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Charge transport in the normal state of electron- or hole-doped YBaCu3;0,_,
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By using a field-effect transistor configuration, we have demonstrated that it is possible to dope electrons or
holes into an initially underdoped YB@u;O,_, film at room temperature. The results of systematic measure-
ments of the dual-type transconductance indicate comparable field-effect mobilities for electrons and holes. We
propose a model based on band bending and localized electronic states within the band gap of the Mott
insulator to explain the dual-type charge transport.

I. INTRODUCTION II. SAMPLE FABRICATION

One of the most outstanding characteristics of highly The inset of Fig. (& shows schematically a typical
charge-correlated systems such as the cuprates is the stroglgctric-field-effect thin-film transisto(TFT) with a thin
doping dependence of their electronic propertigs.small  layer of chemically undoped YB&u;0;_, (YBCO) as the
amount of doping leads to a large suppression of the longchannel. We use a single crystal of electrically conducting
range antiferromagnetitAF) ordered state and an ensuing Nb-doped SrTi@ (Nb-STO as the substraté.5 wt% Nb.
Mott insulator to metal transitiohThe study of the doping A thin layer of undoped STGQ400 nm thick is deposited
effect on various physical and chemical properties in cu£pitaxially on top of the substrate. Itis followed by an opti-
prates is mostly achieved by varying the oxygen content, th@lly doped c-axis oriented YBCO(S0 nm thick_layer
cation substitution, or both. However, chemical doping is9"OWn epitaxiallyin situ on top of the STO layer. For both.
often limited by the solubility of a specific dopant in a given thin films we use pulsed laser deposition from stoichiometric

- - o rgets in an oxygen atmosphere of 300 mTorr and a sub-
cuprate system. The experimentally established variations 6? N .
the critical temperatur@&. and the Nel temperaturdy with strate temperature of 740°C. The TFT is completed by

doping concentratiom in cuprate systems such as the hole_electron—beam evaporation of the sou&@ and drain(D)

electrodeqPt, 150 nm thick through a Si stencil mask in a
doped LaSrCuO and the electron-doped NdCeCuO Sy%.temgeparate run. Finally, we isolate the individual devices on the
suggest an electron-hole asymmetry. Such a conclusion is

based on the characteristics of fhen phase diagram in two

different cuprate systems. In addition to the type of charge (@) 25—
carriers(electrons or holgs structural or chemical subtleties 200 .
could be responsible for the observed electron-hole asymme- . .
try. Furthermore, the theoretical treatment of this topic is still 5:; 5y " .
controversiaf-® To help resolve these issues, it is important 2 0 s
to study the effect of electron and hole doping in the same o
cuprate system. U AV

In this work, we utilize a standard field-effect transistor 0.0— - __ull s
(FET) configuration to introduce either holes or electrons by -0 -0 V O(V) 10 0
reversing the polarity of the applied electric fi@ddThe FET &
technique is widely used in semiconductor devités.the (b) 0.08 —
case of hight. superconductors, FET or related techniques .
have been employed to study the influence ofEhiéeld on =
the superconducting properties suchlasr the critical cur- = 0.02r . .
rent densityJ..”® In the undoped cuprates, a significant £ '.
field-induced conductance enhancement at room temperature W Bl L
has recently been shown using;YPrBaCuO;_ =7 = -
(YPBCO) as the channel materi&i'* However, we note that T
in all previous FET studies only hole doping was demon- 0.00 Zo - " . - 55

strated.

In this work, we will show that it is feasible to inject
electrons or holes into an underdoped cuprate such as g, 1. (a) Dual-type transconductance curve of a YBCO thin
YBCO, using an all oxide FET Conflguratlon. To Study the film. For VG<O (VG>O) p_type (n_type) Charge transport is estab-
electron-hole symmetry issue, we investigate the transconished. The inset ofa) shows a schematical drawing of the FET
ductance arising from the dual-tygelectron or holgelec-  with source(S), drain(D), and gategG) electrodes(b) Field-effect
tronic switching in the same underdoped Mott insulating cu-mobility as a function of the gate voltagk; numerically calculated
prate. from the data shown ia).

