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Transport in insulating YBa ,Cu30,_ 5
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We have measured the transport properties in field effect transistors that incorporate underdoped
YBa,Cu;0O;_ 5 as the conducting channel material. Once fabricated, devices are deoxygenated in argon gas at
temperatures 250—350 °C. The devices are then vapor cooled above a bath of liquid helium and two-wire
resistivity measurements are made between room temperature and 4.2 K. For zero applied gateVgltage (
and in sufficiently underdoped devices we observe two-dimensi@BalMott variable range hopping/RH).

As we remove more oxygen, we observe a transition to Efros-Shklovskii VRH.VEer0 we generally
observe 2D Mott VRH.

There have been several recent papers reporting efforts tohere the parame’[e‘l’(E)S is again determined by measure-
make non-silicon-based field effect transist@f&T's) using  ments. We note that E@2) does not depend on the dimen-
a cuprate material for the conducting channel. These effortsjonality d.
usually take one of two standard approaches. One approach In underdoped cuprates VRH has been observed by many
is to make superconducting FET’s that are operated belowroups. Unfortunately, the observed temperature depen-
the superconducting transition temperature of the cupfate. dences are not usually well defined. VRH has
An alternative approach is to use an underdoped or “insulatbeen most cleanly identified in bar shaped poly- crystalline
ing” cuprate and operate the device at room temperdte.  La,_,Sr,CuQ,, in single crystals of
These technologies are interesting since they are not ex;  PrBaCu0, 5, and in single crystals of
pected to have the same scaling limitations inherent in SLaz,ySryCul,xLixOL;,g.lGIn this paper we present our mea-
FET technology’’ surements op vs T for several insulating FET devices. For

Typical insulating FET devices are fabricated startingthe conducting channel we use Yf&ay0,_ 5 (YBCO) or
with fully oxygenated highF. cuprate material. The devices Y, .Pr, Ba,Cu;0,_ 5 (YPBCO) material. Our goal is to iden-
are then made insulating by removing some amount of oxytify the relevant transport mechanism occurring in these de-
gen. Often, itis the case that the term “insulating” is loosely vices as we change the number of carriers either chemically
used and it is not in fact known precisely what type of insu-py removing oxygen or electronically by changikg. For
lating transport is occurring in the cuprate channel. Furthervg:o and in sufficiently deoxygenated devices we observe
more, the nature of the transport may change as we changgo-dimensional2D) Mott VRH. As we remove more oxy-
the number of carriers using an applied gate voltagg) (  gen we observe ES VRH. Faf,<0 we again observe 2D
There are several characteristic temperature dependences f@btt VRH.
insulating transport. The simplist type of insulator is an in- A schematic drawing of one of our FET devices is shown
trinsic semiconductor at low temperatures. In this case theéh Fig. 1. The substrate is single-crystal electrically conduct-
resistivity is simply activated, i.ep~expEy/kgT), where  ing Nb-doped SrTiQand is used as the gaté). A 400 nm
Eq is the gap energy anki is Boltzmann's constant. How-  |ayer of undoped STO is then deposited on togSofThis is
ever, in insulating cuprates the most commonly observegollowed by a 50 nm layer ot-axis oriented YBCO(or
type of transport is Mott variable range hoppitfgvariable  YPBCO) grown epitaxially on top of the STO layer. The
range hopping(VRH) is observed at low temperatures in device is completed by adding platinum soufSeand drain
systems where there are a finite number of localized states gb) electrodes. Finally, we isolate the individual devices on a

the Fermi energy. The resistivity is then given by given chip by cutting trenches with a patterned laser beam. A
single FET device typically has a channel lengts 3 um
p(T)=poexd (To/T)Md+1)], (1)  and widthw=90um. The large source and drain electrodes

whered is the relevant dimensionality of the systef, is a
parameter that depends on the localization length and the
density of states at the Fermi energy, aRds a temperature
independent constant at very low temperatures. The param-
eterT, is determined by fitting Eq.1) to measurements @f

vs T. If the carrier density is sufficiently low, screening be-
comes less effective and electron-electron interactions are
then important. This results in a soft or Coulomb gap at the
Fermi level and Efros-ShklovskiES) VRH are observed®

The temperature dependence in this case is

ES) 1/ FIG. 1. Schematic drawing of FET with YBCO material for the
p(T)=poexd (ToIT)Y], 2 conducting channel.
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TABLE I. Final annealing parameters and starting resistivities at 290 K for eight deligesd T5" are
obtained by fitting Eqgs(1) or (2) to measurements ¢f vs T with V=0.

