7%
university of 5%,
groningen % %

i

University Medical Center Groningen

University of Groningen

Formation of a schottky barrier between eutectic Ga,In and thiophene oligomers
Lous, E. J.; Blom, P. W. M.; Molenkamp, L. W.; de Leeuw, D. M.

Published in:
Journal of Applied Physics

DOI:
10.1063/1.364990

IMPORTANT NOTE: You are advised to consult the publisher's version (publisher's PDF) if you wish to cite from
it. Please check the document version below.

Document Version
Publisher's PDF, also known as Version of record

Publication date:
1997

Link to publication in University of Groningen/lUMCG research database

Citation for published version (APA):

Lous, E. J., Blom, P. W. M., Molenkamp, L. W., & de Leeuw, D. M. (1997). Formation of a schottky barrier
between eutectic Ga,In and thiophene oligomers. Journal of Applied Physics, 81(8), 3537 - 3542.
https://doi.org/10.1063/1.364990

Copyright
Other than for strictly personal use, it is not permitted to download or to forward/distribute the text or part of it without the consent of the
author(s) and/or copyright holder(s), unless the work is under an open content license (like Creative Commons).

Take-down policy
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately
and investigate your claim.

Downloaded from the University of Groningen/UMCG research database (Pure): http://www.rug.nl/research/portal. For technical reasons the
number of authors shown on this cover page is limited to 10 maximum.

Download date: 21-05-2019


https://doi.org/10.1063/1.364990
https://www.rug.nl/research/portal/en/publications/formation-of-a-schottky-barrier-between-eutectic-gain-and-thiophene-oligomers(592bac03-aa52-42df-8627-c8bfea4924c0).html

Formation of a Schottky barrier between eutectic Ga,In and thiophene oligomers
E. J. Lous, P. W. M. Blom, L. W. Molenkamp, and D. M. de Leeuw

Citation: Journal of Applied Physics 81, 3537 (1997); doi: 10.1063/1.364990
View online: https://doi.org/10.1063/1.364990

View Table of Contents: http://aip.scitation.org/toc/jap/81/8

Published by the American Institute of Physics

Articles you may be interested in

Liquid metal actuation by electrical control of interfacial tension
Applied Physics Reviews 3, 031103 (2016); 10.1063/1.4959898

Photochemically induced motion of liquid metal marbles
Applied Physics Letters 103, 174104 (2013); 10.1063/1.4826923

A frequency shifting liquid metal antenna with pressure responsiveness
Applied Physics Letters 99, 013501 (2011); 10.1063/1.3603961

A reconfigurable liquid metal antenna driven by electrochemically controlled capillarity
Journal of Applied Physics 117, 194901 (2015); 10.1063/1.4919605

Liquid metal stretchable unbalanced loop antenna
Applied Physics Letters 94, 144103 (2009); 10.1063/1.3114381

Liquid gallium and the eutectic gallium indium (EGaln) alloy: Dielectric functions from 1.24 to 3.1 eV by
electrochemical reduction of surface oxides
Applied Physics Letters 109, 091905 (2016); 10.1063/1.4961910

AP | e Srysics SPECIAL TOPICS



http://oasc12039.247realmedia.com/RealMedia/ads/click_lx.ads/www.aip.org/pt/adcenter/pdfcover_test/L-37/1389932160/x01/AIP-PT/JAP_ArticleDL_0618/AIP-3106_JAP_Special_Topics_1640x440.jpg/434f71374e315a556e61414141774c75?x
http://aip.scitation.org/author/Lous%2C+E+J
http://aip.scitation.org/author/Blom%2C+P+W+M
http://aip.scitation.org/author/Molenkamp%2C+L+W
http://aip.scitation.org/author/de+Leeuw%2C+D+M
/loi/jap
https://doi.org/10.1063/1.364990
http://aip.scitation.org/toc/jap/81/8
http://aip.scitation.org/publisher/
http://aip.scitation.org/doi/abs/10.1063/1.4959898
http://aip.scitation.org/doi/abs/10.1063/1.4826923
http://aip.scitation.org/doi/abs/10.1063/1.3603961
http://aip.scitation.org/doi/abs/10.1063/1.4919605
http://aip.scitation.org/doi/abs/10.1063/1.3114381
http://aip.scitation.org/doi/abs/10.1063/1.4961910
http://aip.scitation.org/doi/abs/10.1063/1.4961910

