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Ambipolar field-effect carrier injections in organic Mott insulators
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We report ambipolar field-effect characteristics observed in metal-insulator-semiconductor field-effect tran-
sistor(MISFET) device structures based on organic single crystals of the quasi-one-dimeri§abalMott-
Hubbard insulatofBEDT-TTF)(F,TCNQ). The main aspects of the measured field-effect properties are well
described by the symmetric-gate FET model, which considers the device symmetry of triode FET structures.
The temperature-dependent nonlinear nature in the gated-current-voltage characteristics indicates that the am-
bipolar field-effect carrier injections are present down to 2 K, where the interface barrier potential between
the electrode and the Mott insulator appears to be very similar for hole and electron injections, in sharp contrast
to the situation involving band insulators.
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[. INTRODUCTION bipolar effects that we observed, we establish and utilize a
symmetric-gate FET model, in consideration of the device
In the last few years, field-effect doping using metal-symmetry of triode FET structures. The fundamental field-
insulator-semiconductor field-effect transistMISFET) de-  effect properties are well described by this model. Such am-
vice structures with a variety of materials has attracted conbipolar field-effect characteristics are known to be possible if
siderable attention in materials sciedcéThe interests are both types of carriers can be injected into the chafhél.
partly associated with the distinct chemical doping effects inOn the basis of low-temperature current-voltage characteris-
semiconducting materials where the energy gap results frortics the interface carrier injections from metal electrodes into
a strong correlation among the electr8riiansverse field- Mott insulators are discussed.
effect experiments, or field-effect doping, can be a unique
tool in condensed matter physi€snd is also expected to
produce changes in the materials properties that are of inter-
est for device applications. Here we report unique field-effect The ETF2 single crystals were grown as elongated plates
characteristics observed in the MISFET device structuregiith shiny surfaces with a typical size of 26&Lx 0.2 mn.
based on Mott insulator single crystals of organic chargein the crystals, the molecular long axes of ET and F2 are
transfer (CT) complexes,(BEDT-TTF)(F,TCNQ) [BEDT-  perpendicular to the plate, and the crystal short axes within
TTF =bigethylenedithigtetrathiafulvalene, FFTCNQ=25-  the plate are parallel to the Q1D Mott-Hubbard chain. In the
difluorotetracyanoquinodimethahé@bbreviated hereafter as fabrication of MISFET device structures, we took particular
“ETF2"). It is well known that the family of similar ion- care, under a microscope, to pick out a flat part of the as-
radical solids opened up vast areas of condensed mattgrown crystal surface without bumps and also to avoid me-
physics, as it produces plenty of organic superconduétorschanical contacts that might damage the crystal surfaces.
The CT complexes of ETF2 are composed of 1:1 fully ion-Gold source and drain contaats-200 nm thick were de-
ized ET! cation and F2! anion radicals. It was found from posited on the as-grown crystal surfaces through shadow
the polarized reflectivity specftand intermolecular overlap masks with gaps of 2&m. In order not to damage the frag-
calculationg that the dominanside-by-sideintermolecular ile crystal surfaces, a method was adopted to deposit gate
interaction between ETF forms uniform quasi-one- dielectric layers with minimal disturbance of the surfaces:
dimensionalQ1D) Mott insulating chains with a CT gap of Poly(chlorop-xylylene) (Parylene ¢ films were fabricated
about 0.7 eV. The neighboring F2anion radicals on the by vapor phase polymerizati&3 on top of the crystals.
Mott insulating chains are strongly isolated, showing Curie-The breakdown field is 2—3 MV/cngdielectric constant
like behavior in magnetic susceptibility, followed by an an- 3.1), at the thickness, about 1/m. The film thickness was
tiferromagnetic(AF) order at aroundTy=30 K. The ob- monitored for reference samples simultaneously deposited
served magnetic features corroborate that the system are frea glass substrates by a combination of capacitance and op-
from periodic lattice distortions(PLD) associated with tical interference spectrum measurements. Then, the gate
Peierls or spin-Peierls instabilities along the ET-based Q1zlectrodes were evaporated on top of the insulators through
chains down to 2 K. shadow masks made of pieces of wax papers. The devices
The observed field-effect characteristics in the ETF2that were measured had widths of 3@th and a gate dielec-
single crystals presented in this report are found to be ambiric thickness of 1.um. The electrodes were fabricated to
polar type, which is preserved down to 2 K. Since any ap-measure the source-drain current along the axis parallel to
propriate model has not yet been derived to analyze the anmthe Mott insulating chain.

