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Electric-field-induced charge injection or exhaustion in organic thin film transistor
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The conductivity of organic semiconductors is measureditu and continuously with a bottom contact
configuration, as a function of film thickness at various gate voltages. The depletion layer thickness can be
directly determined as a shift of the threshold thickness at which electric current began to flaw.sitheind
continuous measurement can also determine qualitatively the accumulation layer thickness together with the
distribution function of injected carriers. The accumulation layer thickness is a few monolayers and it does not
depend on gate voltages. Rather it depends on the chemical species.
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I. INTRODUCTION Il. EXPERIMENTAL

Charge injection or depletion by electric fields in semi- Figureé 1 shows the schematic sample layout. The sub-
conductors is the basis of field electric transisi@rgTy.1 It~ Strate was a highly doped silicon wafer, acting as a gate
is also the basis of the field effect control of physical prop-&léctrode. The gate dielectric layer was a 700 nm thermally
erties, which is one of the hottest topics in the field of9rown silicon dioxide. On top of the surface, 30 nm thick
condensed-matter science. In contrast with chemical doping!d source(S) and drain(D) electrodes were dePOS'ted
the charge injection by electric fields does not introduce an?ﬁrough a shadow mask. The channel length and width were
chemical or structural disorder in pristine materfalgnd it 100 m and 5.4 mm. Pentaceri@ldrich) and a-6T (Syn-
may be possible to inject carriers in host materials, to whictfom BV) were deposited by means of vacuum deposition.
charges cannot be injected by chemical doping. In this conIhe film thickness was monitored by a quartz crystal oscil-
text, determination of the region, where carriers are practilator, and it was calibrated by auger electron spectroscopy.
cally injected or depleted by electric fields, is an importantTh€ deposition rate was 0.1 nm/min, and the substrate tem-
and fundamental issue. However, there had been little invedierature was kept at 310 K during the growth. Under high-
tigation on evaluating experimentally the dimension of these¢/&cuum condition, th&D current of TFT was measured as
regions a function of film thickness with a bottom-contact configu-

Recently, Dodabalaptet al. reported a pioneering work ation. During the growth of the organic films, electric fields
relating to the accumulation layer thickness. They estimate/€ré not applied in order to exclude the influence of the
that it was 1-2 ML by comparing FET characteristics of a 2€lectric current on the film growth. As a function of the film
ML sexithiophene(a-6T) film with that of the bulk oné.  thickness, the gradual change in the conductivity and FET
However, they did not quantitatively determine the thickness,
and quantitative analysis has not been done yet. Recently, we
proposed a simple method to determine quantitatively the
thickness of the depletion and accumulation layers in organic
semiconductor pentacefieThe conductivity of pentacene
thin film transistor(TFT) was measureth situ and continu-
ously with a bottom contact configuration, as a function of
film thickness. However, we only discussed the thickness of
these layers for one organic species at fixed gate volfage
+15 V). By comparing the result of pentacene TFT with that
of another organic TFT, and that at various gate voltages, we
could discuss the characteristics of the conductance in or-
ganic TFT in more detail. Furthermore, there are many points
to discuss; way and validity of estimation, universality of the
method, etc.

In this study, we have studied th situ and continuous
measurement for pentacene antl 8y measuring the gate UHV
voltage and chemical species dependence, we quantitatively
discussed the thicknesses of the depletion and accumulation
layers in detail, and characteristics of the conductance in FIG. 1. Schematic sample layout. The sou(Sedrain (D) cur-
organic materials. rent was measureih situ at various gate voltages.
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Pentacene 6T SiO, andtpy is the thickness of Si® In the depletion ap-
B0L V=-30V o ewed 20| V,=-30V proximation,_ or]ly ionized_ acceptors are left il_1 the depletion
il layer and distributed uniformly in the depletion layer. The
25} concentration of the acceptai) (i.e., exhausted major car-
-5V A5} riers) is, thus, obtained by dividing induced char@@) by
20 / il - the depletion layer thickness,), and it is represented a
E ask / = 40 =Q/et,. Because of the charge neutrality =0 V, con-
- d ov | =~ centration of the major carriers is equal to that of acceptors.
-0t / - ianiai Therefore, the concentration of the major carriers of penta-
g 15V 0.5 cene atVg=0 V amounted toN=1.1x 10'® cm™3 using t;
05 4.4 [nm] =4.4nm at Vg=15V, while it amounted toN=8.0

