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We report on high-resolution electronic measurements of doped organic thin-film transistors using Kelvin
probe force microscopy. Measurements conducted on field effect transistors makg'-dfphenylN,N'-
bis(1-naphthyl)-1,%biphenyl-4,4-diamine p-doped with tetrafluoro-tetracyanoquinodimethane have allowed

us to determine the rich structure of the doping-induced density of states. In addition, the doping process
changes only slightly the Fermi energy position with respect to the highest occupied molecular orbital level
center. The moderate change is explained by two counter-acting effects on the Fermi energy position: the
doping-induced additional charge and the broadening of the density of states.

I. Introduction (10 nm) it is possible to measure quantitatively the energy

) . . . ) . distribution of the hole DOS and the Fermi level position.
The field of semiconducting organic molecular films is

developing very fast, dri\(en by the enormous potential dem- II. Experimental Section
onstrated by these materials for applications in optoelectronics _ _ _
and inexpensive electronics such as light-emitting diodes, field A typical OTFT structure used in all measurements is
effect transistors, and photovoltaic cells. As an example, organic Schematically shown in Figure 1. The OTFT substrates (fabri-
thin-film transistors (OTFTs) present several possible advan- cated by the Tessler group at the Techritsrael Institute of
tages, such as low-cost processing, mechanical flexibility, and Te€chnology) consisted of a heavily doped p-type silicon gate
patterning for |arge_area app”cationsl |mproving the perfor- electrode, a therma"y grown 90 nm silicon oxide gat.e |nSU|at0r,
mance of OTFTs requires a deep understanding of charge carrie®nd 50-nm-thick gold strips evaporated on the oxide to form
transport mechanisms through the organic layer. Although Source and drain electrodes separated byu6 A thin film
material technology advanced significantly over the last two (10 nm) of N,N'-diphenylN,N'-bis(1-naphthyl)-1,kbiphenyl-
decades, a fundamental understanding of the basic electronich4-diamine (a-NPD) was deposited on the substrate by
and optical processes in these materials is still rather poor, angSublimation in an ultrahigh vacuum chamber. Doped a-NPD
extensive research is necessary. films were formed by coevaporation of tetrafluoro-tetracyano-
A good example of the above is the insertion of electronically duinodimethane (HCNQ) with the host molecules (by the
active dopant molecules (i.e., electron donors or acceptors) intoKk@n group at Princeton University). The OTFTs were trans-
organic thin films, which has already been demonstrated by Ported under nitrogen atmosphere to a glovebe ppm HO)

several groups. Dopants are introduced either intentionally to & T€l Aviv University in which the KPFM is located.
improve the film conductivity, modify charge injection barri- KPFM is used for high-resolution determination of the surface

ers2 add functionality (e.g., a pn juncti8y and modify the potential profile across the OTFT channel as shown schemati-
film optical propertie$ or unintentionally as synthesis impuri- c_aIIy in Figure 1. The KP.FM utilizes an atomic force microscope
ties, solution residual8and chemically induced dopirigyhich tip (Nanosensors, EFM; force constant2.8 N/m) as a probe
deteriorate the performance of the organic material. In any case gl€ctrode for measuring the contact potential difference (CPD)
an accurate understanding of the density of states (DOS) energy/ith @ lateral resolution of tens of nanometers and an energy
distribution and how it is affected by molecular doping is one 'esolution of a few millielectronvolts. It is based on a com-
of the keys to advancing basic research on and technologicalMercial atomic force microscope (Autoprobe CP, Veeco, Inc.)
applications of organic semiconductor films, since most elec- OPerating in the noncontact mode (tip vibration amplitude: 20

tronic properties of organic semiconductors are closely related "M Vibration resonance frequency75 kHz). An alternating
to the shape of the DOS voltageVyc sin(wt) at a frequency of around 20 kHz was applied

to the cantilever to induce an alternating electrostatic force
between the tip and the sample. The CPD between the tip and
the sample surface was measured by nullifying the output signal
utilized for the study of charge mobility in OTFE8and the of a lock-in amplifier, which measures the electrostatic force at

