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Experimental proof of the electronic charge-transfer mechanism
in a YBa,Cu30,_,-based field-effect transistor
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The dynamics of charge transfer in a YBas0,_,-based field-effect transistor were studied in the normal
state using signal shape analysis and frequency mixing techniques, the latter being the most sensitive means of
measuring field effect utilized so far. The speed of response was found to be limited only BCtlime
constant of the device configurati¢r9 useq. Also the electric field modulation of the channel resistance was
unchanged from dc to the highest frequency achieved in this device, showing the absence of any significant
“slow” component. This observation unambiguously demonstrates that direct field induced modulation of the
charge carrier density plays a major role in the relatively fast electric field effect in metal-oxide superconduct-
0rs.[S0163-182606)04921-1

Studies of electric field effects in highz superconductors context of the response times of the observed effects: the
and the related development of SuFHE3uperconducting response associated with oxygen dynamics is expected to be
field-effect transistorstructures have recently attracted con-considerably slower than that defined by the electronic
siderable attention because of scientific and technologicahechanism of charge transfer. Resolving this issue is ex-
implications. Fioryet al® studied the field induced modula- tremely important to fully understand the fundamental phys-
tion of resistance and superconducting kinetic inductance vias behind the electronic transport in YBCO having in mind
capacitive charging of(001) surfaces in YBaCuO;_, that it has make-or-break implications for the success of
(YBCO) and obtained such parameters as the mobility, denSuFET utilization in superconducting electronics.
sity, and effective mass of carriers in the system. Mannhart Our experiments were performed on a SuFET trilayer
et al? demonstrated that the pinning force and critical cur-structure formed by a YBCO channel layer, an insulating
rent density in YBCO films can be controlled by the electric SrTiO; (STO) layer, and a gold metallization layer that pro-
field and attributed this observation to changes in the densityided contact to the source, drain, and gate of the device, as
of mobile carriers. Xiet al® examined the field effect in shown in Fig. 1a). The entire structure was deposiiedsitu
(1-8-unit-cell-thick films of YBCO and revealed differ- and then patterned by laser ablation using a metal mask into
ences in the effect of hole filling on the normal state anda four-probe configuration shown in Fig(kl; then the gate
superconducting transport. Walkenhoedtal? studied the metallization was separated from that of source and drain by
vortex dynamics of ultrathin YBCO films and demonstratedwet-etching. Details of the device fabrication have been pub-
tunability of a Kosterlitz-Thouless type transitiéobserved lished elsewher&
in zero magnetic fieldby the electric field. Mannhagt al?® The gate capacitance was about 1.7 nF at 40 K measured
in their subsequent studies reported large electric field effectwith an HP4261A LCR meter, and the gate area was around
in YBCO films containing weak links, with a reduction ®f 0.3 mnf yielding the dielectric constant=310. The dielec-
by 10 K or more, for an applied field of 6 MV/cm. tric parameters of such modest quality thin STO films are

Insofar as the technological aspects are concerned, it hamown to be weakly field and temperature dependéfhgnd
already been shown that an applied electric field can be usedle neglected any such dependence in this work. The gate
to demonstrate FET characteristicsas well as to tune the leakage current was 1 nA under gate voltagdd and—6 V
properties of thin-film superconducting inductors used in suat 20 K. The channel superconducting transitiét,=0)
perconducting quantum interference device basedvas observed at 30 K. A square wave signal with amplitude
application§ and microwave devicesThe availability of su-  of abou 8 V was applied to the gate by an HP8111A pulse/
perconducting three-terminal devices may be valuable fofunction generator, the channel current bias of 1 mA was
certain digital electronics application, provided that such deapplied with a Keithley 224 programmable current source,
vices can quickly switch on and off the superconductingand the channel response was monitored with a Tektronix
transport with signal gain and low power loss. 7623A oscilloscope connected as shown in Fig. 2. The de-