S » _
S o x 1017 cm for 6T usingt,=5.8 nm atVe=15 V.
0 5 10 15 20 "0 5 10 15 20 On the other hand, the concentration of the mobile major
Film thickness [nm] carriers can be estimated by the conductance of TFVzat
=0 V. Here we assume zero contact potential between or-
FIG. 2. Source-drain currerflsp of pentacene andTemea-  ganic semiconductors and Au electrodes. This assumption is
sured as a function of film thickness at various gate voltdygs. supported by Ohmic behavior of th& D contacts to the
Source-drain voltage was kept at 1 V. The dotted line is guidelingpentacene andTeactive layers observed in the present FET
to obtain the threshold thickness. characteristics. The conductivity of the 4.4 nm-thick penta-
cene film was 2.% 102 Q™ *cm™ usinglgp (6.0X 1077 A)
characteristics were measuriedsitu under the same condi- atVz=0 V, and the conductivity of the 5.8-nm-thick 6ilm
tion, avoiding the problem of specimen dependence. was 1.6<10° QO tcm™? using lsp (5.1X 101 A) at Vg
=0 V. Since the conductivity is representednas., wheren,
e, andu are carrier density, unit charge, and mobility and the
lll. RESULTS concentration of the mobile major carrigid,,) at Vg=0 V
A. Depletion layer is obtained by dividing the conductivity by the mobility of
. the organic film. ThereforeN,, was estimated to be 7.6
Figure 2 show_s thS_D current(ISD)_ of pentacene andT® v 107 ¢ 2 for pentacene anl,,=8.2x 106 ¢ for 6T.
as a function of film thickness at various gate voltapés); The fact thatN determined bydy,, andN,, determined by
Ve=-30, -15, 0, and +15 V. Th&D voltage (Vsp) was  the conductance at;=0 V, have the same order, indicates
kept at 1 V. Since both pentacene ant &e p-type semi-  thatd,, actually corresponds to the depletion layer thickness.
conductors, largesp is observed at negative gate voltages.|n other words, we could directly determine the deletion
Here we find the presence of threshold thicknédg) at  layer thickness as a shift afy, by the presentn situ and
which electric current begins to flow. There are two points tocontinuous measurement. Furthermore, the measurement was
note aboutdy, First, dy, is ~1 nm atVg=0 V, and finite  revealed to be a rather general method to determine the
electric current is observed even for the 1.0-nm-thick film.depletion layer thickness, because a shiftlgfvas observed
The present result indicates that t8eD electrodeswidth  for both organic semiconductors.
100 um) could be electrically connected by only 1-nm-thick  Although the above discussion @iy, is roughly justified,
organic semiconductors. Furthermore, typigatype FET  there is a difference betwedhandN,, N, is always lower
characteristics were observed for the this flilBecondds,  thanN. The difference could be caused by several assump-
shows cleaVg dependence, and it shifts up to @8.5 nm  tions stated abové.e., flat band condition, zero contact po-
for pentacene andy,=5.8+0.6) nm for 6T atVs=15 V. The  tential, and depletion approximatiprOn the other hand, the
value of dy, was well reproduced for several experiments.difference could include important information on the con-
When positiveVg is applied top-type semiconductors, the centration of the major carriers. Some of carriers are trapped
depletion layer with a low conductance is formed at theat trap sites, such as grain boundaries, defects, or
semiconductor/insulator interface. Then, the whole film carsemiconductor/insulatofmeta) interfaces. Therefore, the
be depleted on the thin limit, andy does not flow at posi- difference of concentration betwe@&handN,, can be con-
tive V. Consequently, it is suggested thit corresponds to  sidered to relate to the concentration of the trapped carriers.
the depletion layer thickness. Here we comment on the effect of impurity on the deter-
In order to discuss the validity of the above discussionmination of the depletion layer thickness by the present mea-
we estimated the concentration of major carriers by two dif-surement. Finite conductivity #;=0 V means that the car-
ferent ways with the conventional model which has beerrier concentration originating from the impurity is higher
already established for inorganic semiconductérsvhen a  than the concentration of trap sites. This causes positive
depletion layer is formed at the semiconductor/insulator inthreshold gate voltagé€Vy,) in the FET characteristics. In
terface, carriers are exhausted and ionized acceptors are lefise of purified samples, however, the carrier concentration
in the depletion layer. The induced charge amounts tQbe can be lower than the concentration of trap sites, dpd
=CVg, if a flat band condition is satisfied ®;=0 V. Here, = would not be observed at positi%;. High concentration of
C is the capacitance of the gate dielectric, and it is repreimpurity is, thus, essential for the present method. Since the
sented a€=eqx/tox, Whereepy is the dielectric constant of depletion layer thickness is inversely proportional to the con-
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FIG. 3. (a) Carrier densityfn(x)] of pentacene as a function of
the distancex) from the interface at various gate voltag@ss);
Vg=-30 V (down triangle, =15 V (up trianglg, 0 V (circle). (b)
The difference [n;(x)] between charge carrier density &g
=-15V or -30 V and that a¥5=0 V.