II. PROCEDURES FOR FIELD-EFFECT EXPERIMENTS
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FIG. 1. Transverse field-effect characteristics measured in con-
ventional operation of the MISFET device structures fabricated on  FIG. 2. Calculated contour plot of the channel conductance as a
an ETF2 single crystal at 2 K. Variation of drain currestp, as a  function of drain and gate voltage for an ambipolar FE.Con-

function of gate voltageVg, at various constant drain voltagd,. ~ ventional FET operation an(b) symmetric gate operation, which
are schematically depicted in the lower panels, respectively.

We used a combination of two electrometékeithley
Model 4517A for the measurements of dc field-effect char-  In order to describe the above features from a theoretical
acteristics. An additional resistor was connected in serie¥iewpoint, we show in Fig. @) the calculated contour plot
with the sample. The voltage drops across the resistor wer@f the channel conductancey(Ve, Vp), for ambipolar FET
taken into account to obtain the precideo contact field-  on the basis of the gradual channel approximatftriere the
effect current-voltage characteristics. The sweep of the draionductivity is plotted in units of.oC;Vo/2d, whereC; is the
voltage was linked with the gate bias to keep the base of th@ate insulator capacitance per unit area dnd the crystal
gate electric potential at half of the drain voltage, as is disthickness. We assumed undoped intrinsic semiconductor
cussed in Sec. IlI. In the measurements, the temperature w&gystals, whose negative and positive carrier mobilityuis
stabilized within 1 mK to obtain precise field-effect currents.and 0.5u,, respectively. The dashed line in Figagcorre-
sponds to the minima in th€g dependence oAlp, which
. SYMMETRIC GATE OPERATIONS FOR AMBIPOLAR very reasonably explains the experimental features shown in
FIELD EFFECTS Fig. 1. Considering the observed, as well as calculated, re-
) ) _sults in the ambipolar field effects presented above, we sug-
In order t'o estabh;h a simple model for trapsverse 1‘|eld—gest to use “symmetric-gate” operations, in which the elec-
effeqt experiments with _the use _of MISFET plev_lce structuresyyic reference point of the new gate voltage is set at the
we first desgrlbe the microscopic cha_\rge dlstr|but|0n_ in casgniddie of the source-drain potentiflower panel of Fig.
that the device allows the accumulation of both positipe ()} je.,Us=Vs—-Vp/2. In this operation the channel con-
and negativgn) carriers along the channéle., ambipolar ductancegs(Ug, Vp), holds the relation
FET).21911 Within the “gradual channel approximatiof”
the charges are accumulated by the potential difference be- 05U, Vp) = 05(Ug,~ Vp), (1)
tween the gate electrode and the respective position along t
channel. For example, when the drain voltdyg) is larger
than the positive gate biad/;), positive carriers are accu-
mulated near the drain electrode in ambipolar FET’s, in
sharp contrast to the pinchoff in unipolar FET's. Conse- Vp Vp
quently, the following puzzling situation occurs in the ambi- on| Vet 7'VD = ‘TN(VG' ?-'VD ' ()
polar field-effect measurements, if we utilize a conventional
procedure: both the polarity and quantity of the total netwhich is not useful to analyze the ambipolar field effects in
charge along the channel is not directly associated Wih  which the gate and drain voltage had to be scanned through
but with the “balance of two variables” a&;-Vp/2. As an  both polarities. Furthermore, it is found that symmetric-gate
example, we show in Fig. 1 the variation of the drain currentoperation is very useful to analyze the gated-current-voltage
Alp, as a function ofVg at various constar¥,, which cor-  characteristics, as discussed later.
responds to the transfer characteristics of FET’s. In the mea- Calculated contour plots of the channel conductance,
surement, the leakage current of the gate bias was muahs(Ug,Vp), in the “symmetric-gate” model is shown in Fig.
smaller thamAl,. We did not observe any noticeable hyster-2(b). We should note that rather large amounts of field-
esis in the measurement. We find, upon increasigghatl,  induced charge exist for larg¥p|, even atU;=0, due to the
first decreases, reaches a minimum at abgllt~Vy/2, and  absence of pinchoff that is characteristic of unipolar FET’s. It
then increases. The observed minimum clearly originates imeans that the field-effect current is hard to distinguish from
the switching of the polarity, from positive to negative, of the the bulk current. For this reason, we suggest taking the dif-
total channel charges, as discussed below. ference between gate-on and gate-off in the field-effect ex-

nglecting the interchangeable nature between source and
drain contacts. In contrast, a similar relation can be obtained
in the conventional FET operations,
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FIG. 3. Transverse field-effect characteristics measured with
symmetric-gate operation in the MISFET device structures fabri- o
cated on an ETF2 single crystal at 40 K. Variation of drain current, OtencaetER 2