Even though most of the studies mentioned above implyice was cooled in a helium-flow cryostat, where the tem-
that the cause of the electric field effect in highsupercon- perature was controlled with a Lake Shore DRC 93CA con-
ductors is modulation of the density of mobile carriers, thetroller.
manner in which this change comes about has caused a greatThe applied gate voltage and zero current biased channel
deal of debaté=>®!The origin of field effect has been response signals are shown in Figa)3 As expected, the
attributed to both charge carrier tranéfét'*2and the reor- channel response signal appears to be a result of differentia-
ganization of Cu-O bonds by the movement of oxygen ionstion of the gate input signal. The vertical slopes of the gate
causing the carrier concentration in the planes to chingeinput square wave are transformed into positive and negative
These viewpoints differ in their predictions primarily in the spikes present in the channel response. The spikes exponen-
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FIG. 1. (a) The schematic cross section of a typical SUFET 1 — 3 1700 =
patterned from a deposited situ Au/STO/YBCO multilayer into a 0 500 1000 1500 2000 _g
four-probe configuration(b) the schematic planar view of the de- @)

vice. Time ( usec)

tially decay down to the flat regions of the response. Any (®)

two adjacent flat regions of the response signal correspond to

positive and negative values of the gate voltage. As we ©'C: 3. (@ The gate input signal and the zero-biased channel
know, field effect is manifested in changing values of theresponse(b) the gate input signal and the 1 mA dc current-biased

channel resistance dependent on the applied gate voItaﬁgalnnel response.

bias. The change in the channel resistance could be detectgthasurement error at relatively high temperatures and could
by measuring the voltage across a current biased channgle accounted for by measuring the separation between the
The channel current bias changing from zerojel mA o consecutive flat regions of the response signal at zero
causes the two adjacent flat regions of the response signal {®,annel current bias. The resistance modulationas mea-
separate verchIIy on the osp|||o_scope’s screen by thgeq by the method discussed above for a temperature range
amount of Av =i,AR as shown in Fig. ®). Also the chan-  ¢om 30'K up to 90 K. The device exhibited a usual tempera-
nel current bias shifts the entire signal plot up ®-i,Ro,  tyre dependence of the modulation that rose sharply as the
whereiy, is the bias currentAR is the difference in the chan- temperature was lowered downTo as shown in Fig. 4. At

nel resistances, arf, is the channel resistance at zero gate, given stabilized temperature the frequency of the input sig-
bias. By readingy, and Av off the oscilloscope we could

find the resistance modulatiop=Av/vy=AR/R,. The leak- "
age current contribution to the response signal exceeded the 1.04 o .
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= FIG. 4. The temperature dependences of the channel resistance
modulationAR/R and of the devicdRC time. The shape analysis
FIG. 2. The measurement setup for studying the YBCO channefnethod limits the speed of the field-effect detection to the device
response in the normal state under an ac gate bias. operating frequency lower than (BC) L.
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nal was varied from dc up to a detection limit frequency GATE
dependent on the temperature. /A Function Fourier
The method described above of evaluating based on DRAIN SOURCE ~ EEeTaOr o alyzer
our ability to recognize the flat regions of the response sigFunction N b
nal, which are shrinking due to the fixeRIC time as the  generator
input gate frequency increases. The spikes in the channdt C) R;
o

response resulting from differentiating the vertical slopes of

the input exponentially decay down to 99% of their maximal R, C

value within a time period of BC. Thus the detection limit

frequency is aboutl0RC) ! that varies with temperature

due to the changing channel resistance. The temperature de- =

pendence of the time constaRiC is shown in Fig. 4. We

found that the channel resistance modulation stayed constant F|G. 5. The frequency mixing measurement setup utilizing one

within the experimental error for each given temperature ofunction generator to modulate the channel through the gate at fre-

measurement over the frequency range limited at such temyuencyf, another function generator to current bias the channel at

perature as discussed above. Because of the measureméatjuencyf,, and a Fourier analyzer as the detector of SUFET's

method limitations of the shape analysis technique, we wereesponse.

