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Self-trapping of electrons at the field-effect junction of a molecular crystal
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We consider the interface of a molecular crystal with a polar dielectrics. Coulomb interaction of free
electrons in the molecular crystal with surface polar phonons of the dielectrics can lead to self-trapping of
carriers. For typical parameters of molecular field-effect transistors the binding energy is found to be high
enough to allow for the formation of a strongly coupled polaron. The effect is further enhanced in the presence
of a bias electric field.
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I. INTRODUCTION the variational method just for solving for the wave function
.

During the past few years there has been an increasing Below we demonstrate the possibility of surface polaron
number of experimental studies of the transport properties dormation based on the Pekar approach. As we shall see, Sec.
molecular crystals. The intriguing and still controversial is-V, we are in the strong-coupling limit also at low electric
sue is their high field-effect mobilities. The most attentionfield. Moreover, this is also justified as we are in the adia-
has been devoted to possible application of organic thin film&atic limit, where the kinetic energy of the phonons is much
in field-effect transistordFET's). It is important to notice smaller than the bandwidth of the typlcal molecular cry3tal.
that the gate materials (SJOAI,Os, etc) are usually the For such a surface polaron we obtain the ground-state wave

polar dielectrics, which can affect electronic surface states ifnction ¢, the binding energyV,,, and the effective mass

the molecular crystal. The interaction of an electron in theMP' We study also the squeezing effect of the bias electric

molecular crystal with surface phonons of the polar dielec_f|eld. To demonstrate its strong influence on the properties of

trics leads to its self-trapping and formation of the Iong_the surface polaron we perform numerical studies for param-

range surface polaron. Polaronic effects have been discussgaers of the interface between pentacene andAl

for electrons and excitons in the buiiBut in typical nonpo-
lar molecular crystal only intramolecular on-site polarons
can be formed which requires a very strong coupling and, if Il. GENERAL EQUATIONS

it takes place, would drastically reduce the carriers moHility. ) ) i )
Let the interface be perpendicular to thexis, the semi-

But polarons at the FET junction will have a large radius,. ) .
keeping a high in-plane mobility. The influence of surfaceInflnlte spacez>0 being occupied by the molecular crystal
whereasz<0 by the polar dielectrics. The electron is con-

phonons on the electron polaronic state inside the ionic crys- - ) N
tal was studied a long time ayand is still being studied. fined within the molecular crystal, |tsewave functigrir,z)
Here we address the opposite situation when the electrobeing distributed near the interface=(x,y). The only
resides in the nonpolar molecular crystal. We consider elecdipole-active excitations of the polar dielectrics, to which the
tronic surface states and possible surface polaron formatiofl€ctron is coupled, are the surface phonon modes. Follow-
in the molecular crystal due to the interaction with the sur-ing the general scheme of Refs. 6 and 10, the electron-
face phonons of the polar dielectrics. According to the valug?honon interaction can be divided into two parts. The first
of the coupling constand, various approaches to polaron ON€ comes from the interaction with high-frequency phonons
formation have been used. In the weak- or intermediateWhich is reduced to the classical limit of the image charge
coupling limit, the method of canonical transformation wasPotential:

introduced by Lee, Low, and PinéBeing exact atv—0,

this method works well only up to intermediate valuesaof e? o1 R 1 €€

For the strong-coupling limit, there are two approaches, the H;..,=— (P*(r.)|=|y(r,2)), —=—""".
adiabatic one developed originally by Pékand the Feyn- 4e; z e elete)
man path integral methddThe Feynman method, though 1)

giving reasonably good estimates for the energy of the po-

laron in the entire range af, (Ref. 8, is not exact at any. Heree, is the dielectric susceptibility of the molecular crys-
On the other hand, in the Pekar approach the total energigl ande.. is the high-frequency dielectric susceptibility of
functional is asymptotically exact far>1. Unfortunately, the polar dielectrics. Another part comes from the interaction
the solution of the corresponding nonlinear Schinger-like  with low-frequency phonons and it results in polaron forma-
equation is not feasible, however. Therefore one needs to usen. For the surface phonons, it can be writteh'as
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Herep(r,2)=|¥(r,2)|% by andbg are the annihilation and

creation operators of the surface phonon fiéidc,(qx,qy),
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2 I
W= =3 lj fefq(m’)efiq(rfr’)
Se* "9 Q