Formation of a Schottky barrier between eutectic Ga,ln and thiophene
oligomers

E. J. Lous,® P. W. M. Blom, L. W. Molenkamp,” and D. M. de Leeuw
Philips Research Laboratories, Prof. Holstlaan 4, 5656 AA Eindhoven, The Netherlands

(Received 21 March 1996; accepted for publication 11 January)1997

The formation of a Schottky barrier between an eute@ia,In alloy and a highly doped thiophene
oligomer is followed as a function of time using current density—voltage and capacitance—voltage
measurements. Within 1 h, the diode characteristics change from almost nonrectifying, leaky
behavior into a rectification ratio of $Qvith a considerably reduced leakage current. Measurements
and energy band diagram calculations show that the depletion width increases with time due to a
decrease in the ionizable acceptor density of the semiconductor at the Schottky interface. This is
probably caused by a chemical reaction between the in-diffusing metals and the doped oligomer.
© 1997 American Institute of Physids50021-897@07)05308-3

INTRODUCTION also limits the forward current of the diodes. The effective
undoping of the interface layer is presumably caused by the

Many conjugated organic materials show semiconducfabrication process, e.g., evaporation of the indium on top of
tive properties. In recent years several types of devices emhe thiophene film. A chemical reaction is induced between
ploying these properties such as diodes, field effect transighe indium and the oligomer. This interpretation is supported
tors (FET9, and light emitting diodesLEDs) have been by ultraviolet photoelectron spectroscopy measurements for
investigated:? An important class among the amorphous or-aluminum evaporated on the thiophene oligomer
ganic semiconductors is the thiophene oligomers, which are-sexithiophené?
stable p-type semiconductors. Thin-film diodes have been In this article we report on time-resolved measurements
made by sandwiching thiophene oligomers between a lowen the formation of a rectifying barrier between a thiophene
work-function metal such as In, Ag, Al, Pb, and Sn, and anoligomer layer and an eutectic Ga,In alloy as Schottky con-
ohmic contact such as Alr® Such diodes exhibit rectifica- tact. The formation of the barrier is slow enough to allow a
tion ratios of 1d—10° (measured between drive voltages of full set of current-density—voltagel¢V) and capacitance—
+1 and—1 V) and quality factors1 in the range of 1.2-2. voltage C-V) measurements. Eutectic Ga,ln is a liquid
These specifications compare favorably with diodes madenetal, which has about the same work functidri—4.2 eV
from amorphous S1.The switching speed of the organic di- as In(4.12 eVj and should result in a similar barrier height.
odes can be improved from less than 100 Hz to about 10he advantage of Ga,In devices is that no metal evaporation
kHz, by doping of the semiconductor to a high acceptor denduring the fabrication process is needed. Hence, temperature
sity of about 16° cm™3. Actually, it is a surprising result accelerated reactions and temperature induced ded¢foing
that well-rectifying Schottky diodes can be obtained fromexample by decomposition, separation, etc., of film surface
such highly doped semiconducting filh&.For these high material$ are circumvented. In our Ga,In devices we fiati
dopant concentrations one expects an extremely thin depléeom temperatujea changeover with time from an ohmic
tion width of less than 10 A. For such thin barriers tunnelingcontact to a Schottky-type behavior. This changeover occurs
current transport processes should result in an ohmic, norat a time scale of several hours, probably due to a chemical
rectifying behavior at the Schottky contact. reaction between in-diffusing metal atoms and the thiophene