0163-1829/2000/68)/59845)/$15.00 PRB 62 5984 ©2000 The American Physical Society



PRB 62 CHARGE TRANSPORT IN THE NORMAL STATE OF . .. 5985

chip by cutting trenches into the YBCO layer with a pat- (a) ' '

terned laser beam. A single FET device typically has channel 10% 3

length =5 um and widthw=90um. The measured STO w0'b ‘.

film capacitanceC,=5 fF/um? per unit area, and using the 3 °.

known STO film thickness we obtain an estimate of the di- 50 102f . .

electric constant, ~ 230 for the STO film at room tempera- - . .°°

ture. 107 s Ve oV
The deposition of a fully oxygenated layer of YBCO as “ . ° .

the starting point is important in order to obtain an FET BT 0 10 20

device with reproducible electronic characteristics. Oxygen Ve (V)

in the channel is then removed through controlled annealing

of the sample in Ar at a temperature of 250—350 °C for 1-2 (b)

h. It is well known that thermal annealing in an inert atmo-
sphere removes the oxygen atoms from the Cu-O chains in
YBCO, thus leaving the Cu-O planes intact and ensuring a
channel of high crystal quality. This is crucial to achieve a
high-field-effect mobility of the induced carriers. The de-
tailed device characteristics, such as channel resistivity, car-
rier mobility, or transconductance, can be reproducibly and
precisely controlled by such annealing procedures. The prop-
erties of the dielectric layer of STO does not deteriorate as a
result of annealing.

I (1A)

Ill. EXPERIMENTAL RESULTS

With the device shown in the inset of Fig(al, a gate
voltageV;< 0 introduces holes into the bottom layer of the
YBCO (p-type conductange thus increasing its conductiv-
ity. The transconductance

al
g=—r (1)

aVG VD =const

FIG. 2. (8) Semilogarithmic plot of the transconductance curve
showing an on/off ratio of more than 40h then channel. The drain

. . voltageVp was set to—1 V. FET behavior forb) different nega-
and drain electrodes, keeping the voltagsebetween source tive (0——8 V) and(c) positive gate voltage&!—20 V) for the same

and drain constan_tD is measured at room temperature ver- ;o . o o in(a). The solid lines are a guide to the eye.
susVg and Vp using a standard semiconductor parameter
analyzer. As shown in Fig.(&), not only do we observe a conductors. WithVg>0 andVp<0 [see Fig. 20)], I in-
pronounced transconductance fdg<0 but also forVe  reages monotonically with increasing, because there is
=>0. For positive gate voltage, cleaitype channel behavior 1, ninch-off effect 2 resulting from the fact that source and
is observed in YBCO implying a finite electron mobility Frain voltages have opposite polarities.

[Fig'. 1b)]. This h"?‘S never been observed using chemica The overall field-effect behavior of our YBCO TFT
doping. Starting with the proper oxygen concentratitie g5 mpjes can be fully explained using the orthodox model for

regime of the gndoped AF insulating stateve observe a FET's®12The field-effect mobilityw."E of the carriers can be
nearly symmetrical transconductance curvépfersusv .

The results shown in Fig. 1 are typical of a fully reduced

is a measure of the gate voltag¥'{) dependence of the
currentl flowing between the sourc@lways grounded

calculated in the linear region

YBCO channel. With increasing oxidation in the cuprate 600 , , , :
channel, we observe a monotonically increasing field- —E—-25V |
inducedp-type and decreasing-type mobility for a given o00r e o ]
magnitude ofV. 00 o oy -

Figure Za) shows similar dual-type transconductance of a ‘é 300 —¢—-5V _/- 7
second device. The on/off ratio, indicating the ratio of the o _200_*"*0" T o 1
drain current 5 with and without applied gate field, amounts o . aaa—t
to more than 16for the n-type transconductance. Thg vs -1oop /:iA/‘/A/A vt
Vp curves measured for differentg show regular field- e S S =
effect characteristis?for Vg<0 andVp <0 [see Figs. &) ° -4VD (V)'G ® e

and 3: a linear region withl y<Vp for |Vp|<|Vg| and a
saturation regiotp (Vp) ~const for|Vp|>|Vg|. This is also FIG. 3. FET characteristics of a device with higher oxygen con-
observed in other materials like monocrystalline, amorphougent than that of the previous examples. The curves are for different
(a-Si), or polycrystalline Si(poly-Si), or in organic semi- Vg. The solid lines are a guide to the eye.
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It is interesting to compare the field-effect mobility with the F F

carrier mobility u in optimally doped YBCO. We expect that
wFE< u for all gate voltages. Starting with a nearly undoped

YBCO (see Fig. 1 we obtain ap-type field-effect mobility rd
wiE(Vg=—20V)~0.03cnf/Vs, and ann-type mobility (b) Vz>0 )
MEE(VGZZOV)~0.02 cni/Vs [Fig. 1(b)]. We always ob- -——-- AR n-channel
serve u,—>uh" for the same magnitude of the gate field. 7777&777- —