X p(f,2)p(r',2')dr dz dr’ dz'. ®)

In the continuum limitW, can be written as

wg are the surface phonon frequencies of the polar dielec-

trics, Sis the surface area, and

€0 €1

= )

e €elexte) e(ete)’

where 5= e(w—0) is the low-frequency limit for the di-

electric susceptibility of the polar dielectrics.

The total Hamiltonian, in the presence of a bias electric

field E perpendicular to the interface, can be written as

hZ
H:<lr//*|_ ﬁAllr/’>+Hi-ch+He-ph

+eE(y* |zl )+ X hobgb? (4)
q,s

wherem is the band mass of a free electron in the molecula

W e? fda J’w ()7q22 .
== — z)e ,
! 47e*) Qq | Jo Pa
where
po(2)= | & p(i 210 10
The energyW, can be also written as
e? r,2)p(r',z")drdr'dz dz
W= — f p(r,z)p(r',z') ars L @Ww
Ame* V(z+2)2+(r—1")?
We can write the total energy as follows:
szwof d’rdz
x| —a2yr Am 22 Ly S gy
. 2¢€* z Wo
ag * 2
—Wo,,—f dq j pq(z)e”9dz| —W,, (12
€* 0

whereW,=1%/2mag , ag=#%/mé is the effective Bohr ra-

crystal. The last term in Eq4) is the surface phonon field dius for the band electron, aWl, is the ground-state energy

energy.

Ill. SURFACE POLARON

In the adiabatic limit we can treat the phonon field as a

of the free electron in the givek as it would be without
self-trapping®

213
eEaB) . (13

We: 186/\/0< W
0

classical one. Using the standard variational procedure for

the case of the single surface phonon mode, we obtain

e | = RN .
b =—f f — — e 9% ™9 "y(r,z)dr dz.
d Vg V Se*tw, p(r2)

Then the total energy can be written as

(5

W=min{H} =W, +W;. (6)

Here

w> + o2l
(7)

#? e? 1
We = (" —ﬁAW)— <¢*

- -
4del z

and

A. Ground-state energy

The ground state of the polaron can be studied by varia-
tional method. For an isolated electron at the external electric
field E perpendicular to the contact interface the wave func-
tion should have--axial symmetry. The trying functions are
defined in the half-space>0 with the boundary condition
#(r,0)=0. Consider first the casE=0. The set of tested
wave functions with corresponding energies is listed in the
Appendix. Among them,

’ 4 z - r F{ z) p( r) 14
= —lexp —=|exp — —
3byma @ b a b
gives the lowest ground-state eneii=Wyw with
1 N 1 1 2 I(a) 15
W=—+t———————=I|/,
a? 3b2 2ae* ber \b
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|(77)=f:

Here and below we usag=1. Let introducen=a/b. Then
Eq. (15) can be written as

dt(1+1t%/6)2
(1+t))7(1+ gt)®

(16)

n2

3

W:—2 1+

] ) 17
a\2er e () ].

Minimizing Eq. (17) over parametera, n, we arrive at the
system of equations fax anda:

L ! I(n)=0 18
n 2 2n dl(n)_0 19
3a2 ae* ae* dn '

The above equations have an obvious solution

%

nl(n)=—

1
e a
which corresponds to a maximum f [notice thatnl(n)
=0] and describes delocalized electrons witk 0. For the
localized polaron solutiona(# 0, b+ 0) after some transfor-
mation we arrive at a closed equation foalone,

3 d I n2dl n o 20
Zan " e e 20

and the following relation betweemandn:
3 d I =0 21
a Ne*_nﬁ[n (n)]=0. (21)

The numerical solution for the general cds& 0 is given in
Sec. IV.