In previous articles we have shown that using indium aspligomer molecules. Eventually, with eutectic Ga,In similar
the Schottky contact on both unintentionally doped andor even better rectifying diodes are obtained than with
highly doped (5%) thiophene oligomers, a thin interface evaporated In as Schottky contaét.
layer is present between the indium Schottky metal and the
semiconductor bulk layer® The interface layer has been
characterized as a partialiyndoped semiconductingyer  MATERIALS AND METHODS
with a low ionizable acceptor densiti, (p~ layen. This
density is at least one order of magnitude lower than that in  Doped semiconducting films ofx,«’-coupled dode-
the bulk layer of the semiconduct(w™ layen. Thep™ layer  cathiophene, substituted with fourdodecyl side chains at
enables the well-rectifying behavior of the Schottky diodesthe thiophene rings 2, 5, 8, and 1T,¢d,) (obtained from
This rectifying behavior does not occur at the/p* junc-  Syncom B.V., University of Groningen, The Netherlanhds
tion but at the Schottky metal/ layer interface; however, have been prepared as reported eaflféin short:T;,d, has
thep~ layer also exhibits a low conductivity and, therefore, been doped in dry tetrahydrofur&ghHF) (Merck, pro analy-

sis, and refluxed, fol h over a sodium-potassium melt, prior
| o to use with a dry-THF solution of 2,3-dichloro-5,6-dicyano-
ectronic mail: erik.lous@st.com

bCurrent address: 2. Physikalisches Institut, RWTH-Aachen, D_520561,4-benzo-qu?none§I;)DQ) (British Drug House, 98% The
Aachen, Germany. doping level is defined as the percentage of donated holes
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10 111111 mm has been described in Ref. 7. All electrical measurements
Ly were taken at ambient temperaty890 K) and atmosphere.

RESULTS

As a typical example, we show in Fig. 2 the'V depen-
dence of a device consisting of a Ga,In contacted, 8% doped
T..d, film, after time intervals of 2 minl h and 1 day.
| Initially, we observe a leaky diode. Thke-V dependence is
glass substrate characteristic of a diode with a parallel resist®y both in
series with a resistoR; (see inset of Fig. g'3

q (Vp—IRy)
eX[{m(Vb—JRS) +R—p

per thiophene ring. Each DDQ molecule can accept two elecwhere V,, is the externally applied bias voltagg, the el-
trons; hence, a doping level of 1% corresponds to a holementary chargeég the Boltzmann constant, afidthe tem-
density of about 9x 10'° cm™3. perature Rs and R, are in units ofQ cn?. The part of the
Devices have been fabricated by spin-coating filmsJ-V curve at low(forward voltage at whichJg overlaps
(typical thickness: 4000 Pon glass substrates provided with with the J trace is a measure of the diode leakage. Here the
four evaporated Au stripes and a large Au contact &fga ~ total current is dominated by thigeakage current through
1). Au is an ohmic contact tédoped T,.d, and is used as R,;. (Note thatRs < R,.) The decrease of the diode leakage
bottom electrode in our diodes. Our device layout thus alcurrent with time is due to an increasefy (from about 4
lows for both a measurement of the bulk conductivity and ofkQ) cn? to 3 MQ cn¥) and is observed by a decrease in the
the diode characteristics on the same device. Small dropleteverse current density. Initially the changeRy is fast (7
of liquid Ga,In (16.5 at. % In with typical contact areas of =~ 6 min). After abou 1 h the rectification at-1/—1 V has
2.5 x 1073 cm? have been deposited on the thiophene filmincreased to about Z(Fig. 2(b)]. Then,Rs andR, change
and used as top contacts. Due to the unknown wetting prombout equally slowly(7~ 160 min. R limits the forward
erties of the eutectic Ga,In droplet the area uncertainty igurrent densityJe of the diode, which is considerably
estimated to be 20%. This error is, however, for the determismaller than thebulk limited forward current densities.
nation of the Schottky barrier heights and for the energyThese are calculated from the bulk conductivity measured
band diagram calculations within the scope of this study obefore and after the experiment, using the bottom Au con-
negligible influence. For time-dependent studies the momertacts and are shown in the top of Figéa)2and 2c). Clearly,
of contact between the droplet and the film is taken as timé¢he change in bulk conductivity is negligible, implying no
zero. The setup for measuring tde'V and theC-V data degradation of the bulk film due to atmospheric influences

Au - \‘

FIG. 1. Schematic diagram of the device structure.