FIG. 4. (a) Carrier density[n(x)] of 6T as a function of the
distance(x) from the interface at various gate voltagd4); Vg
=-30 V (down triangle, =15 V (up trianglg, 0 V (circle). (b) The
difference[n;(x)] between charge carrier density \¢t=-15 V or
-30 V and that aVg=0 V.

centration of major carriers, high concentration of impurity carriers and the accumulation layer thickness for organic
help determination of the depletion layer thicknéss nm  TFT by thein situand continuous measurement. It should be
atVg=15V). noticed that the above procesgdgferentiation, division by
©) can be validated only for the continuous measurement
results, in which the sample condition is kept unchanged.
Otherwise, for an individual sample, the condition changes
In the previous section, we discussed the depletion layefrom one sample to another due to the difference in grain
thickness. In this section, we discuss the thickness of theize, crystallinity, interface state, etc.
accumulation layer, and the distribution function of charge For quantitative estimation on the accumulation layer
injected by electric fields. In the following analysis, we as-thickness,n;(x) is fitted with an exponential functioff(x)
sume that the organic semiconductors grow in a layer-by=ax exp(-x/b)]. The fitted value ofb was 2+1) nm for
layer fashior? and that the carrier concentration dependspentacene and (85) nm for 6T at both Vg=-15V and
only on electric field§Vg), and does not depend on the film _30 \/12 Again, the value ob was well reproduced for sev-
thickness. The observed conductance of TFT is the sum Céra| experiments_ Her@ can be considered as an effective
the conductance of each layer, which is parallel to the interaccumulation layer thickness. There are three points to note
face. The conductance of each layer can be, thus, estimate@out the accumulation layer thickneh,). First, most of
by the first derivative of the total conductance with respect tnjected carriers are localized in a few ML next to the inter-
film thickness. Then, the carrier density of each layer is deface (1 ML thickness: 1.5 nm for pentacene, 2.2 nm fd).6
termined by dividing the conductance of each layer/y e could quantitatively show the localization of injected car-
Based on the assumption of layer growth, the mobility can bgjer at the interface by experiments, while most previous
constant, because mobility depends on morphology of thorks simply shows that carriers were localized at the
TFT.*The mobility is determined by_tlhe_lFET characteristicsinterface® Second,d,. does not depend on gate voltages.
of the 20-nm-thick film (0.23 cnfV~™s™ for pentacene, Third, d,. of pentacene is smaller than that of.6n the

B. Accumulation layer

2.5xX107* en? V=is7 for 6T). _ o ~ following, we would discuss these gate voltage and chemical
Figures 3 and 4 show the obtained distribution functionspecies dependence of the accumulation layer thickness.
[n(x)] of carriers as a function of distaneefrom the inter- First, we discuss the gate voltage dependence of the ac-

face for pentacene andl6at variousVg. The large carrier  cumulation layer thickness. In an ideal semicondudadgrjs
density atVg=0V in small x region is due to the charge jnversely proportional tovg.® On the other handd,, of
transfer from the Au electrodes to the pentacene moleébles.orgamc semiconductor pentacene afddsd not show gate