With increasing oxygen content in the YBCO chanteahd
hence intrinsic hole Concentratﬁ)r;uzE increases, whereas
,uEE decreases to 0. Figure 3 shows an example of a high (© Vz<0
p-type mobility w55 (Ve=—25V)=0.88cnf/V's, which is
comparable to values observedarSi or poly-Si. For opti- 7777f777
mally doped YBCO, the Hall mobility in tha-b plane uy --d--
has been estimated at room temperature to be about 4
cm?/V s, which is comparable to our rough estimaie
=(nep) "*=7 cnt/Vs, wheren~3x 107'cm?, eis the el- FIG. 4. Schematics of the cuprate FET band structuréziono,
ementary charge, ang~300u{) cm in thea-b plane at (b) positive, and(c) negative applied gate voltage. For each panel,
room temperature. Our results in terms of mobility and field-there is shown from left to right: the metallic gateith Fermi
induced carrier concentration show that the extended statesergy E), the dielectric gate insulator, and the cuprate active
with metallic conduction have not been reached yet. channel(with conductance-band eddg&-, Fermi energyEg, and
Previous studies using YPBCO have shown comparablgalence-band edgg,). The density of state(E) within the band
p-type but non-type transconductancée!! indicating that — gap is schematically shown in the top right corner.
there is no significanb-type mobility in this compound. In
order to study this issue in more detail, we have fabricatedssume a two band model with a band gap of 1-2EVis
two FET’s, one with a YPBCO channey£0.5) and the at midgap in the undoped situatigMott insulatoy. An in-
other with a YBCO channel. After thin-film deposition, both creasing oxygen content will shif,, towards the lower
samples have been annealed in the same way. Only tHeand, thus increasing the density of carriers in the lower
YBCO sample has shown finite-type mobility. We note band(hole doping. It is important to recognize that there is
that another experimeft,using a YBCO channel, has in- a finite density of state(E) in the doped cuprates occupy-
deed shown finite transconductance for both gate-field pong the band gap as deduced from photoemission spectros-
larities at room temperature which has been ascribed to gaoPy or optical conductivity experiments, or the tempera-
leakage. We have measured the gate leakage currents in dufe dependence of our FET sampleghese states can be
devices Simu'taneous'y WiﬂhD, and for the data shown identified Wlth, for examp|e, localized states in self-
here, they have been at least one order of magnitude smallefganized nanograins in these doped antiferromagnetic
than the drain currents fafg>0, thus excluding gate leak- insulators:®*® Recent experimental studies of the phonon
age as an artifact. Charge transport in several FET devicdiewidths in underdoped YB&u;O;_4 have confirmed the
with underdoped YBCO channels has been studied betweegxistence of dynamic charge segregafibn.
room temperature and 4.2 K by Millikeet al*® It is found One might guess that crystal granularity or a rough STO/
that the temperature dependence of the channel conductan¥8CO interface is responsible for the localized states. How-
can be understood in terms of two-dimensional variableeVer, our samples consist of epitaxially grown films and,
range hoppingVRH) for the case of zero applied;. The ~ More importantly, the observed transconductance behavior is
effect of enhancing the carrier concentration by applyingtuneable with chemical oxygen doping. This suggests an in-
gate voltage does not change the essential nature of the oBlNsic mechanism such as charge granularity in the form of
served VRH conductance other than that the magnitude d¥elf-organized charge rich and charge poor domains, without
the conductance increases and its temperature dependerfi@mninating crystal granularity. Similar dual-type transcon-

decreases. All the results suggest charge transport in locdilictance can be expected in nickelates and manganates,
ized states. where the doped charges also reside in self-organized charge

rich domains due to antiferromagnetic correlations of the un-
doped material. Indeed, such behavior apparently has been
observed in Ngl;Sr, Mn0O;.%

All our observations can be understood with a model The application of an electric field results in the bending
based on electric-field-induced energy band bending of thef the bands; the direction of bending is determined by the
channel material and a finite density of states within the bangolarity of the field. The bending occurs only at the surface
gap (see Fig. 4. This model was successfully employed in of the cuprate, within the Thomas-Fermi screening length
conjunction with amorphod8and organit’ semiconductors. (=1 nm) of the electric field. Dual-type transconductance
The intrinsic(chemical doping concentration of the cuprate can occur forE, being at midgap, such that the applied
channel determines the levié|, of chemical potential in the electric field produces an accumulation of charge carriers
band structuré? To simplify the following discussion, we irrespective of the field polarity. We expect that the details of

p-channel

IV. DISCUSSION
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the dual-type transconductance depend on the energetic dithat is why there is no observation of dual-type transconduc-
tribution of the localized states, which can vary slightly from tance with organic FET’s.

