs have already been used in metrological applicatiams match, exists in the operation of superconducting quantum
well as a tool for imaging localized individual charges in interference devices. The problem is addressed, in general,
semiconductor§. Recent demonstration of single photon using a flux transformé? The charge transformer will be
detectiorf and rf operation of SETS make them exciting for  placed between the macroscopic device under test and the
new applications ranging from astronomy to quantum com-SET as shown in Fig.(b). The function of the charge trans-
puter read-out circuitry. However, despite the many orders oformer is similar to the dc/dc power converters that have
magnitude better charge sensitivity of SETs with respect tdong been used in various power applications to generate a
commercial electrometers, in terms of noise, it is not advanvoltage that is higher than the voltage of the available power

tageous to use SETs as an electrometer when the device ugHpply. There are various dc/dc power converter circuits,
der test has a large capacitance. most of which use a charge pump design based on voltage

To illustrate the origin of this problem, let us consider doublers'® Unlike transformers based on magnetic induc-
the typical SET amplifier circuit shown in Fig.(4). The  tion, such circuits use capacitors, switches, and diodes, and
device under test and the signal on the detector are reprél0 not use any components that store magnetic energy. Note,
sented by a Capacit(@D and a current source, respective|y_ however, that the design issues of a charge transformer for
The problem arises from the extremely small capacitance dPw-noise applications are very different from those for
the SET, which is constrained by the operation temperaturd?ower applications. In this letter, we discuss a charge trans-
When the input capacitance of the SETger, is much  former circuit that is suited for low-noise applications. The
smaller thanCp, only a small fraction of the input power,
given by Cse1/Cp, can couple to the SE®. Since, for a
typical SET,Cge<1 fF, the suppression factor becomes un-
acceptable when the macroscopic device has a capacitance in
the pF or nF range. Therefore, SET amplifiers are not cur-
rently used for measuring real macroscopic devices. Other
low-capacitance electrometers, such as a recently proposed
guantum point contact electrometer, also suffer from a simi-
lar capacitance mismatch problémWe believe, if we can
address this capacitance mismatch problem, SETs may find
many new ultralow-noise analog applications.

In principle, placing multiple SETs in parallel may solve
the input capacitance mismatch problem. However, real
SETs are subject to offset charges present near the active I
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FIG. 2. Circuit diagram of a charge transformer which consists oapaci-
tors and N+ 1 switches.

operation principle of such a charge transformer is tested or
a prototype transformer fabricated using a GaAs/AlGaAs
heterostructure with a two-dimensional electron BEG). o

The goal of a charge transformer is to effectively couple &% Nel——
a significant fraction of the input power to the SET. This can
be achieved using\ capacitors of valueC, where C
= CpCger andN=+/Cp/Cgc- If we connect thes& ca-
pac[tors n paralle;l with the device und.er te.St’ because. thEIG. 3. (Color) Picture of a charge transformer fabricated on a GaAs/
equivalent capacitance dfi-such capacitors in parallel is A gaas heterostructure.
Cp, an effective coupling between the charge transformer
and the device under test can be achieved. Now, if we dis-
connect thes® capacitors and connect them in series withlent capacitance between these two triangular regions is es-
the SET, because the equivalent capacitanchl stich ca- timated to beC=0.93 pF. The capacitor circuit is formed
pacitors in series i€ger, We can effectively couple the total using 3um wide wires defined by etching the 2DEG. Each
energy stored in these capacitors to the SET. This idea can iyére can be switched on and off using a 3z wide top
implemented using the circuit shown in Fig. 2. The circuit metallic gate. The switch capacitance is much smaller than
consists ofN capacitors and (8+ 1) switches labeled; , C, thus is not expected to perturb the operation of the charge
S', and S’ that enable the capacitors to be connected irfransformer. Extending out from the active region of the de-
parallel (switchesS' and S/ are closed and switche® are  Vice, there are four 2DEG leads which are the input and
open or seriegswitchesS' andS/ are open and switcheg  output leads of the charge transformer and three metallic gate
are closefl In operation, the charge transformer must beleads which control switcheS;, S', andS/. Note that a 2
switched back and forth between these two states at a spegdn thick polyimide layer was used to electrically isolate the
faster than the signals that need to be measured. Furthegate lead forS; from that of S/ .
more, the switch capacitance and resistance must be low in The operation of the charge transformer has been tested
order not to degrade the noise performance of the chargat 77 K. The switches were controlled using a dual pulse
transformer. Noise analysis of a realistic charge transformegenerator. The pulses were shaped such that, during a pulse
will be discussed in detail elsewhelre. period of T, the capacitors were connected in parallel or in