50

p(E)/Wp(0)

22
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TABLE |. Dielectric susceptibilities and surface phonon fre-
quency from Ref. 14 used in numerical estimates.

€1 €0 € hog

2.2 3.0 11 0.046 eV

B. Polaron effective mass

The polaron effective masd, can be found using stan-
dard procedur€ by taking into account the low-frequency

dispersion ofe* :

1 1 L 1 4
—=—|1-——].
’Eg ’Eg wi ot?

Then for the polaron moving with a velocitythe kinetic
energy is

SW ¢ 1 dq( )2 Jm (2)e 9% i 1M 2
= — | —(qv z)e z| =;Mpv
4rer w3l Q k o P 2°°
and finally
M. W, 2ad (= s 2
P_ 0 B 2 —-qz
™ o, = fo q dq[ fo pq(z)e dz (22

IV. NUMERICAL RESULTS: EFFECT OF BIAS
ELECTRIC FIELD

For all numerical estimates we have considered the
Al,Oz/pentacene interface. Characteristic values for dielec-
tric susceptibilitied €; and e(w) for molecular crystal and
polar dielectrics correspondindlgnd the surface phonon en-
ergy hws have been taken from Ref. 14 and are listed in
Table I.

For E=0 we find n=0.91; thena=22.6 A andb
=24.5 A, and hence the wave function is almost symmetric.
The corresponding polaron binding energy is very small,
W,=0.05 eV, and the effective mass is naturally only

30

25

20

Mp(E)/Mp(0)

0 ‘ ‘
10° 10° 10* 10° 10°
E (V/em)

FIG. 1. Binding energyleft) and effective masgight) for the surface polaron as functions of the applied electric field calculated for the

pentacene-AlO; interface.
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FIG. 2. The characteristic size of the polaron wave function perpendifeférand parallelright) to the interface.

weakly enhancedyl,~1.1 m. In the presence of bias field FOr 7ws~0.046 eV we obtaina=4.3M,/m. It is com-
the polaron binding energyV, and polaron mas#$1, in- monly accepted that the strong-coupling adiabatic limit for
crease rather slowly up to E=10 V/cm [Wp(E the bulk is valid if «>6. Nevertheless, for the surface po-
=10° V/lcm)~0.11 eV, M (E=10° Vicm)~1.28M,(E  laron the condition is weakew>1.5 (Ref. 15. The next
=0)] and then there is the strong increase of both. Correimportant point is that in our case the effective coupling
sponding numerical results are presented in Fig. 1. constant strongly depends on the bias electric field via the
At the same time, being almost unchanged in the planepolaron effective massee Fig. 4 and we are in the strong-
parallel to the junction surface, the wave function continuesoupling limit even at zero electric field.
to be squeezed in the perpendicular direction. So the external We conclude that the interaction of the electron near the
electric field makes the polaron wave function distributionsyrface of the molecular semiconductor with polarization of
more two-dimensional. The calculated parameters of the pahe gate dielectric results in the formation of the surface po-
laron wave function at various bias electric field are pre-jaron. Their existence will show up in the enhanced effective
sente_d in F_|g. 2. The_correspondlng form of polaron Wavenass, midgap states, and pseudogap regime in the case of
functions without and in the presence of an external electri¢nneling experiments. The bias electric field, even for its
field are presented in Fig. 3. typical values~10® eV/cm, profoundly stabilizes the po-
laronic state. At even higher fields a finite concentration of
V. DISCUSSION, CONCLUSIONS, AND PERSPECTIVES polarons can be achieved which can readily, because of the
enhanced mass, can lead to their Wigner crystallization al-
ready known in conventional metal-oxide-semiconductor
FET (MOSFETS (Ref. 16 and 1Y. A more exotic opportu-
nity is that the strong enough polaronic effect can overcome
the e-e Coulomb repulsion and lead to the formation of bi-