Alp, as a function of symmetric-gate biddg, at various constant
drain voltageVp. The broken curves are results of a fit according to

Eds. (35 FIG. 4. Gated-current-voltage[Alp-Vp;Alp=Alp(Ug,Vp)

) ) ) ) —-Alp(0,Vp)] characteristics at various symmetric-gate bidg, in
periments. We finally give the formulas for the difference the MISFET device structures based on an ETF2 single crystal at
Alp=1p(Ug,Vp)-1p(0,Vp) in  the respective Vp 40K for (a) electron andb) hole doping operations.

-Ug[Vp>0] regimes® (Z and L are channel width and
length, respectively

1 ZG
Us<-=Vp: Alp=—
G 2 D D 2L

terminate at the insulator-semiconductor interface in the

range of the Thomas-Fermi screening length, as long as the

carriers are persistently injected from the electrodes. The re-

sults clearly show that botp- and n-type carriers can be

©)] injected from Au electrodes into the channel. The observed
curves exhibit slightly larger increasing rates at negatlye
indicating thatu, is larger thanu,. The overall features of
the experimental results are well reproduced by the theoret-
ical curves. The carrier density is estimated as 8.7
X 105/A% at U5=50 V, implying that the carrier number

o1
= 2upVpUg ~ 5 (pn * ppV5 |,

1 , 1
- EVD <Ug< EVD.

Z g
Alp= 2 2 i+ U+ (o= pVoUs), @

ZG
Alg==—2
P~ oL

1 ’ ’ 1 2
5Vo <Ug: 2paVpUg = Z(Mn +up)Vp |- (5

per molecule is at most 0.4%. The fitting results also imply
that theUZ" is slightly larger(by about 2—3 VY than ex-
pected if one considers the ratig/ u, and theA¢ of about
1 eV16 We conjecture that the crystal might be weakly
doped, which is depleted by the small positivg and effects
the shift ofUZ", 10 although the origin of such trace amounts

Both positive and negative carriers are accumulated in thef charged impurities is difficult to be investigated. Near the

region:-Vp/2<Ug<Vp/2 (Ug is effective gate biadJg

minimum, slight deviations are also observed between calcu-

—A¢), while the channel includes only positive carriers forlated and measured values in the regifihg| <Vp/2,

Us<-Vp/2 and negative carriers in the regivp/2<Ug.

IV. FUNDAMENTAL FIELD-EFFECT CHARACTERISTICS

We show in Fig. 3 the measured field-effect characteris-

where both types of carriers are accumulated. We expect that
the carrier transport would be more efficient than expected,
due to the electron-hole recombination within the channel,
assuming independent current flow of the respective carriers.
We estimate the field-effect mobility from the slopes of

tics of an ETF2 single crystal; the change of the drain currenthe  curves in the regions,|Ug|>|Vp|/2. We note

Alp, in response to an applied gate bldg at constani/p,

that the estimate is essentially the same as in the linear

using the symmetric-gate operation at 40 K. The brokerf€gions of unipolar FET's. We find that, and u, depend

curves are the results of a fit according to E@—5). The
observed\Al; was several percent of thg. The Al exhibits

on Vp; The values atT=40 K are x,=0.00194 cr?/V s
and x,=0.00128 cr/V s(Vp=25.4 V), 0.00167 and

clear enhancement by the application of both positive an®.00114 crd/Vs(Vp=17.8\), and 0.00126 and 0.00080
negativeUg, providing unambiguous evidence of the ambi- cn?/Vs (Vp=9.4 V), respectively. Importantly, the ratio
polar field effect. It is noted that the observed persisteniu,/u, is constant at about 1.5, independent/gf In Fig. 4,
ambipolar-type enhancement cannot be understood by as«e show the gated-current-voltage characteristiis,-Vp)
suming any set of charged impurities, considering that thet 40 K, at various gate voltagék; for n-type (uppej and
applied transverse electric field on the crystal surface shoulg-type (lower) operations. It is found that the observed
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the MISFET device structures based on ETF2 single crystal mea-

FIG. 5. Gated-current-voltage\lp-Vp) characteristics at vari- sured atvp~30 V (open squargsandVp ~60 V (filled circles.