Device Material Final anneal in Ar  p(290 K) (2 cm) To or T3 (K)

1 (343) YPBCO 1.08<10° 4.6x 10" ES

2 (42%) YPBCO 1/4h @ 250°C 1.66 5100 ES

3 (4258) YPBCO same 2.2

4 (471m) YBCO 1h @ 310°C 16.1 640 ES

5 (471) YBCO 1h @ 320°C 6.610° 3.8x10° ES

6 (471) YBCO 1h @ 290 °C 0.30 430 Mott 2D
7 (45) YBCO 1h @ 310°C 760

8 (450) YBCO same 67

help minimize any possible contact resistance problems. Adust the number of layers conducting in parallel. Despite

ditional fabrication details may be found elsewhéfe. these considerations, in this pagewill be given in ) cm
Each chip starts out with fully oxygenated YBCO. Oxy- units in order to be consistent with published numbers. None

gen is then removed from the chip through controlled annealof the conclusions drawn in this paper are affected by this

ing in Ar at a temperature of 250—350 °C for 1-2 h. Thechoice.

precise amount of oxygen removéd is not known, but, if We shall now consider our measurements for the case

necessary, we could estimatdrom the measured resistivity V,=0. In Fig. 2a) we plot the log of the resistivity of three
at room temperatur€.**We note that YBCO begins to Show javices vsT-13 This is the expected temperature depen-

“insulating” behavior for § greater than about 0.5. Remov- dence for conventional 2D Mott VRKEQ. (1) with d=2]
Irr;?jSggg?r?eefrzicn:?);?eogocg?rt:g(tn?oﬁ]e%hZ?]gilzl)n'ttwr?trvgéyi:s The straight lines are guides for the eye. Each device has a
't u different amount of oxygen removed as indicated in Table I.

disorder. A list of the final annealing parameters for eaChOveraII, we see that for fixed temperatiFehe resistivityp

device studied is given in column 3 in Table I. In column 1. Al ted. th
the label in parentheses gives the three-digit chip number anl{jCreases as we remove more oxygen. AlSo, as expected, the

the individual device letter. The fourth column gives the EMPerature dependence is stronger in devices that are more

starting resistivity of each device at 290 K. The last Coluaneoxygenated. Let us then discuss each device shown start-

. : o ing with device 6.
gives values foiT or TES obtained by fitting Eqs(1) or (2) . 13
to measurements @fvs T. Entries that are left blank usually dewe see that device 6 seems to obeyThé" temperature

implv that th . ) pendence guit(—; wetl. If we fit Eq. (1) with d=2 to the
Ir:]lgth a;rtnge are not enough loWdata to reliably deter data shown in Fig. @ we getT,=430K. The data for
0 (VI

The devices are vapor cooled above a bath of liquid hegevice 6 span almost two decadesTinand therefore give
. por c . qul fairly convincing evidence that the relevant transport picture
lium and the temperatur@ is measured using a Si-diode

. . is indeed 2D Mott VRH. In this case we can calculate the
thermometer. Two-wire dc resistance measurements are o Scalization length £  usin the formula KaT
tained using a battery powered power supply and a low nois€ 9 9 B O

: . = BIN(Eg) €2d, where=3 (Ref. 12 andN(Eg) is the 3D
glrj];ir:w.preamp. The sample resistaRoe calculated differ density of states at the Fermi energy. Ordinarily, sinceShe