J=J, -1 (D

(a) 2 minutes (b) 1 hour (c) 1 day
bulk e I | bulk

e i o v

diode

Current Density Log, [IJi (A/cm?)]

00 05 10 15 000 05 10 15 60 05 10 15 20
Bias Voltage, IVbI V]

FIG. 2. The figure shows the current density as a function of bias voltage for a 8% Tepadilm (thickness 4700 Aon which, at time zero, an eutectic
Ga,In contact is placed. Curves are taken &t min, (b) 1 h, and(c) 1 day, respectively. The decreases in both the forward and reverse currents are much
faster than the decrease in bulk conductivity of the film, shown as the expected bulk lifaigdboth upper ohmic traces between H&hV in (a) and(c).

The inset in(a) shows the dc equivalent circuit for the diode.
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FIG. 3. The quality facton of the diode vs the duration of contact between

the eutectic Ga, In Schottky contact and the 8% doped, film. FIG. 5. From the same data set shown in Figarea/capacitangevs bias

voltage is calculated assuming a paralRetC circuit, as the ac equivalent
circuit for the reversed biased diode. Shown are the data@fte20 s,(A)
. . 9 min, (O) 7 h, which curves are 4 times magnified in the fig(right-hand
durmg the series o§—V measurements. Therefore, we ten- scalg, and(+) 8 days(left-hand scalg respectively, after contacting. The

tatively attribute the observed changes with time of the diodenes represent the slopes from whibh is deduced.
J-V characteristics, to changes in the metal—oligomer inter-
face. The quality facton is determined from the steep ex-
ponential slope ofl in Fig. 2, starting from the voltage at deviate from thefull Schottky barrier height,, by a pos-
which Jg deviates fromJg. In Fig. 3 it is shown that the sible image force barrier lowering effed¢: ¢, = ¢y
quality factor decreases from 2.5 to 1.7 with increasing con-+ A ¢. At high forward bias, beyond 1 \Jr depends super-
tact time. The current density at zero biks found by ex- linearly on the voltageJg « VY, wherey ~ 2.5. This is in-
trapolation of the above-mentioned exponential slopedicative of a space-charge-limited-current transport mecha-
changes fromabout1.8 107 8t06.3X 10" Acm~2. As-  nism through the low-conductivity metal—oligomer interface
suming conventional thermionic emission theory, we findlayer*
that the Schottky barrieg, changes from about 0.86 after 2 In Fig. 4 we show the time dependence of the absolute
min to 0.96 afte 1 h to 1.0 eV in 1day® These values may impedancéZ| and the phasé of the diode, as a function of
the bias voltage, measured at a modulation frequency of 1
kHz. From|Z| in Fig. 4@ we observe that at all times rec-
tification occurs, while thdZ| curves as a whole shift to
higher impedance with time, in agreement with the total shift
of the J-V curve in Fig. 2 toward lower current density.
This effect in bothJ, and|Z| cannot simultaneously be ex-
plained by a drastic change in time of the Ga,In contact area.
Therefore, based on simildg, |Z|, and barrier height val-
ues, we assume that the contact area is well comparable with
those of evaporated In contaétdThe phasdFig. 4b)] ex-
hibits especially large changes with time and is informative
for the understanding of the time dependence. At high for-
ward bias the phase is all the time close to zero and the
device behaves as a resistor. However, for small reverse bias
the phase changes in time from close to z&® 9 to —90°
(7 h); i.e., from a resistive to a capacitive behavior. This
reflects an increase of the width of the depletion layer with a
simultaneous decrease @finne) leakage currents. For high
reverse bias, however, these leakage currents again start to
dominate the transport through the depletion region and
70 | (b) | 8 days cause the phase to go back to zero.
f=1 kHz o L. ] The impedance data of Fig. 4 are used to determine the
90 . . change in capacitance of the diode as a function of bias volt-
-2 -1 0 1 2 age. From a plot ofarea/capacitand®eversus bias voltage
Forward Reverse V,, as shown in Fig. 5, the built-in voltagé,; can be deter-
Bias Voltage, Vy, [V] mined from the intercept of the capacitance data with the
FIG. 4. The(a) impedancédZ| and(b) phased as function of bias voltage at voltage axis at lowv,,. As the reverse current density be-
20 s 9 min, 7 h,pand 8 days after 2he contact between the eutec%ic Ga,lﬁomeS less dominated b'RP in time, standard Schottky