sample to sample. We want to point out that complete sym-

metry can be observed only if the cuprate shows the follow- V. CONCLUSIONS

ing propertiesE,, is at midgap, the density of states within  Tnere are important implications of our observations for
the band gap is symmetrical with respect to midgap, andinderstanding the normal-state properties of the figlsu-
electrons and holes possess the same effective mass and grconductors. Applying an electric field opens up the pos-
laxation time. Any deviation from these criteria will result in sibjlity of investigatingn-type doping in addition tg-type
asymmetrical transconductance characteristics. doping, thus allowing one to also explore the electron-doped
In contrast, when the chemical potential is closer to theside of the phase diagram. It is important, however, to rec-
valence-band edg@-doped sample asymmetric character- ognize the subtle differences of the action of an electric field
istics and an approach to the relatively high mobility ex-(electronic dopingand chemical doping. One obvious dif-
pected for the Mott insulator—metal transition are observedference is the length scale of charge neutrality. In the case of
In this chemical doping regima/;<0 further increases the chemical doping this I_ength i_s of the order of the. lattice unit,
concentration of mobile holes in the layer opposite the gatavhereas for electronic doping the length is given by the
electrode, and hence increases the channel conductance. thifkness of the dielectric layer separating the cuprate from
the other hand, fo/ >0, depletion of carriers is expected the gate electrode. In addition, the strong electric field, which
for moderate fields, as is observed in our measurements. The néeded to significantly change the carrier concentration,
maximum on/off ratio occurs foE,, at midgap, where the can altgr the detailed balance between the antlferrqme}gnetlc
channel resistivity is a maximum fofg=0. A higher mo- correlathn energy, the Cou!omb energy, qnd _the kinetic en-
bility but smaller on/off ratio occurs for finite chemical dop- €'9Y: which control the spatial charge dlstnbutﬁ?rﬁlearly,
ing. Similar behavior has been observed in disordered orfth€ €lectronic doping influences only a very thin layer of the
ganic semiconductors and was explained by variable-rangeHPrate channel due to the small Thomas-Fermi screening
hopping conduction between localized stdfes. length. Therefore all results obtained with FET-type experi-
The observed gate-field dependence of the mobility ig"€nts can only yield information about various properties in
quite similar to that seen in organic FEF&The current this thin-film limit. This consideration is relevant regarding
understanding of this behavior relies on the progressive fillSuPerconducting or other phenomena related to the phase
ing of localized states with increasifyg|, resulting in si- dlagram. Further stud|e$ are needed to clarify the detalls_of
multaneously increasingE. Eventually, when all localized the action of.an. electric field on stationary and dynamic
states are occupied by the induced carriers, additional chargd'@r9e behavior in the cuprates. o
goes into more extended states and therefore attains a hi?h The dual-type transconductance offe’rs new possibilities
saturating mobility?® For the calculation of."E (2) we as- 10" appllqatlons of_thln—fllm cuprate_EET S, suc_:h as, for ex-
sumeC, to be independent df ;. Careful measurements of ample: single device full-wave rectifiers, multilevel storage
s .

C. indicate a slight relative variation of less than 30%, MeMOry, complementary integrated circuits, complementary

whereasu"E changes by more than an order of magnitudemetaI—OX|de semiconductor-type logic gates, or interface am-

for the same swing of s . ThereforeC(Vg) = const is a fair plifiers _between high-. and room-temperature _electronics
approximation, and the strong transconductance variatioﬁmponlngl the same cuprate material but with different dop-
with V¢ clearly reflects the change & with the localized Ing level. Here, the cuprate offers several advantages com-
states with lowesf."E being at midgap pared toa-Si for instance, such as the compatibility to gate

Mobilities in organics in the range 0.05-0.1 ¥s have insulators with a high dielectric constant, a high uniformity

been attributed to the formation of extended current trans(-)f dqpmg concent_ratlon_on small length scales, or the inte-
rability in three dimension¥ The performance can be fur-

porting states as a result of local self-organization, in contrat . d by d ing the thick fth te diel
to the variable-range hopping of self-localized polarons eérimproved by decreasing the thickness ot the gate dielec-

found in more disordered polyme?$in the case of cuprates, wric or using a mat_erial with an even higher di_elt_actric
in the extreme underdoped regime, the low mobility is re-constant, thus enabling a smallef to produce a similar
lated to variable-range hopping conduction, whereas highetlransconductance.

doping concentration results in a larger mobility, which
eventually leads to metallic conductivityMott transition
(see Refs. 2, 18, and 19 and references thgrkiis impor- We thank C. D. Dimitrakopoulos, A. Gupta, R. H. Koch,
tant to recognize that in the case of organic semiconductorss. P. Milliken, J. A. Misewich, and A. Schrott for stimulating
E,, is not at midgap due to finiténostly p-type) doping, and  discussions and G. Trafas for valuable technical assistance.
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