ous symmetric-gate biad)g, in the MISFET device structures
based on ETF2 single crystal at 2 K f@) electron andb) hole V. AMBIPOLAR CARRIER INJECTIONS IN ORGANIC

doping operations. The reference gate voltage for the drain current MOTT INSULATORS

is set at 20 V[(@ Alp=Alp(Ug,Vp)-Alp(20 V,Vp)], and at From the observations described above, it is concluded
—20 V [(b) Alp=Alp(Ug,Vp) ~Alp(-20 V,Vp)], respectively, due  that the ambipolar field-effects in ETF2 single crystal are
to the observed negatiye features at lowgrrange, if we usdJg essentially independent of the temperature down to 2 K,
=0V as the referencerig. 7). even though the nonlinearity in th&lp-Vp characteristics
becomes more prominent at lower temperature. To discuss
the origin of the nonlinearity, we show in Fig. 7, for com-
‘parison, the current-voltagélp-Vp, left-hand sidg¢ and
gated-current-voltag@\lp-Vp, middle for p-type and right-
hand side fom-type) characteristics. The nonlinearity in the
Alp-Vp characteristics becomes more and more pronounced

W.IhiCh is also the origin of thS’_D-dependerr:t fielﬁ-eﬁegt MO~ as the temperature decreases. It is also important to point out
bility, as denoted above. In Fig. 5, we show the simldf ot the nonlinear features seem to be similar fierand
-Vp curves at 2 K. The nonlinearity becomes more remark-n_type operations at respective temperatures.

able in the lowV/ range at 2 K. The temperature-dependent
nonlinear nature in thély-Vy characteristics will be dis-
cussed further in Sec. IV. We also notice from the curves at
Us=30V andUg=-30V in Fig. 5, thatd(Alp)/dVy de-
creases gradually in the higWy range above 50 V, which
seems to be similar to the current saturation in thev/p
characteristics of unipolar FET’s. This feature can be as-
cribed to the saturation in th&ly-Vp characteristics in the
case ofu,~ u,, as predicted by Eq4).

From the analyses of thkl5-Ug characteristics at various
temperatures, we extract the temperature dependence of the
field-effect mobility. We find that the ratigu,/ u, remains
about 1.5 for all the measured temperature raf2ge60 K),
so that the temperature-dependent features are almost the
same forp- and n-type operations. The result is shown in
Fig. 6 for u,. Because of the nonlinearity in th&ly-Vp S e el o' -l SV TN L o ST
characteristics, the discrepancy betw#gn- 60 and~30 V 0 10V20[V]30 400 'IOV""(EV]’?’O 0010 2?V] 30 40

H . D D D
becomes large at low temperature. The important observation
is that the mobility(estimated aVp ~60 V) increases asthe £, 7. Conventionaltwo Au contacts current-voltage(l -
temperature decreases at least above 10 K. This featusg) characteristics at/5=0 V (left), gated-current-voltagéAlp
should be associated with the decrease of the electronyy) characteristics forp type [middle: Alp=Ip(-60 V,Vp)
phonon scattering rate as temperature decreases. This might,(0,Vp)] andn type[right: Alp=15(60 V,Vp)-15(0,Vp)] in the
be taken as evidence for coherent band transport, althougWISFET device structures based on an ETF2 single crystal at vari-
the measured mobility values are very low. ous temperatures. Arrows indicate the sign changalgf

Alp-Vp curves are superlinear for both operations, in con
trast to Eqs(3) and(5), which predict convex upward in the
regions|Vp|/2<|Ug|. This discrepancy should be associated
with the nonlinear nature of théllp-Vp characteristics,

