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1.0 SUMMARY

We have investigated an alternate approach to standard charge sensing of quantum dots (QDs) on
the radio-frequency single electron transistor (RF-SET) or quantum point contact (RF-QPC).
Our approach should be more sensitive and less invasive than standard approaches, and allow
higher device density. By embedding a superconducting SET known as a Cooper pair transistor
(CPT) in a superconducting microwave cavity, it is possible to use the charge sensitivity of the
CPT's quantum inductance to dispersively tune the cavity resonant frequency. A carrier wave at
the resonant frequency then experiences a charge-dependent phase shift. Charge detection is in
turn achieved via interferometric measurement of the phase of a reflected carrier wave. In this
detection scheme the CPT is operated on its supercurrent branch and contributes no shot noise,
allowing the usual shot-noise limit on charge sensitivity to be beaten. Furthermore, multiple
CPTs could be embedded in the same cavity allowing at least four times the areal device density
possible for the RF-SET. Finally, the detection process should be quantum limited, having the
minimal effect on a measured QD allowed by quantum mechanics.

2.0 INTRODUCTION

At present, the charge detectors most frequently used for readout of QD-based spin qubits are the
radio-frequency single-electron transistor (RF-SET) [Schoelkopf1998] and the closely related
radio-frequency quantum point contact (RF-QPC) [Reilly2007]. Both operate on the same
principle. The SET or QPC sensor is embedded in a matching network consisting of an inductor
and an associated parasitic capacitance that serves to impedance match the sensor to standard
50 Q microwave electronics. The SET or QPC is also coupled to a nearby QD; when an electron
tunnels on or off the QD, the sensor conductance changes, in turn changing the reflection
coefficient of an applied carrier wave. Information regarding the QD charge state is therefore
encoded in amplitude modulation of the reflected wave.

The RF-SET is necessarily a dissipative device, with a best sensitivity of roughly 6q = 1 X

107° e/+/Hz that is fundamentally limited by the shot noise of the current driven by the carrier
wave. Furthermore, the fact that each RF-SET on a chip must have its own matching inductor
(to minimize the parasitic capacitance) imposes a strict limit on the density of RF-SETs or RF-
QPCs on a chip to roughly one per 2 mm?.

Here we have developed an alternate approach to charge sensing that should be more sensitive
and less invasive, and have higher device density that is possible using the standard RF-SET
configuration. By embedding a superconducting SET known as a Cooper pair transistor (CPT)
in a superconducting microwave cavity, it is possible to use the charge sensitivity of the CPT's
quantum inductance to dispersively tune the cavity resonant frequency. A carrier wave at the
resonant frequency then experiences a charge-dependent phase shift. Charge detection is in turn
achieved via interferometric measurement of the phase of a transmitted carrier wave.

Approved for Public Release; Distribution Unlimited.
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In this detection scheme the CPT is operated on its supercurrent branch and contributes no shot
noise, allowing the usual shot-noise limit on charge sensitivity to be beaten. Furthermore,
multiple CPTs could be embedded in the same cavity, allowing four or more charge detectors to
be placed in a roughly 1.25 x 2.5 mm? = 3.1 mm? area, at least four times the areal density
possible for the RF-SET. Finally, the detection process should be quantum limited, having the
minimal effect on a measured QD allowed by quantum mechanics.

Our goal for this research has been to demonstrate that the cavity-embedded CPT (cCPT) can
have a charge sensitivity as low as 8q ~ 5 x 1078 e/+/Hz, a factor of 40 better than the best

value of 8q ~ 2 x 107 e/+/Hz achieved in our laboratory for an RF-SET with an on-chip
matching network. We have successfully installed required microwave components in a dilution
refrigerator, designed and fabricated superconducting microwave cavities, and fabricated a cCPT
suitable for measurement. Final measurements have unfortunately been hindered by a leak in the
dilution refrigerator, and will be concluded after submission of this report.