13-15 i
potential drops at the source and drain contacts of operatingthe. frequenpyu. The transistors were scanned by KPFM
OTFTs!112 Here, it is demonstrated that by using KPFM while a semiconductor parameter analyzer (HP 4155C) was used

measurements across OTFT with a relatively thin organic film [© control the gate-source voltag¥'), with respect to the
grounded source and drain electrodes, and monitor the drain,

* Part of the special issue “Arthur J. Nozik Festschrift” source, and gate electrode currents. The contact resistatice,
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In this work, we use high lateral resolution Kelvin probe force
microscopy (KPFM) to measure several electronic properties
of doped organic molecular thin films. KPFM has already been
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Figure 1. Schematic of the OTFT structure and KPFM tip above the
channel. Figure 3. Qualitative energy level scheme across a OTFT measured
by KPFM far from the source and drain contacts VYeg = V; andVps
Energy| (@ () = 0V (solid curves) and/gs < V; andVps = 0 V (dashed curves) in
2% Holes" the case of (a) negligible and (b) nonnegligible level bending. In the
ek AT second case (b), the measurédx) is smaller because part of the
applied gate voltage induces band bending in the organic layer.
measured directly by KPFM
HOMO —

Vi(X) = CPDE) — CPO(X) 1)

where CPDX) is the contact potential difference measured

sowcd] apn 10n | [Sowe] avpp Tomn| Fowed] anvpp Tomm between the KPFM tip_ and the sample_at a given location
ov ov || o ov | | ov FEEEEEEER oy across the transistor (Figure 3) and GRPis measured &¥gs
Gate Gate Gate = V.. Figure 3 shows a qualitative energy level scheme across
Vest1=Vt > Ves2 > Ves3 a KPFM-measured OTFT far from the source and drain contacts

Figure 2. Top: Qualitative scheme of the hole occupation of a Gaussian for (a) negligible and (b) nonnegligible level bending. In part a
DOS at different positions with respect B Bottom: OTFT cartoons when the applied gate-source voltages = V; and the drain-
in which the relevant charge concentration is represented by a dottedsource voltage/ps = 0 V (solid curves), there is no charge

region. (a)Vesl = V,, i.e., zero gate-induced hole concentration; (b) . .~ "~ . o g
Ves2 < V; thus holes accumulate to form a conducting channel: (c) injection into the channel and no level shift in the organic film,

Ves3 < Ves2 such that the hole concentration is twice that in part b. i.e, VL(x) = CPDK) — CPD(x) = 0-_ When\/_Gs < Vi andVps
= 0V (dashed curves), holes are injected into the channel, and

continuous voltage application were found to be negligible in V() = CPD§) — CPD(x) > 0. In the case of nonnegligible
these transistor structures. level bending (Figure 3b), the measuiédx) is smaller because
part of the applied gate voltage induces band bending in the
organic layer.