alloy is made with a 7% doped,,d, film (thickness 4600 A The contact theory_beqo_mes more valid as the reqUire_ment of a parallel
areais 2.5x 1073 cn?, frequency 1 kHz, and oscillation amplitude 0.1 V. R—C circuit is reached. At longer contact tima#4,; remains

107
108
108
10%

10°

Impedance, |Z| [Ohm]

102

Phase, © [degrees]
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FIG. 6. The ionizable acceptor densitiy as function of the depletion depth "-’E 1077} i
x of the diode, calculated from the same set of data as partly shown in Figs. o d
4 and 5. The shown profiles are(®) 9 min,(4) 3 h,(H) 1, (+) 2, (A) 3, < 1018k //
(@) 4, and(V) 8 days after contacting the Ga,In to the film. = _ <
105k // 1
e
s
i o ) 101 - . )
unchanged at 0.6 V. This change Vf; is also seen in the 0 50 100 150 200

J-V data of Fig. 2, as a shift of the voltage at whihstarts
to saturate(which is also an indication fo¥,;) to smaller
values. The limiting value fo¥;, 0.6 V (8 days after con-

Distance, x [3\]

. . e _ FIG. 7. The bottom part shows tiN,(x) profile after 4 days, selected from
tac from Fig. 5 agrees well with the built-in voltage de Fig. 6. Thep™ layer extends from the metal—oligomer interface at the origin

duced from Fig. &) (see also Fig. 4 of Ref.)7Previously, (x=q) up to x=180 A, where the gradient starts. The numbers 1 and 2
V,,i=0.5-0.6 has also been observed for devices with evapaondicate two possible extrapolations kf,(x) toward the Schottky metal—
rated In contact&8 In addition we note that the saturation of oligomer interface. The corresponding calculated band-bending diagrams
the curves in Fig. 5 at high reverse bias volt@gg~2 V) is are shown in the top part. Only profile 2 has sufficient band bending at

. . . ! x=0 to yield the built-in voltage o¥,; = 0.6 V that is found experimentally.
typical for diodes with graded dopant profifes. The solid line is the band bending due to profile 2, after including the effect

From the sam€ -V data of which a sample is shown in of the image force, which causes a barrier lowering\gi=0.22 eV. Note:
Figs. 4 and 5 we have calculated the profile of the ionizabléhe potential energy scale on the vertical axis is shiftedda — qVei).
acceptor densitil, as function of the distanceto the Ga,In
metal—oligomer interface. In Fig. 6 these profiles are shown _ . _. .
for 9 min, 3 h, 1, 2, 3, 4, and 8 days after contact is made. 90° (Fig. 4) and leads to the increase of the Schottky bar-

For each profile only those data points are shown that fulfill"c" and of the re(;t|f|gat|on of the diodeig. 2. The ob-
the assumption of a parall&—C model as used in standard served changes with time are probably due to the occurrence

Schottky theory. The profiles of the ionizable acceptor den> f a chemical reaction between the Schottky metal and the

sity show a steep gradient of more than one order. The graq_Oped_ oligomer film, leading to a partially dedoped interfa-
dient separates a partially undoped layer at the Schottky cial p layer.