andD pads sit on top of the YBCO and since the resistivity
_ _ _ _ in YBCO is very anisotropic, we might assume that the main
R=AVsp/Also=[Vsp~Vso(0) 1 sp~1s0(0)]; conduction path is along a single layer next to $iand D
where Vg is the applied source-drain voltagksp is the  pads and therefore the relevahtvould be 12 A. However,
source-drain curreny/sp(0) is the voltage across the device since the YBCO layer is fairly thin we would expect many
for zero applied voltage, antkp(0) is the corresponding defects, in particular grain boundaries. Thus, given that the
“zero bias” current. The applied voltage is always chosenpads are relatively large, we feel that carriers will be able to
such that we are in an Ohmic regime and in practice wdunnel to all layers and therefore the relevdris the thick-
usually operate at voltages less than 10 mV. The highestess of the YBCO film. We do not of course kndwE)
resistance that we can reliably measure with our setup iprecisely. This will depend on how much oxygen has been
about 200 ®). The resistivityp is calculated using the 3D removed and other sample specific details. We estimate
formula p= (dw/l)R whered is the thickness of the YBCO N(Eg) using the following argument. We assume that for
film. For most of our deviced=50nm. This gives qw/l) V¢=0, Eg in our underdoped samples lies somewhere be-
=900 nm. In the literature most measurements of the resigween lower and upper Hubbard-like baffdSalculation§!
tivity of YBCO assume 3D transport. Clearly this is appro- show thatN(E)=1 state/eV cell near the edge of the lower
priate in polycrystalline material; however, this is not neces-band in YBCO. It is reasonable thai(Eg) will be some-
sarily appropriate for our epitaxially grown thin films. Since what lower and therefore we choodHEg)= 0.3 states/eV
the resistivity in thec-axis direction is much larger than in cell. If T,=430K and d=50 nm, we then calculat&
the ab planel® it may be more suitable to calculate the 2D =10A.
resistivity or Rg. In this case p(2D)=R;=(500/ Device 4 exhibits a strongef dependence and overall
11.68) (/1) X R=771x R, where the facto500/11.86 is  clearly does not obey @ ' temperature dependence. In
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T 1/3 (K 1/3)
vs T~Y2. Figure 2b) shows thafl ~? is too fast for device
T (K) 6 but now gives a very good fit to the data for device 4. The
fit for device 4 is exceptionally good. Her&, changes by
100 30 10 4 almost two orders of magnitude whifechanges by almost
T I T T five orders of magnitude. If we fit Eq2) to the data for
" 65 7 device 4 we gef5°=640K. We recall that & ~*2 depen-
106 | YBCO Vg =( . dence is expected for both simple 1D Mott VRH and ES

VRH. For ES VRH® kgT5%=e?/ k¢, where in YBCO the
dielectric constant=251 If T§>=640K, we calculatet

’E\ 104 - (b) 4 - =10A. This number is obtained without any knowledge or
S assumptions regardiny(Eg). For 1D Mott VRH kT,
e i T =1/N(Eg) édw. If we assumeéN(Eg) = 0.3 states/eV cell and
= 10 | - if To=640K, we findé=3x10"°A, which is not reason-

6 able. In conclusion, it must be the case that the overlap of the

i T guantum-mechanical wave functions of the localized states
0L _ near Eg is too small to permit adequate screeningesé
10
interactions and therefore tie Y2 dependence predicted by

| | | | 1 Efros-Shklovskii is exhibited. The transition shown in Fig. 2
from 2D Mott VRH to ES VRH, which results as we remove
0.02 0.12 0.22 0.32 0.42 0.52 oxygen, has not been cleanly observed before. A similar
T_1/2 (K_1/2 transition has been observ_ed in doped, L&r,CuO,
) samples as the amount of Sr is vartédn contrast to these

FIG. 2. (&) Resistivity vs T~ for three devi de with earlier studies, the transition that we observe is seen in a
. 2. (8) Resistvity vs or three devices made wi single(made onIy onc)achip.

YBCO. All devices are on the same chip and each device has a In Fig. 3 we plotl sp Vs Ve data for five of our devices at

i iativi -1/2
e aye,” Yalious fxed temperaturcs. Hedo s the applied bias and
I sp is the measured current. Each data point has been res-

fact, careful inspection of the line drawn through the [dw caled by dividing the applied bias by the temperatiirat
data shows that the data are still curving upwards and theravhich Vgp and | sp are measured. The straight dashed lines
fore even at low temperatures tie *® dependence is not are guides to the eye and indicate the expected linear depen-
appropriate. We shall consider another possiblelepen- dence ofl sp on Vgp in the Ohmic regime. We see that we
dence for this data in a moment. Finally, let us consideremain in the Ohmic regime as long ¥gp/T is less than
device 5. TheT dependence is extremely strong and we veryabout 1 mV/K. We would like to emphasize that all measure-
quickly go beyond the resistance range that we can measurmgents shown in Fig. 2 were taken under “Ohmic” condi-
Given the limited range ifR, we can easily draw a straight tions. Contact resistance issues are always a concern when
line through this data. However, tiedependence is not in doing two-wire measurements and therefore insuring that we
fact uniquely determined and therefore nor is the relevanare always in an Ohmic regime is essential. We note that if
transport mechanism. we use sufficiently large applied voltages we move beyond