In steady state, when the loads are capacitive, the chargeries for a duration of/4 and each time in between these
transformer can be characterized by a single internal paramtwo connections, the capacitors were isolated from each
eter, the charg® on each capacitor. The output and input other for a duration off/4. A low-frequency sinusoidal sig-
voltages(V;, andV,,) as well as the charges on the equiva-nal, V;,, was applied to the input of the charge transformer
lent capacitors seen by the external circuit from the input anénd the output was connected to a voltage divider made out
output sides of the charge transfornt€),, andQ,,,) can be of two resistors. The first resistor connected to the output of
expressed in terms of (Vi,=Q/C, V., =NQ/C, Q;, the charge transformer is chosen to be laf8e=1, 10, or
=NQ, and Q= Q). Thus, the charge transformer would 100 M(}) to imitate an electrometer and placed next to the
step up the input voltage by a factor df but since the charge transformer to minimize the stray capacitance seen by
charge at the output is reduced by the same factor, as witthe charge transformer output. The output sighg|;, was
any other transformer, the charge transformer cannot provideeasured using a lock-in amplifier. Measured voltage ratio,
any power gain. Vout!/ Vin, is plotted as function of pulse period in Fig. 4. At

A charge transformer with four capacitors and 13low frequencies, the voltage ratio was found to be indepen-
switches has been fabricated using a GaAs/AlGaAs heteralent of signal frequency. If the measurements were per-
structure grown by molecular-beam epitaxy. The heterostrucdormed using an ideal electrometer with an infinite input re-
ture consists of a high quality 2DEG located 1000 A belowsistance, then the voltage ratio would be independent of
the top surface. The carrier density=3.8x 10" cm™2, and  pulse width;V,,/Vi;=N=4. The data clearly indicate that
mobility, u=3.7x10° cn?/Vs, were determined using Hall the deviation from the ideal operation is due to the resistance
measurements at 4.2 K. The picture of the charge transformef the measuring circuit. The deviation is most pronounced at
fabricated using standard photolithography techniques ifow R and when longer pulse periods are used. On the other
shown in Fig. 3. To form each capacitor, we used two trian-hand whenR is large, i.e.,R=100 M(}, the voltage ratio
gular regions of 2DEG defined by mesa etching. The capaciapproaches 4 with the faster operation of the switches.
tive coupling between these two regions of 2DEG is pro-  The deviation from ideal operation can be understood as
vided by a rectangular Ti/Au metal layer evaporated over the resistor/capacitofRC) effect introduced by the measure-
2DEG. Based on the lithographical dimensions, the equivament circuit. We have modeled this effect by considering a



144 Appl. Phys. Lett., Vol. 80, No. 1, 7 January 2002 Lewis et al.

; ' " In summary, we have presented a device, called a charge
100 MO transformer, which can be used to enhance the noise perfor-
1t E mance of SET amplifiers when placed between the SET and
a high capacitance device under test. This device is imple-
e 10 MO mented using GaAs/AlGaAs heterostructures with a high
~ 01 1 quality 2DEG. The charge transformer can also be fabricated
> using other semiconductors, including using Si metal—
L MQ oxide—semiconductor field-effect transistors, and can operate
0.01¢ 3 at high temperatures. We believe SET amplifiers, integrated
' ' : with a charge transformer on the same chip, may find appli-
Peri cations in various fields where low-noise electrometers are
eriod (us) needed

FIG. 4. The voltage ratioV,/Vi,, versus pulse period for three different .
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