able to achieve operating speeds of the device only up to 25

kHz at the transition temperature with a current biased charrenti,sin(2zf,t). As it was found earlier by Xet al.® who

nel. relied on the charge-transfer model of field effect, the rela-
Recently the results of a similar experiment were pub-<ive change in the channel resistance is proportional to the

lished by Shneider and Auétwhere a fast SUFET operation relative change in the number of the channel charge carriers:

that was supported with data obtained using the shape analy-

sis technique was reported. An estimate of the field effect ~ —AN/N=ARg(t)/R3=(Cq/edAn vsin(2mft)

time scale of less than 0,3sec was deduced from the tem-

poral width of the charging spike in the channel response

signal (similar to the ones shown in Fig.).3The authors whereA is the gate aread the channel thicknesngh the

derive this time scale from the charging spike while drivingchannel resistance at the gate voltage ofiggt andn the

the device with a square wave function gate voltage, whosghannel charge carriers volume density at the gate voltage

period is 100usec. The problem with this shape analysisoffset vy, ; y reflects the degree of modulation. Neglecting

method is that it is inherently limited to a rough evaluation ofthe presence oR, and C, to simplify derivation, we can

the positions of the oscilloscope plot points amid backgroundyrite the source-drain currenggt) as a sum of the channel

noise, cable echo, and other irregularities of the measuremepfas current and the gate charging current:

circuit. The method does not provide an accurate means of

determining the time scale of the field-effect response of the igdt) =ipsSin(2mfpt) + 271, Cyfscoq 27 f t).
device. To overcome the limitations of the shape analysi
method, we developed an approach of frequency mixing in
field-effect device. As will be demonstrated by the result and 0 0 .
as is widely known in the theory of measuren¥ents, studies in Ren(D=Rent ARcH{(t) =Rey{1+ yvgsin(2mft) + vgo},
the frequency domain are superior in sensitivity as comparedie expect the source-drain voltage to be

to the signal shape studies we carried out earlier.

m

L]

= yvg,sin(2wfgt),

jhen having a time-dependent channel resistance

The device featuka 5 nmthick, 1 mm long, and 0.5 mm vadt) =igReh
wide YBCO channel with a superconducting transition at o 0
T.=49 K (Ry,=0). The gate capacitd€,~3 nF (measured ={ipsin(27fyt) +2mvyCof geog 2 4t) Rep
with an electrometgrconsisted of a 400 nm thick STO layer X {1+ yvgsin(2mfgt) + vgol.

and had an area of 0.5 mMngiving a dielectric constant
g,=270. The measurement circuit is shown in Fig. 5. TheThe sum and difference frequencidg £ f,) can be present
resistance ofR,=3 kQ (at T=50 K) originates from the in the drain-source voltage only if the gate voltage modulates
leads connecting the contact pad with the device chdiseel the channel resistanadey is different from zerg, with the
Fig. 1(b)]. The capacitoC,=400 pF represents the parasitic voltage amplitude at the difference/sum frequencies
capacitance of the cable and wiring. yvgibRSr/ZzibARchlZ being proportional to the amount of
Our measurement method exploits the fact that two sigmodulation per gate bias voly, As it could be seen from the
nals of different frequencie$, and f,, passing through a above equations, a dc offset, applied to the gate would
nonlinear circuit element will mix, with the result that sig- not effect the response signal amplitude at the difference/
nals of frequencies equal to the differentie-f, and the sum frequencies.
sumfy+f, of the primary frequencies as well as numerous The frequency mixing measurement required two function
other differences and sums of the secondary low-magnitudgenerators and a Fourier analyzer as the signal detector. A
signals(harmonic$ are produced. In our case such a nonlin-sinusoidal gate voltage of frequenéy was swept between
ear element is the YBCO channel in the normal state whosthe values of 0 and 12 V with one of the generators. These
resistance is modulated by the voltage applied to the gatealues were chosen to keep the gate leakage current below 1
vgsin(2mfyt) +v40 and measured by the channel bias cur-nA. Also operating in the positive gate voltage range allows
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FIG. 7. The frequency response of a SUFET wRlE=9 usec

FIG. 6. The temperature dependencies of the channel resistanééiven at gate frequency up to 1 MHz. The dotted line marks the

RY, (solid squaresand the resistance modulatidR/R%, (open  Position of frequency RC=100 kHz, and the dashed line indicates
circles. the roll-off slope of 20 dB/decade.