metal side from the highly doped bulk semiconductor film

(p* layen. The actual dopant concentration of the bulk of DISCUSSION

6x10%° cm? is not reachedta2 V reverse bias. This may Information on theN, profile in thep ™ layer is obtained

imply that not all the dopants were ionized. Below we showfrom a calculation of the band bending in the device, which
that, in a similar manner to that for In contacts, the densityve now explain. We focus on the slowly changing experi-
profile of the interfaciab™ layer must be relatively flat. mentalN, profile as obtained after 4 days and shown in Fig.
The time dependence of the ionizable acceptor densitg and in more detail in the bottom part of Fig. 7. In Fig. 7 we
profile of Fig. 6 is as follows: At short contact times the jndicate for thep ™~ layer two possible extended, profiles
depletion width is small and large tunnel currents cross thg1l and 3, which represent different extrapolations from the
barrier. Hence the phase of the impedalféig. 4(b)] is close  data points toward the metal interface; profile 1 is a
to 0°. With increasing contact time thg™ layer becomes |ogarithmic-linear extrapolation of the experimental data
thicker and, due to the decrease of the ionizable accept@joints for distances larger than 180 A, toward the Schottky
density in thep™ layer from about 18° to 10'” cm™3, also  metal interface, profile 2 is as profile 1, while in addition a
less conductive. This is consistent with the observed deconstant, minimum density di, = 4 X 10*” cm 3 is as-
crease inJg with time (see Fig. 2 since the low-dope@~  sumed. For these profiles we calculate the corresponding po-

layer limits the forward current density of the diode, and istential energy of the valence bai{x) by solving the Pois-
interpreted as th&; part of the equivalent circuit. Starting son equation,

with a width of the depletion layer of less than 100 A, suf-
ficiently thin for tunneling to occur, the increase of this width

VO _SF(X) _ p(x) _ ANA(X)
is reflected by the phase change of the impedance from 0° to ’

X2 OX € €

2
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bipolaron band: 3 hours 4 days contributes significantly to the shape of the total potential
energy of the valence bari; (x) = qV(x) + E;m(x).*This
results in a lowering byA¢ of the full Schottky barriefkpyq
(Fig. 7, top part, solid ling The size of the Schottky barrier
lowering is inversely proportional to the depletion width at
zero biasw,. After 4 days we find thatv, = 180 A and
Ap=0.22 eV. At shorter timed ¢ is even larger because the
depletion depths are smallesee Fig. 6. The larger the bar-
rier lowering, the smaller the injection barrier is, and the
more leakage current of the diode is possible to observe.
Now that we have ascertained the applicability of our
calculations in the infinite time limit, we can also analyze the
intermediate stages. The calculated energy band diagrams are
presented in Fig. 8. Comparison of the ionizable acceptor
density profiles afte3 h and 4 days shows that tpe layer
.8 N becomes thicker with time and that the ionizable acceptor
1075 o . density decreases with time. This is reflected in the energy
L 3t band diagram of Fig. 8 by an increase of the depletion width
Wg and, in addition, by a reduction of the image force barrier
lowering. The barrier lowering\¢ decreases from 0.28 eV
1017 . . . . (after 3 h to 0.22 eV(after 4 days This change compares
0 50 100 150 200 well with the change in the Schottky barrigg of Fig. 2. The
full Schottky barrier height stays essentially constant. Since
dpo=dp + A, and usingep,=1.0 eV from theJ—V data
FIG. 8. The bottom part shows tw,(x) profiles of Fig. 6, taken after 3 h tak_en af.ter 4 days{Hg_. 2, we obtain for ¢y=1.22 eV,
and 4 days. Their corresponding energy band diagrams are shown in the tahich brings the Fermi energy levek at 0.62 eV above the
part by the lines that have the=0 axis as asymptote, reflecting the contri- valence band. This energy distance is the same as found for
bution of the image for_ce. The twq other lines shovy the band bending a%ioped oligomer thiophene diodes with evaporated In
calculated from the Poisson equation. These two lines show that the full . L .
Schottky barrier height stays constant with time, while the image forcecontaCth' NOtany’ the obtained position of the Fermi level
barrier lowering decreases and the depletion width increases with time. Théorresponds to the position of the first bipolaron band of
position of the hole bipolaron band is indicated. Note that this state cannoiopedT,,d, .51°
exist in the charge free de_pletion region t_)f the device, as is schematically We add here that we also observed a similar time-
drawn forV/, =0 V, and which broadens with timeee Ref. & dependent behavior of the eutectic Ga,Iln contact, as de-
scribed in this article for highly dopeB,.d, films, in a series
of experiments on unintentionally dopéld.d, films. For
with F the electric field,p the charge density, anel the  both devices the final built-in voltage is the same and pin-
dielectric constant of the semiconductor. In this figure wening of the Fermi level seems to occur similarly as found for
use boundary condition®/(0) = —V,, V(w) = 0, and devices with evaporated In contaéts.
F(w)=0] which are appropriate for easy comparison of the  The value of the quality factar, which is shown in Fig.
magnitude of band bending of both profil¢$o obtain the 3 as a function of time, can in principle discriminate between
absolute scale for the complete energy diagram, the voltagée types of current transport mechanighgrmionic versus
scale needs to be shifted upward M, — Ppp)/q.] As de-  field emission that dominate the current across the barrier of
duced from theC—V andJ-V data(see also Fig. 4 of Ref. the diode'’ For pure thermionic emission,is close to 1 and
7) the total band bending at the Schottky interfa@  temperature independent. For field emission proce@&sgs
x=0), which isqVy,;, should equal about 0.6 eV. The total tunnel processgsn is generally larger than 7 In our
band bending ak=0 that is calculated for profile 1q\/y; experiment, the depletion width at zero bias voltage in-
~ 0.20 eV} is far too small, which thus excludes profile 1. creases drastically with increasing contact time in agreement
For profile 2 sufficient band bending, i.e., 0.6 eV, is fodnd. with the observed decrease ofin Fig. 3. Therefore, we
Note that also when assuming a constant profile as in profilexpect the dominant current transport mechanism across the
2, the amount of band bending is very sensitive to the magbarrier to change from tunnellinghin barrier anch>1) to-
nitude of N, . If the N, level of profile 2 is reduced by only ward thermionic emissiofthick barrier andn~1) (Fig. 3.
a factor of 4, the calculatedVy; drops to 0.26 eV. This Note that this interpretation is analogous to that usually pro-
means that our calculations enable a quite accurate deterngosed for temperature induced changesiim chemically