By subtracting the carrier densityy(X) at Ve=0V from  yoltage dependence in the present study. The difference
N_15(X) at Vg=-15V, orn_sx) at Vg=-30V, the carrier could be explained by the electron-electron repulsion, the
density injected by electric field;(x)] is obtained. As seen |ocalized states in organic semiconductors, and geometry-
in the figure,n;(x) decays steeply with increasingmeaning  related factors. Electron-electron repulsion delocalizes the
that the injected carriers are localized at the interface. Wearriers, and leads to an increasedjp Since the repulsion
could quantitatively determine the distribution function of force increases with carrier concentrati@re., Vg), a de-
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crease ofd,. could be compensated with an increaswig mulation layers. As discussed in the previous section, layer
This causes littleVg dependence. On the other hands  growth is essential to the present method. The reason why
dependence in an ideal semiconductor assumes the parabolie studied organic semiconductors, is just that they do not
density of states for the conduction band. In organic TFTneed high substrate temperature to obtain flat films, in con-
however, there is no long-range order in the specimens. Berast with the inorganic semiconductor which needs high sub-
cause of absence of the long-range order, the localized statggate temperature. Only if we can prepare flat films at low
with finite energy width are formed below the free-electron-gpstrate temperature, the present method can be applied to
like conduction band. Therefore, the equations assuming,oganic semiconductor to estimate the thickness of the
parabolic DOS could not be applicable to the organic TFTgepietion and accumulation layers, and distribution function
andd,. was not inversely proportional ;. The geometry- of the injected carriers.

'rl'eriztrzda];aecigzsn;i;aﬁlsgo%zlgrlir;sﬂ}ﬁ ti)épzrrlgnmiﬂta;illn:esgr!tj. Finally, we comment the control of physical properties by
these grain boundaries and defects would affect the char ee:aeni?(r:lgnf:ﬂg;r /iSr:Q5Fat(c:)erlrrilr?tresrf§(:3édetrl12 a Ilevsvicha/llll_ frr?)me:zgs
injection. Therefore, the equations assuming a perfect sem ’ phy prop

conductor crystal could not be applicable to the organic FETONY at the interface could be controlled by the charge injec-

Although we present some explanation of the little gate volttion. This implies the importance of a well-ordered interface

age dependence of the accumulation layer thickness, we cdirough which charges are efficiently injected. Furthermore,
not present decisive one at present. we propose that thg ;emlconductor-metal or -supercon(_juctor

Second, the chemical species dependence of the accumifidnsition is a promising target to study. When the semicon-
lation thickness is discussed. Ftype organic semiconduc- ductors change into metal phase by field induced charge in-
tors, holes are injected in the highest occupied moleculatection, metallic and semiconducting regions sit side by side
orbital (HOMO) of the semiconductor, and thus, reflects ~ With only an atomic distance apart in the organic film. Under
the spatial distribution of HOMO. On the other hand, boththis situation, free carriers can interact with exciton, associ-
pentacene and T6 are m-conjugated molecules, and their ateéd with the semiconductor, at the interface. Ginzberg
HOMOs spread through in the whole molecule. Therefore@l-*® proposed the possibility of superconductivity by exciton
the molecular size should be taken into account to discusd€chanism at metal/semiconductor interfaces. They dis-
d. Since the molecular size ofT6is larger than that of cusseql that _the coexistenge _real sp_ac)a_of excitons and
pentacened,. of 6T was larger than that of pentacene. In metz_all_lc carriers would ma_ke it posmb!e mterfz_ice supercon-
addition to the molecular size, another factor, such as differductivity. Therefore, the situation realized at interface thus
ence in dielectric constant or intrinsic carrier density couldl®@ds a possible ground for superconductivity by exciton
cause the difference id,.1* mechanism.