us to move away from the STO nonlinear region lying just(f,—f,)=21 kHz in the output frequency spectrum to the
below 0 V14 The other generator was used to apply a currenchange in the channel resistanti, as was derived above,
bias of frequency, and amplitude 16@.A to the channel of having the gate input frequené¢y=91 kHz and channel cur-
the device, withR;=100 K} connected in series to make the rent bias frequencf/b 70 kHz. The dependence of the chan-
generator a rellable current source. The Fourier analyzer diswel resistancdR®, and its modulatiomR/RY, on tempera-
played the frequency spectrum of the drain-source voltage oture in the region close td, are shown in Fig. 6. Becaugt,
a scale up to a maximum of 100 kHz after averaging thewvas temperature dependent, the modulation was calculated
spectrum 20 times. The device was mounted on the coldsing RS, values of a separately measurBdvs T curve
finger of a continuous helium flow cryostat with temperatureinstead of the peak value & as is suggested by the deriva-
control. tion. As has been previously fouldAR./RY, rises as the

As the temperature was decreased beldw=49 K  temperature is reduced fb;. For f; much lower than 91
(Rep=0), the peak in the spectrum situated at the differencékHz the degree of modulation stayed practically constant be-
frequency €,—f,) dropped in magnitude sharply down to ing equal to about unity af =50 K from a dc measurement
the noise level. This is indicative of the absence of field(f;=0, v4=12 V). It could be seen from Fig. 6 that fre-
induced resistance modulation in the superconducting chamfuency mixing is a very sensitive technique capable of de-
nel as expected. We have found that the magnitude of theecting resistivity modulations at least as small as®1@ve
difference peak is a dependable measure of the channglvestigated the frequency response of the devide=e80 K
modulation, since the modulation is the major mechanism oét higher driving frequencief, up to 1 MHz by keeping the
getting an output involving mixed input frequencies as wedifference frequencyfy—f, in the allowable observation
derived earlier, assuming that other nonlinear effects in theange below 100 kHz. The amount of modulation did not
circuit are too small for detection. Although the channelchange appreciably up to a point =100 kHz and then
characteristics exhibit a slight nonlinearity just above thestarted to roll off as shown in Fig. 7. The position of this
transition temperature, we have observed that the two curremtirning point can be explained by calculating tR€ con-
signals of different frequencies introduced into the channestant of the device configuration wh|ch ReCy=3 k(X3
without involving the gate do not produce the mixing peaksnF=9 usec which is close t6100 kH2 . Also the slope of
distinguishable from the noise level. Hence we conclude thathe decrease in modulation is around 20 dB/decade as indi-
if there are any mixing peaks due to the nonlinearity of thecated in Fig. 7, the kind of behavior we would expect from
channel, they must be at least two orders of magnitud@n electronic device driven at speeds exceeding &CL/
smaller than the same peaks produced by the mixing througlimit.
the gate. Furthermore, the evidence of the minimal effect of The results shown in Fig. 7 suggest that the amount of the
the nonlinearity of the channel is given by the absence of théield induced modulation in a SUFET is constant for gate
signal at f,—fp) in the measurement of the channel in the frequencies below the RIC value of the device at a given
superconducting state, where the nonlinearity is expected teemperature. This means that for the studied frequency
be even stronger than that above the transition as shown ii@ange, the device operational speed is limited only by the
Fig. 6. Another possible source of nonlinearity is chargeparameters affecting tHeC product rather than any intrinsic
trapping. The charge trapping of a considerable magnitudéme constants associated with transport and charge modula-
has not been observed in the SUFET device reported. If it hation in YBCO. Employing conventional lithographic pattern-
been present in our devices, we would have observed hysteirng techniques one should easily be able to fabricate micron-
esis in the plot of the channel resistance as a function of theize SUFET’s withRC constants reduced to less than a
gate bias voltage. This was not the case in our experimentsanosecond. We cannot, of course, rule out the possibility
within the instrument error. that in the correspondin@nicrowave frequency range vari-