Energy [eV])

Na [cm'al

Distance, x [A]

nation of the actual doping profile in the~ region. stable device$’ Heren increases with decreasing tempera-
The band bending occurs on a depth scale where thgire where the thermionic emission process is inhibited and
image force potential energy the current transport is forced to tunnel through the barrier
) by field emission.
E - q 3) The time-dependent behavior, as observed for eutectic
M1 67 egx Ga,In contacts, is not observed for evaporated In contacts.
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The Ga,In diode seems to slowly approach the stable situaner occurs, which causes an effectiyartial) undoping of
tion that is directly obtained for evaporated In diodes. For thehe highly doped semiconductor at the Schottky metal inter-
In diodes a similar built-in voltage of 0.5-0.6 V is found, face (formation of ap~ layer on a bulk semiconductqr”
and the Fermi level seems to be pinned, i.e., independent d¢dyern. The decrease of the number of ionizable acceptors at
the p-dopant concentration. This suggests that during the Inthe surface is correlated with the contact time and is probably
evaporation process a similar chemical reaction between thdue to the in diffusion of the Schottky metals and the ongo-
Schottky metal and the thiophene oligomer occurs, as ing chemical reaction between the Schottky metal and the
found for the Ga,In-droplet deposition at room temperaturefilm. Simultaneously with the undoping an eventually well-
In that case, all the time-dependent processes, as observegttifying barrier on thep™ layer is formed. The full
for Ga,In diodes, are completed faster, in the time span of th&chottky barrier height stays constant with time. Due to the
In evaporation, because of the elevated temperature of In ithin p~ layer present at short contact times, considerable
the vapor phase. The lower reaction temperature in Ga,lbarrier lowering and tunnel processes cause a high reverse
diodes does, however, not stop the chemical reaction, buéakage current through the diode within the first hours of
slows it considerably down. We have also found that incontact between the Schottky metal and the film. When the
Ga,In diodes the formation of rectifying behavior can bep™ layer becomes thicker and progressively less conductive,
sped up, with about a factor 10, by lowering thel of the  these leakage currents diminish and the rectification in-
solutions used during the device fabrication. Furthermoregreases.
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