Our method for DOS measurement is feasible when the

A. Density of States MeasurementsWe use the transistor  energy level bending perpendicular to the gate can be neglected.
structure to control the hole concentration by applying different According to our numerical calculatioFsconducted for a 10-
Ves values while measuring the level shift with KPFM, as shown nm-thick organic layer in an OFET structure and different
schematically in Figure 2. Assuming a Gaussian distribution of Gaussian DOS distributions, the induced charge is homoge-
the DOS related to the highest occupied molecular orbital neously distributed across the organic film width, and the energy
(HOMO), whenVgs = V; (V: is the threshold voltage defined level bending from the film surface to the film/gate insulator
as theVgs at the onset of the conduction channel) there is no interface is negligible up to a certaWgss value. Above this
induced charge in the organic film, and the DOS is located given Vgs valuel® the conducting channel is squeezed toward
below the Fermi energy level. However, whégs < V;, holes the gate insulator, and the level bending is not negligible; this
are injected into the organic film from the grounded source and behavior has already been reported elsewffete.Under
drain electrodes to screen the gate negative charge. The holesegligible level bending conditions, the shift of the energy levels
populate the tail states of the HOMO DOS, and the molecular (V.) for differentVgs values with respect to the level position
energy levels shift toward the Fermi energy as shown (solely atVss = V; can be measured directly by KPFM based on eq 1.
for the HOMO) in Figure 2b. During the measurement, the  The hole concentration at any lateral locatian the channel
Fermi energy is kept constant by the grounded source and drainis given by
contacts, and the molecular energy levels are shifted with respect
to the Fermi energy by the gate-induced voltage. W& pX) = — & (Vos — V. — V, (%) @)
is further increased (Figure 2c) such that twice as many holes qdOrg GS t L
are injected into the film than in the former case, the HOMO
energy levels are shifted less than before because there are morehere Cox is the silicon oxide (insulating layer) capacitance
states available as the DOS is larger near the Fermi Level. Theper unit area andyg is the organic film thickness. Equation 2
above description illustrates the relation between the chargeis only valid when the charge concentration is homogeneously
concentration and the HOMO shift to the specific shape of the distributed across the organic film depth. However, the hole
DOS: A low state density results in a larger HOMO shift for concentration in the channel is given by
a certain increase of hole concentration, while at a higher state
density the HOMO shift is smaller for the same increase in hole p= f:o 9(E)(1 — fep(B)) dE (3)
concentration.

Assuming negligible level bending the shift of the energy where g(E) is the DOS relevant for holes arfdp(E) is the
levels —gqVi, whereq is the elementary charge) for different Fermi—Dirac distribution. With the hole concentration and the
Vs values with respect to the level position\ais = V; can be energy level shift, the hole DOS is calculated as described in

Ill. Results and Discussion
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Figure 4. Topography curve (bottom) and curves (top) measured ® 10
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Figure 5. DOS vs energy relative t&; (Er at Ves = V) for undoped Q 4o

(solid triangles) and doped (solid circles) samples. The solid curves
are fittings of a Gaussian function (eq 2, curve A) and an exponential
function (eq 4, curve B) to given ranges in the undoped sample DOS
curve and a fitting of eq 3 (curve C) to the doped sample DOS curve. Figure 6. Schematic representation of the chemical potential and the
position of the DOS edge for three cases: (a) undoped sample, where

08 06 -04 -02 00 02
Energy relative to Ef [eV]

Appendix A to give “0 eV” denotes theE} position at the beginning of the DOS measure-
ment (i.e., atVgs = V); (b) hypothetical case of the undoped DOS
Cox [ dVas populated by the dopant-induced holes (states occupied by holes appear
g(qv.(¥) = Arveees (4) as the shaded region); (c) doped sample. The DOS shape is represented
dorgq dv, (x) by function fits to the measured DOS (Figure 5, curves A and B for

the undoped case and curves C and D for the doped case, respectively).

This analytic expresion, which has no fitting parameters, is used
to obtain the DOS from the measur¥(d.

Figure 4 showsV, (solid curves) and topography (dashed
curve) profiles measured simultaneously across an undoped

transistor. The protruding regions on the left and right sides of . )
the bottom topography profile correspond to the source and drain_ll‘_"hJi'\S/l(i?5 I(Sjueoig ?{;gﬁilzogzi;meg' Og) (Skl)emvle;l ionf t:er;:cr;icz)sr:smt?;?vr\/lglén
contacts, while the conduction channel is located between them. ' y . : .

