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We present a high-sensitivity microwave vector detection system for studying the low-dimensional
electron system embedded in the gaps of a coplanar waveguide at low temperatures. Using this
system, we have achieved 0.005% and 0.001° resolutions in amplitude and phase variations,
respectively, at 10 GHz in a magnetotransport measurement on a quantum-wire array with an
average signal power less than -75 dBm into the sample at 0.3 K. From the measured phase
variation, we can distinguish a very tiny change in the induced dipole moment of each quantum
wire. © 2004 American Institute of PhysidDOIl: 10.1063/1.1814797

Coplanar waveguidesCPW9 have been successfully through a CPW with LDESs embedded in the gaps while
used as broadband sensors in investigating the highsome external sample parameters, such as the applied mag-
frequency magnetotransport phenomena of low-dimensionaletic field (B) or, T etc., is changed. The data of a law-
electron system@ DESs9), such as two-dimensional electron magnetotransport measurement on a QW-array sample mani-
systems(2DES3,™ and anti-quantum dotéQDs),° etc. In  fest the high-resolution capability of this system.
these works, a commercial vector network analy*#A) is A simplified schematic diagram to illustrate the principle
the major tool to measure the variation of the propagatiorof phase detection by a phase-lock IB0PLL) is depicted in
constant, including the attenuation constdat and the Fig. 1(@. The CPW sample is connected to a PLL through
phase constantg), of the CPW that containing the active tWo semirigid coaxial cables of total _IengIh_ The PLL will
LDES in the gaps between the metal electrodes. Facand ~ force the total phase changé ), including the phase
/8 one can extract the longitudinal conductivity,,)® (both ~ change of the semirigid cablé¢a¢,) and the CPW sample
real and imaginary pantof the LDES. However, since the (A¢s), to be 0 by tuning the frequenay) of the voltage-
microwave power delivered to samples at temperatiije controlled oscillatoVCO) during the experiments, that is,
below a few hundred millidegrees Kelvin must be very low, 2¢=Ad+Ahs=0, or A¢s=—Ad,. Hence,A¢s can be ob-

the resolution of the data becomes very poor, especially fofained directly from the frequency changsf) of VCO via
the phase part. Thus in most of the previous studies using

CPW sensors, they only presented &g} data derived from @ 7 = CPW

« and discarded the phase part. Even though Hehlal.” sPIIL phase=d, —I¢s

and Lewiset al® have addressed the {m,} behavior in the ) I VI

m_teger qL_Jantum HaI(IQH) regime based_ on other tech- (b) Phase-Locked Loop

niques, still, the resolution of Ifwr,,} is mediocre due to the Microwave, ~\e— > Af or Ad,

constrain of VNAs. Nevertheless, {m.}, proportional to Generator \_/ VCO I:T:|.megm°,

the change of the real part of dieleptric constant, give§ im- Directional | {3 Homodyne Detection

portant information about the electric polarization, that is of Coupler o niEsdEERe .
ate :

special interest in the case of QDs, quantum wWi@®/s), or
2DESs at high magnetic fieldd). Furthermore, the rela-
tively small effective area of QDs or QWs compared to
2DES samples leads to a very small signal variatmndy- Pulse Generator . SOF2
namic rangg that makes the conventional VNA measure- o Oivider DL L2 '
ment very difficult and impractical. Expandy, Amplifier
In this letter, we present a detection scheme and the in-  —______ SN sy —
strumental implementation, which can resolve very small
variations not only in the amplitude but also the phase of an
extremely low-power-level microwave signal traveling ~ L________%M_______

Diode
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m
U
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FIG. 1. Simplified schematic diagram for phase detection using a RiL.
dAuthor to whom correspondence should be addressed; electronic maiBlock diagram of the vector detection system. The meandering CPW con-
ysuen@phys.nchu.edu.tw taining a LDES in the gaps is part of the microwave signal path in the PLL.
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A¢e=—Ad =-2mAfLIv = - AwT, &y ®

wherev, is the phase velocity of the signal in the cable. The
result can be expressed as the product of the change of the
angular frequencyAw) and the delay timér,) of the con- 1%6“ AA
necting cables with a different sign. e I5%
A complete block diagram, including the pulse handling

o ; _ _ 9.9GH % 5
circuits, the microwave PLL, and the amplitude readout cir- W%M%

20pum
A

cuit, together with the CPW sample in a cryogenic environ-

> A . . 3.4GHz 10.3%)
ment, is shown in Fig. (b). The microwave part of this \\'\«,\,\,\ 02
system is basically a pair of homodyne detectorsxers 4 87 0 03 04 074 B3 0 07 03
with reference signals of quadrature phase difference. One of B (Tesla) B (Tesla)

() AA Adg

the mixers with 0° referencd.0O1), used as the phase sen-
sitive detector(PSD), has zero outputlF1) forced by the 2 v 1oaw w‘/‘;\mwl o7

o
PLL, while the other one with 90° referen¢eO2) has an ﬁw )VV\“

output (IF2) proportional to the amplitude of the signal. 0.3% 1075

Besides homodyne detection we employ a double-pulse — | 10.2
modulation scheme to detect and average the microwave sig- 2550 in\V I0.3% /\
nal. A short pulse train with a 0.2—2s pulse width and a 24 6 8 10 2 4 6 8 10
B (Tesla) B (Tesla)