In Fig. 2(b) we replot the same data shown in Figa2but  the Ohmic regime and we then observe heating effects which
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FIG. 4. Resistivity vsT~*2 for two devices made with YPBCO. FIG. 5. Resistivity vsT~ %3 for device 8 for several applied gate
voltages.

result in the flattening of oup(T) curves at low tempera-

tures. This of course is to be avoided. Fermi screening length and is estimated to be about £ nm.

So far we have discussed only YBCO devices. We alscsl_-he holes a_ldded_ are not very mo_bile .bUt they provide addi-
have early YPBCO data that are shown in Fig. 4. We noté!onal hoppmg sites for_ carriers in this Iaye_r. These addi-
that devices 1 and 2 are not on the same ¢hge Table)l tional S|tes_ must Q”OW _S|gn|_f|cant wave funct|(_)n overlap and
Device 2 apparently already has had sufficient oxygen retherefore interactions in this layer are effectively screened.
moved that Efros-Shklovskii transport is observed. After alhus the main transport mechanism in this layer is 2D Mott
temporary high-temperature correction, convincing’2be- ~ VRH. Finally, since this layer is much more conducting than
havior is observed for more than five decadeg.iff we fit ~ the other layers this layer dominates the oveflaltlepen-
Eq. (2) to the data for device 2 we obtaifi;-=5100K.  dence of the device.

Device 1 also shows a weak high-temperature correction We have considered one other possible interpretation for
and, given the limited amount of loW data, the temperature the apparent ~** behavior observed fovy<O0. It is pos-
dependence is not well defined. High-temperature correcsible thate-e interactions in the layer next to the STO are
tions are often observed in insulating sampleand fre-  still important and the relevant transport in this layer is still
quently are device specific. In this paper we generally weighES VRH. In this case the temperature dependence of this
more heavily measurements at lower temperatures whelayer isT~ Y2 This “surface” layer then conducts in parallel
these effects are less important. In summary, the main poinith the remaining more resistive “bulk” layer. The tem-
shown in Fig. 4 is that ES behavior is commonly observed imerature dependence of the bulk layer is given by e
our devices. _ =0 data shown in Fig. 5. If we combine the conductance of

All datg presented so far were taken V\MQ_=O. We shall  {hese two layers we can try to fit thé,<0 data shown in
now consider what happens wh¥g+ 0. In Fig. 5 we show g 5 \when we do this the fit to the data is not as good as
data for device 8 for three different gate voltages. They,qo simpler T~ fit shown in Fig. 5, and therefore it is

straight lines are guides for the eye. Roy=0 we observe pjikely that ES VRH is occurring in the surface layer next
significant high-temperature effects which complicate ourg the STO.

ability to uniquely determine the relevant temperature depen- |, summary, we have investigated the transport properties
dence. However, since the starting resistivity is fairly high, ot several FET devices where the conducting channel mate-
we would expect ES VRH at the lowest temperatures. Thejg| js deoxygenated YBCO. We find that in sufficiently
most interesting feature shown in Fig. 5 is that fagy deoxygenated devices and fa;=0 we observe 2D Mott

~13
=-11 and—18V the o,lata clearly follow & " tempera-  \/rH~ As we remove more oxygen, we observe a transition
ture dependence. THEy's are 1.86<10°K and 9.1X16°K g transport that is dominated leyeinteractions. In this case

for Vg=—11and—18 V. ForV,>0 the resistivity increases gg vRH is observed. In very insulating devices we observe
a small amount with respect to thg=0 data(not shown. a return to 2D Mott VRH for/,<0.

We interpret the observel ¥® temperature dependence for

V¢<0 in the following way. As we maké&/, negative we We thank J. A. Misewich and D. M. Newns for stimulat-
add holes to the cuprate material next to the YBCO/STQng discussions and G. Trafas for valuable technical assis-
interface. The thickness of this layer is given by the Thomastance.
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