(a) I|V : b) |AI"VZI hole ((’:) ?I*'ViI ellecltrcl)n

Aly
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It is also seen from Fig. 7 that the nonlinesli,-Vp char-  distributed due to the strong electron-electron correlafon.
acteristics appear to reflect the nonlinear nature of the bulRecently it has been suggested, based both on experimental
Ip-Vp characteristics. In the highlp range, this nonlinearity and theoretical grounds, that the regions with high carrier
might be associated with the space-charge-limited current adensity, responsible for the “metallic” resistivity, are segre-
the emission-limited current, as observed in a number of orgated from insulating regions with antiferromagnetically in-
ganic semiconducting materidi§Rather, it is also probable teracting localized spir® Provided that the phase separation
that the observed nonlinearity should be associated with thgikes place similarly in the organic Mott insulators, one can
unique features of nonlinear carrier transport in organic Motiexpect ohmic contacts from the “metallic” segments in the
insulatorst® Meanwhile, theAlp is observed to become active material to the electrodes only when the charges are
negative, e.g9.Vp<20 V at 2 K in Fig. 7, as shown by the injected, which would enable the ambipolar operations. It is
arrows, which can be regarded as clear evidence of the inte&iso noteworthy that the mobility increases with decreasing
face barrier potential effect against carrier injections in thecemperature at least above 10 K\4~ 60 V, as described
low Vp, range. Carriers are difficult to inject into the crystals above, and is typical for coherent bandlike transport. The
at low Vp, so the gate fields will not terminate at the absolute value of, and u,, however, appears inconsistent
insulator-semiconductor interface but will penetrate into thewith the coherent band transport by several orders of magni-
semiconductor. Consequently, additional longitudinal fieldsude. The assumption of a filamentary conduction is also
are generated near the drain electrode, with the sign oppositgpealing to reconcile this apparent contradiction, as has
to the source-drain field, and can generate the negative sigseen discussed for the high-cuprates. It might be useful
of Alp. The similarity in theAlp-Vp characteristics, in the  for further investigations to measure the temperature depen-
low Vp, range, most likely indicates that bofh andn-type  dence of the bulk mobility by time-of-flight technique on the
carrier injections are determined by a very similar interfaceorganic Mott insulators. All these findings on the interface
barrier potential. The important observation is that the injeccharge transport, as well as the nonlinear carrier transport,
tion of holes and electrons is almost equally possible dowmnay well represent a particular aspect of the Mott insulators
to 2 K, in spite of the observed nonlinear nature, which is inthat should be investigated in detail from both experimental
sharp contrast to the situation in conventional metal-and theoretical viewpoints.
semiconductor interfaces.

Notwithstanding a desire for ambipolar MISFET’s, which VI. CONCLUSIONS

would enable highly accumulated low-power logic circuits Wi ded in the ob i t ambipolar t
with a single active material, it is known that in conventional .. € succeeded In the observation of ambipolar transverse

- . . . field effects in the MISFET device structures, based on
FET's a severe difficulty is encountered in the interface car- . . ’ .
y ingle crystals of Q1D Mott insulator ETF2. The symmetric-

rier injection at the source and drain contacts. In organic'5 i bivolar FET model afford hensive d .
materials, it is usually observed that a good ohmic contacga'e ambipolar Model afiords a comprenensive descrip-

for one carrier type tends to block the charge carriers o ion of the observed ambipolar field-effect characteristics.
opposite sign, in spite of the low density of the surface state rom the low temperature field-effect features it is concluded

in the van der Waals-type bonded molecular crystals. Thes at ambmolay carrier |nje_ct|on can be achieved down to
features originate in the general feature of metal- K. The nonlinear nature in the gated-current-voltage char-

semiconductor interfaces that are asymmetric with respect ggeteristics suggests that the interface barrier potential is

p- and n-type carrier injections, because of the band Hap. fabOllJt tthe ?';:mehfcl)r holeb?.r:d _eletlztrso? |nject||0ns mttt(]) thethMott
Actually, conventional organic thin film transistai®TFT’s) insulator. The hole mobility 1S~L1.5 imes farger than the

are a unipolar device, eithgror n typel This feature is also eIe(;:t;gnKm_(r)rt])]Ilty arlgj t;nctrefses upo.r& COOI'?g beLweeﬁ(t)b d
used as a built-in technology in the organic light emittingan - 1NIS could be taken as evidence for conerent ban

diodes(OLED's).2 We suggest that the present observationtr@nsport, except that the measur_ed mobll_lty v_alues are too
low by some three orders of magnitude. This raises the ques-

of ambipolar carrier injections down to 2 K to be character-,. i ; DT
istic for the Mott insulators, where both holes and electrong " _abput possm_le microscopic d|str|bt_Jt|on . th? charge
are associated with an identical band. hat is fleId—effec.t induced into this Mott insulator with large
To speculate on the microscopic mechanism, an amalog?le(:tron correlations.
to the best studied doped Mott system, i.e., the Higleu-
prates, might be helpful; it has been known that the resistiv-
ity diminishes with decreasing temperature over a wide tem- This study was supported by the Swiss National Science
perature range above-50 K, even for compounds with Foundation. T.H. also acknowledges an overseas research
carrier concentrations as low asl%, though the value of program, dispatched from the Research Institute for Elec-
resistivity is extraordinarily largé Since the mean free path tronic Science in Hokkaido University and administered by
would be too short for the “metal” with homogeneous chargethe Ministry of Education, Culture, Science, and Technology
density, it is argued that the charges are inhomogeneousWEXT) of Japan.
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