0.1%-10% duty cycle, provided by a pulse generator and
gated by a slow square-wave TTL signal with a period ofrig. 2. Scanning electron micrograph of the quantum wire mesas in the
1-10 ms from a lock-in amplifier, modulates the microwavegaps of CPW(b) Low-field amplitude and phase variations for both direc-
signal sent to the sample. A time-delayed pulse with dions of magnetic fields for various. (c) High-field data showing EMP
0.1-1us pulse width triggered by the modulating pulsesadsorption peak and IQH states at differént

controls a sample-and-ho{(&&H) circuit that samples the IF
output of the microwave mixer. The holding capacitor in the
S&H circuit is discharged through an analog switch when th
TTL gating signal is low. Finally, the lock-in amplifier reads
the output of the S&H circuit. There are two sets of pulse
averaging circuits, one for the PLL and the other for the
amplitude readout. Note that the time constant of the lock-i
amplifier for the PLL is about 1-30 ms, in contrast to

300 1 s for th litud dout part. Th
s or » S 101 1S ampiruae readoltt par e average he widths of the center conductor and the gap of th€)50

the PSD outputlF1) is sent to an integratailoop filter of . X
PLL) with a time constant of 26.3 ms. The output of the .CPW are 36 and 2&m, respectively. A meandering pattérn

intearator connects to the frequency modulatisiv) input 'S used to increase the effective I_ength of the CPW. Subse-
of tﬁe microwave sourceVCO(i thu.Z closing tEhe )PLIE). In 9“6”.“3’ we pattern the 2 DES left in t.he gap into ahout 7000
fact this PLL system is modified from what people used inldéntical QW mesas, each of Qum wide and 2Qum long, -
surface-acoustic-wave detection experimehtsyt with im- Py USing electron-beam lithography and chemical etching
proved pulse averaging and amplitude detection methods. [F19- 2a)]. The QWs, parallel to the propagating direction of

We use three sets of microwave modules to cover th&nicrowave signals, occupy only about 6 mm in length of the
frequency from about 60 MHz to 18 GHz. The details of ourStraight sections of the meandering CPW. _
instrumentations and circuit designs will be published else- ~The CPW sample is immersed in liquitle(0.3 K) with
where. To gain an idea of the detection limit, we tested ou@PpliedB perpendicular to the sample surface. The total time
system with only an 11 m semirigid cable connected to th&lelay given by the connection cables and microwave mod-
PLL without samples. The input microwave signal is attenu-ules is 51.1 ns. From Eq1), this time delay multiplied by
ated down to =70 dBm peak power, and less than —90 dBrAf gives the phase changa ¢,) of the CPW sample. Here
in average. The background phase fluctuation we obtain idf can be either obtained from the output voltage of the
this test is less than 0.0003foot-mean-squared valuéor  integrator in the PLL scaled with the FM deviation setting of
f<6 GHz and 0.006° for & f <18 GHz, which is remark- the VCO, or measured directly with a microwave counter.
ably low for such a low-power signal. In fact, the signal The peak power of the pulsed microwave signals is =50 dBm
power reaching the low-noise amplifidrNA) is even lower (about —66 dBm in averagat the input end of the semirigid
than the input value claimed earlier due to the loss of thecable.
cable, which is about —9 dB at 1 GHz and raises to -41 dB  Figure 2b) displays low-field results for both directions
at 10 GHz. This may explain why the noise in phase in-of B. Besides the apparent Shubinkov—de-HgdH) oscil-
creases at high frequencies. The resolution with a Tow- lations, we can observe additional intriguing featuresBor
sample loaded is slightly worse due to the loss of the samplbelow 0.2 T. For frequency higher than a few gigahertz, the
and extra noise from the cryogenic environment. The resoluhigh- B data exhibit behaviors similar to a 2DES, showing
tion of the amplitude readout for a small-variation signal canlQH states. The SdH oscillations become less pronounced at
be enhanced by the use of the “offset” and “expand” funcdower f and even completely disappear below 600 MHz. In
tions of the lock-in amplifiet! Fig. Zc), the data are shown up B=11 T. An extra adsorp-

In the following we will present measured results for ation peak appears &8=6 T associated with a unique phase
QW array sampie to demonstrate the resolving power of thishange nearby fof=255 MHz, and moves to lowds for

method. The sample is fabricated from a standard molecular
Seam epitaxy  (MBE)-grown modulation-doped
GaAs/AlGaAs heterostructure containing a 2DES, which is
150 nm under the surface. The 2DES has a mobility of about
1.5x10° cn?/V s at 4 K, and a density of 1410 cm™2.
r].%efore evaporating the Cr/ALO/300 nm metal layers for

e CPW pattern, we etch away the 2DES part underneath.
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higher f, indicating that this feature relates to the edgethe effect of noise and drift in electronic components become

magnetoplasnia (EMP) excitations. More detailed data and serious. In addition, high-frequency signals will suffer a very

an explanation of these interesting results will be publishedevere loss.

separately. Here we will emphasize mainly the resolution of  In conclusion, we have developed and demonstrated a

the measurements and also the polarization of each QW thaigh-sensitivity vector detection system for very low-power

can be extracted from our data. microwave signals used in a CPW broadband sensor. This
The background noise of the data shown in Fig®) 2  system is a very powerful tool in studying the dynamic be-

?_”d 4C) ASA eXtrgg"ZWd'O)[’V- Thelampt”r:Udeoa(;‘g;g/haszﬂ(‘)“ggf‘haviors, including the electric polarizations, of LDESs at low

ions in an s data are less than 0. % and 0.001° _

for =10 GHz, and 0.05% and 0.03° fdr=10 GHz, re- emperaiures

spectively. These resolution limits actually depend on the  This work was supported by the National Science Coun-

power reaching the LNA, which i$ dependent due to the cil of the Republic of China.
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