My M, 1 \/Wo polarons.(Remember that without this repulsion taken into
B hawg

Above we have exploited the strong-coupling limit of the
polaron theory. To verify it, we introduce the dimensionless
coupling constantr in analogy with bulk polarons as

(23) account, the energy gain per particle is 4 times higher for the
shallow bipolaron in comparison to two polargnlore cal-

eZ
e*

2h%ws M e*

FIG. 3. Electron wave function fdE=0 (left) and forE=5x 1P V/cm (right) calculated from the pentacene,® interface.
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5 ‘ ‘ FET superconductivity, have been discussed already for
polymerg’ and for cuprate€ and found to be marginal with
respect to the necessary strengths of available bias fields.
Unfortunately, this goal has been undermined recently by
exaggerated reports on corresponding achievements which
have not been confirmed. But the real progress by many
other groups was very fast and today the really existing fields
are only a few times below target values. Moreover, there are
less attended experimefitsvhere the concentration of car-
ries within the layer of a higf, oxide was widely changed

by making a junction to a ferroelectric instead of a usual gate
material. Turning on and off the superconductivity by apply-
ing a bias voltagégreatly amplified by the FE polarizatipn
was clearly confirmed. Interestingly, our calculations can be
easily adjusted to this very original case.

a(E)/a(0)
w

10* 10
E (V/cm)

FIG. 4. The effective coupling constant for the surface polaron ACKNOWLEDGMENTS
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culations are necessary to check for the stability of bipo-
larons as has been already done for the one-dimension@bpenDix: TRIAL FUNCTIONS AND CORRESPONDING

case'® The appearance of bipolarons in the bulk has been ENERGIES
well confirmed for conducting polymers experimentakge
Refs. 19 and 20 and references thereand motivated We have checked the exponential and Gaussian type of

theoretically’>?> It was intensively considered for wave functions. The wave functions and corresponding
oxides?>~% The following scenario would branch between ground-state energies are listed in Table II.

the Wigner crystallization of bipolarons and their Bose For each type of wave functions, values fer 8 can be
condensatioR® The latter possibilities, leading potentially to found by minimizing the corresponding energies. We have

TABLE Il. Trial wave functions and corresponding energies.

a

k Wave functions {,) Energies () I n= 5)

1 w
iz—z/ae—r/b L. i,i,éh J a0
abyam a® b? 2ae* be* o (1+t2)3(1+nt)8

2 w 2/3)2

LZ 1+£ efﬂaefr/b i_l,_ i_i_i|2 f M
3abyanm b a? 3b? 2ae’ be 0 (L+t3)7(1+nt)®

3 2/@)2

4 r 1 1 1 2 * dt(1+1t7/6
—————7% 1+ |e 2P et ——— 1, f ELLC L
3a’b\3am b 3a® 3b%2 4dae’ be* 0 (1+t3)7(1+nt)0

4 o 2
2\2 26 Hag-rAb? 1ttt 2, f exp—tadt

ab\anw a’® b? 2ae* be* o (1+nt®

5 @ _2

izze’z’f‘e’rz’bz i+ 1tz s j exp—that
a’b./3am 3a® b? 4dae¥ be* o (1+nt)t®
1/4

6 %( 22 3) ze Pl g-r?Ip? Wg is always positive No polaronic state

a‘m
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found that the exponential wave functiér=2 with a finite J=AzZ(1+A;z+A,7°)(1+Bir +B,ord)e Z3e b,

first derivative at the interfacef’(F ,0)#0 gives the lowest

energy with respect all other types. To check for the stabilitywe obtained indeed that the minimal energy corresponds to
of our results, we have also considered the wave function A;=A,=B,=0,B;=1.
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