3.0 METHODS, ASSUMPTIONS, AND PROCEDURES

3.1. The cavity-embedded Cooper pair transistor

In this research we have embedded CPTs in superconducting microwave cavities based on a
modified form of the circuit QED (cQED) architecture [Wallraff2004, Blais2004], as illustrated
schematically in Fig. 1. We refer to the CPT/cavity device as the cavity-embedded Cooper pair
transistor or cCPT. Our goal is to use the gate-charge-tunable quantum inductance
[Sillanpaa2004] of the CPT to induce a charge-sensitive dispersive shift in the resonant
frequency of the cavity. A carrier wave reflected by the cavity will experience a charge-sensitive
phase shift that can be detected using microwave interferometry [Blais2004, Regal2008].

i= )\/4 %
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Figure 1. Schematic of a cavity-embedded Cooper pair transistor. The CPT is placed at the open end of a
guarter-wavelength shorted superconducting microwave cavity. A gate voltage and external flux are used
to control the CPT operating state. The cavity is capacitively coupled to a microwave feedline.

A CPT is added to the cavity at its voltage antinode such that it connects the central conductor to
the ground plane. This connection differs from that recently used for cavity-embedded junctions
that have been placed within the central conductor itself [Manucharyan2007] and allows the
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charge sensitive properties of the CPT to control the cavity's resonant frequency. Specifically,
this is accomplished via the charge tunable quantum inductance Lqpr of the CPT associated with
its supercurrent [Sillanpaa2004].

At the resonant frequency w, of the cavity, we can view the cavity as an effective parallel LCR
resonant circuit. The CPT is connected in parallel with the cavity circuit, and its quantum
inductance Lcpr therefore appears in parallel with the effective cavity inductance L giving rise to
a strongly charge-sensitive cavity pull

1 wyL
2 Lgpy

| a(l)o
OLcpr

The notion of using the quantum inductance of the CPT for charge detection is not new. Both
dissipative readout in low-Q (Q =~ 20) resonant circuits [Sillanpaa2004] and dispersive readout
in high-Q (Q =~ 3000) resonators weakly coupled to a transmission line [Bell2011] have been
explored experimentally. The combination of strong coupling and high Q possible in the cCPT
allows for the possibility of much better charge sensitivity than that achieved in that earlier work.

|
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Figure 2. Microwave measurement schematic. The microwave signal reflected from the cCPT is
amplified by a low-noise SLUG amplifier and a cryogenic HEMT amplifier before homodyne detection at
room temperature.

While the charge dependence of CPT quantum inductance is well established, simultaneous
control over both the low frequency and high frequency electrical environment of the CPT is
needed to fully realize its potential. Low frequency control of the total current flowing through
the CPT is needed to ensure that it is safely biased on its supercurrent branch. In our scheme,
this will be accomplished by embedding the CPT in a shorted quarter-wave microwave cavity, as
in Fig. 1. An externally applied magnetic flux will then be used to set the appropriate dc bias
conditions. At the same time, embedding the CPT in a high-Q microwave resonator allows for
high resolution dispersive readout.
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3.2. Dispersive charge sensing using the cCPT

Our dispersive readout scheme works as follows. An incident carrier wave at the resonant
frequency of the cCPT is split into two parts: a wave that is reflected by the cCPT and a
reference wave, as in Fig. 2. Because the CPT quantum inductance is gate charge dependent, the
cCPT experiences a very strong charge sensitive cavity pull dw,/dn, where n, = C,V, /e is the
gate charge and C, and V, are the gate capacitance and voltage respectively. Using known
experimental results [Sillanpaa:2005], we estimate that

a(l)o a(l)o aLCPT

ang

OLcpr

~ 2m X 350 MHz/electron.

ong
For a typical cavity Q = 5000 this corresponds to many linewidths k = % ~ 2m X 1 MHz.

The wave reflected by the cCPT experiences a phase shift that, due to the cavity pull, is in turn
strongly charge dependent. Measurement of the phase shift of the transmitted wave, which is
achieved by mixing it with the reference wave, therefore gives information regarding the charge
state of the CPT. We can estimate the expected spectral density of the resulting charge noise S,
using the expression [Teufel2009]

2

S _ Madd @o [dwo
M 71 4Q|0n,

where n,q4q4 1S the number of noise photons added by subsequent amplifiers and n is the number
of drive photons in the cavity. We use n = 500 as a conservative estimate of the number of
drive photons that can be used without exceeding the critical current of the CPT
[Sillanpaa2005c].