_ nge we estim.ate the amount of carrier; injected by elec- IV. CONCLUSIONS

tric fields at the first layer, in order to obtain a guide to the
electric fields control of physical properties. Since the distri- We present thé situ and continuous measurement of the
bution function of the injected carrier can be represented bgonductivity of growing organic films, as a simple but pow-
f(x)=a X exp(-x/b), the amount of carriers in the first layer erful method to determine the distribution curve of injected
is obtained by integratind(x) from 0 to the thickness of 1 carriers and the dimension of the accumulation and depletion
ML (1.5 nm for pentacene, 2.2 nm fof 6 The amount of layers. The depletion layer thickness could be directly deter-
the injected carriers was 6<110'* cm™ for pentacene and mined as a shift of the threshold thickness at which electric
2.6X 10" cm2 for 6T at Vg=-30 V. One carrier was in- current began to flow. Thi situ and continuous measure-
jected every 350(810 pentacene(6T) molecules atVg ment could also determine qualitatively the accumulation
=-30 V. In most of the previous studies, the amount of in-layer thickness together with the distribution function of in-
jected carriers per each molecule was estimated assumingcted carriers. The accumulation layer thickness was 2 nm
that carrier were localized at the first layer. In the presenfor pentacene and 9 nm forT6 The accumulation layer
work, however, distribution of injected carriers were esti-thickness did not depend on gate voltages, rather depended
mated, showing that they were not necessarily localized &@n the chemical species.
the first layer. _The present result can be_z, thus, a guide to ACKNOWLEDGMENTS
control of physical properties by electric fields.
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4The depletion layer thickness can be indirectly determined by thé®T. Komoda, Y. Endo, K. Kyuno, and A. Toriumi, Jpn. J. Appl.
capacitance measurement. When the depletion layer is formed at Phys., Part 141, 2767 (2002.
the semiconductor/insulator interface, the capacitance of the sy$R. C. Haddon, A. S. Perel, R. C. Morris, T. T. M. Palstra, A. F.

tem is C;Cq4/(C;+Cy), whereC; and C4 are the capacitance of

Hebard, and R. M. Fleming, Appl. Phys. Le&7, 121(1995.

the insulating and deletion layers. The capacitance of the deplé“The carrier densityn(x)] could also be obtained by dividing the

tion layer is determined using the known capacitance of the
insulating layer. Therefore, the depletion layer thicknésg
can be determined by equatibg=e€/C;, wheree is the dielec-

tric constant of the semiconductor. On the other hand, the accu-

mulation layer thickness is hard to be determined. In most of
previous studies of organic FET, it is assumed that the whole
charge(=C;Vg) is injected only in the first layer at the interface.

SA. Dodabalapur, L. Torsi, and H. E. Katz, Scien@§8 270
(1995.

6M. Kiguchi, M. Nakayama, K. Fujiwara, K. Ueno, T. Shimada,
and K. Saiki, Jpn. J. Appl. Phys., Part4R, L1408 (2003.

"We have measured the morphology of the film by atomic force
microscopy. For the 0.7-nm-thick film, the first monolayer pen-
tacene molecules covered the SiGubstrate completely with
their molecular long axes parallel to the surfdllging” ), and

local conductance by the mobility¢(x), which is determined
from the FET characteristics at each film thickness. In this case,
bis 0.86 nm at —15 V, and 0.91 nm at —30 V for pentacdnis,
3.4nm at -15V, and 3.9 nm at —-30 V for ® which are
smaller thanb in the text. In determiningus, the carriers(Q
=CV) are assumed to be completely injected even for an ultra-
thin film. The injected carriers are, thus, overestimated, leading
to underestimation ofi;. On the other hand, constant mobility
(me) in the text overestimates the mobility especially in the thin
film region. Therefore, the true mobility is betwegn and u,

and the trueb is between those estimated from and u.. The
main topic of the present work is based on the fact thdbes

not depend oVg, which was commonly observed in both cases.
Therefore, the discussion in the text was not affected by choice
of u.

some molecules grew on the first layer with their molecular long*3G. Horowitz, M. E. Hajlaoui, and R. Hajlaoui, J. Appl. Phy&7,

axes normal to the surfac@standing’); M. Nakayama, M.
Kiguchi, and K. Saiki(unpublished

8E. H. RhoderickMonographs in Electrical and Electronic Engi-
neering. Metal-Semiconductor Contact€larendon, Oxford,
UK, 1978.

9This assumption is supported by the AFM results. The film nearly

covered the substrate completely, although there were some

grain boundaries. Furthermore the deviation of height in the is-
land was about 2 nm, which corresponded to 1 monolayer thick-

4456(2000.

14The carrier density is represented psn; exd (E;—Eg)/KT],

where n;, E;, Eg are intrinsic carrier density, intrinsic Fermi
level, and Fermi level. Since the carrier density changes expo-
nentially with the energy difference between intrinsic Fermi
level and Fermi level, the small difference in the band bending
would lead to large difference in distribution function of carriers.
The band bending depends on dielectric constant of semiconduc-
tors.

ness. These experimental results supports that the nearly ideHV. L. Ginzburg and D. A. KirzhnitsHigh-Temperature Supercon-

layer growth occurred under the present growth condition.
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