. ; - ionized dopants and released holes localized in nearby hopping
(see Figure 1 for comparison). The potential of the grounded

i — —_~ 24
source and drain appears as the flat portion at each end of the>'t€s: In our case HOMGs — LUMOgopani= 0.28 eV thus

VL curves, and the potential distribution across the organic al Of. Fhe dopapts are most Ilkely ionized qnder equilibrium
. conditions. As illustrated schematically by Figures 6a and 6b,
channel is seen between them. TWecurves were measured

¢ . - respectively, the dopant-induced increase in the hole concentra-
or Vgs values ranging from 0 te-16.5 V across relatively ) . t . . o N
smooth regions of the organic layer (roughness, nm). tion shifts E; from its original position Efq)_m the u_ndop_ed
The DOS calculated using eq 4 is plotted vergusin Figure ~ Sample toward the HOMO center _(pOSItICEib)' This shift
5 for undoped (triangles) and doped (circles) samples (doping (—0-535 V) was calculated by finding the lower linf} of
concentrationN, = 1.4 x 10' cm™3 23, Each DOS curve is  a@n integral on the r_neasured DOS in the undoped sample that
based on an average of 50 setd/pfcurves similar to the one ~ €quals the dopant-induced hole concentratimgylog
in Figure 4. The sets were measured at different locations on
the transistors to reduce the experimental uncertainty. The Pgoping= Ny = 1.4 % 108 cem 3=
energy scale in Figure 5 represents the energy relativg,to 0
defined as thegs position atVes = Vi, and the negativeufign fEfb 9(E)undoped ~ fe(E)) dE (5)
denotes values belo&;. The sharp increase in DOS near the ) ) )
high-energy end of the curves (left side of Figure 5) reflects Howe\_/er, as measured and §hown in the previous section, do-
the termination of the level shift, possibly due to the failure of Pants induce a DOS broadening or conversion of shallow states
the negligible level bending assumption at the corresponding INto deep states in the HOME.UMO gap as schematically
Vss value or due to the Fermi level pinning phenomenon. The shown in Figure 6c. This effect should shit away from the
rich DOS structure has been discussed in detail by us rec@ntly; HOMO center; on the basis of the fitting of Gaussian functions
in short, the sharp peaks observed in the doped sample mayto the measured DO%,the HOMO DOS centers of the doped
imply the presence of several doping-induced energy levels, andand the undoped samples are locatedat= —0.88 + 0.04
the differences in the general curve shapes were ascribed to @V, and theg; shift from the undoped sample to the doped sam-
broadening of the DOS due to the presence of dopants. ple is only 34 meV from the HOMO centeE{ position). Thus,
B. Fermi Level Position. The Fermi energy position is in this case, the broadening of the HOMO level is compensating
subjected to two counteracting effects due to the introduction for the Fermi level shift induced by the dopants, as shown in

of dopants into the molecular film. According to Bassler e#l.,
holes can be transferred from the dopant’s lowest unoccupied
molecular orbital (LUMO) to the host HOMO even if the dopant
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Figure 6c¢. This phenomenon is unique in comparison with Inserting egs A.3 and A.4 into eq A.1 we obtain

crystalline inorganic semiconductors, where the DOS does not .

change upon doping and the introduction of p-type dopants d o E-E-—-qVv.

causesE; to shift towardE, the valance band edge. d_\[/)L - k&Tf oo g(E)a(T) dE (A5
From a technological point of view, any addition of doping

or presence of impurities that act as dopants have a substantiaUsing

effect on the DOS and consequently on the position of the Fermi

level energy. This has important consequences on the physics 5(2) = ad(X) (A.6)

and operation of all organic-based devices.

IV. Conclusions we obtain
The KPFM-based method described here allowed the direct 9 AESE — E — V) dE A7
determination of the DOS distribution in a molecular film and av, q f—w 9(B)( B —awv) (A7)

the effect of doping on this distribution. The dopant molecules .
broaden the DOS and induce several discrete peaks on the mai"d Using

distribution. In addition, the doping process changes only slightly

the Fermi energy position with respect to the HOMO center J 1()0(x — a) dx=f(a) (A.8)
due to two counteracting effects on the Fermi energy position:

the doping-induced additional charge and the broadening of theWe obtain

DOS. Future DOS measurements of specific organic layers with dp ;
several different doping concentrations are expected to provide av, - q9(E; +qVi) (A.9)
additional information on doping-induced effects such as internal
electrostatic screening. Thus the DOS can be expressed as a functiog\@fas
i 1d
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