We intend to amplify the transmitted wave using SLUG-based [Hover2012] and cryogenic
HEMT amplifiers prior to mixing with the reference wave. The SLUG, or superconducting low-
inductance undulating galvanometer, allows construction of amplifiers with a noise temperature
of 1 K. Such an amplifier has been provided by our collaborator Prof. Robert McDermott of the
University of Wisconsin, Madison. Operating at 5.9 GHz, the SLUG will add approximately
N.qq = 4 noise photons per unit bandwidth to the measurement. Using the other parameters
from above, and assuming a cavity Q of 5000, we obtain S,, = 2.5 x 107**¢?/Hz or in terms of

the more familiar charge sensitivity 5q = /S,

8q ~ 5 x 1078 e//Hz.

This estimate is a factor of 40 better than that of an RF-SET with on-chip matching of éq =~ 2 x
107% e/v/Hz , which itself is on the order of the shot-noise limit and cannot be improved
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significantly [Xue2009]. Finally, we note that we have recently performed a more quantum
mechanically exact calculation of the charge sensitivity of the cCPT, and found it to be in good
agreement with the more empirical calculation above [Rimberg2013]. Clearly, the cCPT should
be a far more sensitive electrometer that is physically possible for the RF-SET.

4.0 RESULTS AND STATUS

4.1 Development of superconducting microwave cavities

In order for the cCPT to work as designed, we require a high-Q superconducting cavity that can
allow for highly coherent coupling between the cavity photons and the CPT supercurrent. In
order to accomplish this, we turned to technologies developed in collaboration with the
Simmonds group at NIST, Boulder. We desired Nb-based cavities for ease of initial testing, and
superior behavior in a non-zero magnetic field. We also required that the cavities have a sloping
sidewall, and Au contact pads at the planned CPT location, so that coherent flow of Cooper pairs
could occur between the cavity conductor and the CPT.

Figure 3. Optical micrographs of a quarter wave superconducting microwave cavity. Top: Overview of
the entire cavity. Bottom left: Detail of the coupling capacitor, gate line for the CPT, and flux biasing
line. Bottom left: Close-up view of the coupling capacitor and gate line.
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In our previous work with the Simmonds group, we had successfully used such techniques to
produce dc-biased full-wave microwave cavities [Chen2011] that contained thin Au contact pads
for good metallic contact. The Au pads were designed to be sufficiently thin that the proximity
effect due to their contact with thicker layers of Nb (the cavity) and Al (the CPT) would drive
them superconducting. Microwave and dc measurements of CPTs embedded in such cavities
indicated that this scheme in fact worked quite well, as indicated by coherent transport in and
photon emission from the embedded CPTs [Chen2013].

Here, rather than a full-wave cavity with dc bias lines we require a quarter-wave cavity with a
flux bias line. Furthermore, we desired a larger cavity Q of roughly 5,000, rather than the Q =
3,500 we had chosen in our previous design. The most challenging aspect of the cavity redesign
was to add a flux bias line that had minimal microwave coupling to the quarter-wave cavity.
This was eventually accomplished by arranging the flux bias line at right angles to the cavity
center conductor, while extending a portion of the center conductor/ground plane gap of the
cavity parallel to the flux bias line. Simulations using the microwave design program Sonnet
indicated that high-Q cavities with little cavity/flux bias line coupling could be achieved in this
fashion.

-30.5 ————F———7——
31.0
315
-32.0
325
-33.0

_33.5 ] 1 ] 1 | 1
5.894 5.896 5.898 5.900

f(GHz)

P, (dBm)

Figure 4. Spectrum of microwave power reflected from a quarter-wave superconducting cavity.
The quality factor deduced from this spectrum is approximately 5,000.

We fabricated a set of resonators based on the above design principles in the laboratory of our
collaborator, Prof. Robert McDermott at the University of Wisconsin, Madison. The resonators
were produced by sputtering 100 nm of Nb and then using a SF¢/O, dry etch to remove the Nb in
the gaps between the central conductor, gate line, and flux bias line on the one hand and the
surrounding ground plane on the other. The SF¢/O, etch was verified to produce sloping side
walls with a 45° pitch. lon milling was used to open vias through the native oxide of the Nb, and
30 nm thick Ti/Au contact pads were deposited through the vias using e-beam evaporation. A
typical resonator is shown in Fig. 3, along with detailed views of the cCPT location.
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The resulting resonators were tested at 4K in our laboratory at Dartmouth; results are shown in
Fig. 4. We found a clear resonance with a Q of about 5,000 at a resonant frequency of roughly
5.9 GHz. There was also negligible coupling between the cavity and either the gate line or flux
bias line, as desired. In contrast, however, the resonant frequency was roughly 9% higher than
the design frequency of 5.5 GHz, possibly due to slight over-etching during removal of the Nb.
Still, the results were within the operating bandwidth of our microwave circuitry, allowing us to
proceed with sample fabrication, to be discussed below.