We related the height of the difference peak atous hitherto unrevealed transport mechanisms may surface
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and limit the operational speed of the device. This is arated RC time constants which were of the order of
exciting direction for another detailed study that could pro-microseconds. The results of our present studies unambigu-
vide valuable information on high-frequency transport phe-ously demonstrate that superconducting devices do respond
nomena in YBCO. While the present experimental methothn a microsecond time scale set by fR€ time constant.
only allows for measurements in the resistive state of therhis shows that in the field effect in high: superconduct-
YBCO channel, we have no reason to believe that the undegys, charge transfer not only occurs but also constitutes the
lying dynamics that determine the device response time argominant mechanism, since the effect can be observed on
different in the superconducting state. This work demon-gjectronic time scale rather than the oxygen ion hopping time
strates the fastest device performance reported in a SUFET $8ae predicted by the oxygen reordering model to be of the
far and raises hopes for achieving even higher speeds.  oger of minutes. We, however, insist that it would be inap-
Now we discuss the significance of our results in the conygpriate to seek the origin of all field induced phenomena in
text of the debate regarding the mechanism of electric fiel¢ne or the other mechanism. As some evidence shows, the
effects in highT superconductors. As we mentioned earlier, sjower effects can be attributed to oxygen reordering while
there are two competing viewpoints on the matter: one algne faster ones to charge transfer. Nevertheless, the amount
tributes the effects to charge transfer while the other to reoras modulation is found to be the same for an ac gate bias of
ganization of oxygen bonding in the Cu-O chains and con- g kHz as that for a dc gate biél, =0, v,=12 V) applied
sequent changes in the density of mobile carriers in the Cu-@y a5 ong as 15 min. Thus we believe that the “slow”

plane system. In our view both aspects are present in thgsmponent of the field effect associated with oxygen migra-
effect, the key question being their relative contributions ang;q, plays an insignificant role if any in the phenomena de-

their response times. tected by the measurements that are done on a time scale of
Tge oxygen ordering model suggested by Chandrasekhagconds to minutes. Still the oxygen migration mechanism
etal” appears to successfully explain the data on photoingqq pe contributory to “ultraslow” phenomena like the
duced charges in the normal state and superconducting progne observed by a 40-h long measurement in Ref. 17. It
erties of YBCO,® as well as charging effects in partially \ouid be interesting to understand whether the slower ef-
oxygen-depleted superconducting YBCO and the CorTetecis can also be related to charge induced changes in the
sponding behavior under aging anlg hydrogen dofl)?ng. local electronic states and resulting changes in oxygen order-
However, as emphasized by Kud al."" and Freyet al, ina.
the applicability of the oxygen reordering model to Biand TI 7, conclusion, by using a frequency mixing method ap-
based systems, which do not have loosely bound oxygen, bidfieq to a SUFET structure, we have shown that the opera-
which have displayed field effects, is not clear. The oxygeniona| device speeds which can be realized in electric field
reordering model also demonstrates that the origin of thefiects in highT, superconductors are limited only by the
asymmetry of the response shown in the Monte CarlqjeyiceRC time constant, and there is no manifested intrinsic
simulatior? evidently lies in the choice of the difference in jimjtation originated in the material system itself within the
the density of "up” and “down” dipoles. However, there nyestigated frequency rangep to 1 MH2. Our observation
appears to be no obvious physical reason for their asymmetiyoes not, however, exclude the possible effects of relatively
in a free standing superconducting crystal. In a thin filmgjoy phenomena involving structural changes such as oxy-
deposited on a substrate one could invoke the notion of 8en ordering, but recognizes their minor role in faster pro-

strain field and related polarization anisotropies, but th&esses occurring on the time scale shorter than minutes.
model does not comment on how this will be accomplished

in real systems in a quantitative way. In support of the va- The authors appreciate useful discussions with A. T. Find-
lidity of their argument and against the charge-transfeiikoglu, S. M. Anlage, and P. A. Warburton. We are also
model, Chandrasekhat al® have pointed out that the ex- grateful to M. Rajeswari for assistance in measurements. We
perimentally observed response in the experiments of Manwould like to acknowledge support from NSF Grant No.
nhartet al® and Xi et al}? was much slower than the calcu- DMR 9404579.
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