4.2 Installation of cryogenic microwave circuitry

Since our most recent set of experiments involved transmission measurements at 5 GHz and did
not require use of a SLUG amplifier, significant effort was required to prepare our dilution
refrigerator for reflection measurements using an additional amplifier.

Three major modifications were required. First, we installed a 5 GHz directional coupler to
allow conversion to reflection measurements. Second, we installed the SLUG amplifier itself,
provided to us by the group of Prof. Robert McDermott at the University of Wisconsin, Madison.
The SLUG had to be installed at the mixing chamber of the dilution refrigerator, since obtaining
the best possible noise performance from the SLUG requires operation at the lowest possible
temperature. The SLUG also required installation of two bias tees and resistive biasing networks
for the flux bias and bias current required for its operation.

Figure 5. Microwave circuitry in dilution refrigerator. The SLUG and HEMT amplifiers are
visible near the bottom and top of the image, respectively.

Finally, because the gain and noise of the SLUG are strongly dependent on its flux and current
bias conditions, we installed two cryogenic microwave switches. These switches will allow us to
bypass the SLUG while the cryostat is cold, allowing us to compare overall gain and noise of just
the HEMT, and of the SLUG and HEMT in series. This capability will allow us to both verify
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correct operation of the SLUG and more accurately determine and characterize its optimal
operating point. The various components of the completed cryogenic microwave circuit are
shown in Fig. 5.

4.3 Sample fabrication and current status

Once work on the dilution refrigerator was completed, we began work on sample fabrication.
Samples are produced by electron beam lithography and shadow evaporation of Al in a thermal
evaporator. The Al-based cCPT and its leads needed to be aligned to prior fabrication steps with
an accuracy of less than one micron.

- .200 nm

Figure 6. Electron micrographs of a cCPT. (a) Overview of the CPT location, showing the gate
line and Au contact pads. (b) and (c) Successive close-up views of the CPT and its leads, and the
CT itself.

Results from a typical fabrication sequence are shown in Fig. 6(a)-(c). An overview of the
completed sample at the CPT location, including the gate line and Au contact pads, is shown in
Fig. 6(a). Successive close up views of the cCPT are shown in Fig. 6(b) and (c). The substrate
roughness in Fig. 6(c) is due to the ion milling step used to create the vias in the Nb oxide. Note
that the actual CPT island is very faint; this is because the island is intentionally fabricated out of
a very thin (7 nm) layer of Al to prevent trapping of quasiparticles on the island [Xue2009].

At present a sample similar to the one shown in Fig. 6 is in our dilution refrigerator awaiting
measurement. Unfortunately, a cold leak in the inner vacuum can of the refrigerator has
prevented us from performing anything more than very preliminary measurements showing that
the SLUG amplifier is in fact operational. Once the location of the leak is determined and
repairs performed, measurements of the cCPT performance will begin in earnest.
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5.0 CONCLUSIONS

The cCPT shows great promise for ultra-sensitive, quantum limited charge detection of such
interesting systems as spin qubits and nanomechanical resonators. The cCPT promises to
outperform the most commonly used fast mesoscopic charge sensors, namely the RF-SET and
the RF-QPC, while potentially possessing a greater areal density. During the seventeen month
period funded by this grant, we designed and fabricated superconducting quarter wave
microwave cavities suitable for integration with a CPT. We modified an existing dilution
refrigerator to allow microwave reflectometry measurements using an amplifier chain consisting
of SLUG and HEMT amplifiers. We have successfully integrated a CPT with one of our
superconducting cavities; the resulting sample is currently in our modified dilution refrigerator
awaiting measurement.
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7.0 LIST OF SYMBOLS, ABBREVIATIONS, AND ACRONYMS

cCPT:
CPT:
QD:
HEMT:

RF-QPC:
RF-SET:

SLUG:

Cavity-embedded Cooper-pair transistor
Cooper-pair transistor

Quantum dot

High electron mobility transistor
Radio-frequency quantum point contact
Radio-frequency single-electron transistor

Superconducting low-inductance undulating galvanometer
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