(7))
-
()
e
ajd
()
—d
(7))
R
7))
=)
L
al
©
9
a
Q.
<

Measurement of interface potential change

and space charge region across metal/

organic/metal structures using Kelvin probe

force microscopy

Cite as: Appl. Phys. Lett. 85, 4148 (2004); https://doi.org/10.1063/1.1811805
Submitted: 06 May 2004 . Accepted: 30 August 2004 . Published Online: 03 November 2004

O. Tal, W. Gao, C. K. Chan, A. Kahn, and Y. Rosenwaks

£ Y
L \
L ]
N\

View Online Export Citation

ARTICLES YOU MAY BE INTERESTED IN

Kelvin probe force microscopy
Applied Physics Letters 58, 2921 (1991); https://doi.org/10.1063/1.105227

Resolution and contrast in Kelvin probe force microscopy
Journal of Applied Physics 84, 1168 (1998); https://doi.org/10.1063/1.368181

Nonuniform doping distribution along silicon nanowires measured by Kelvin probe force
microscopy and scanning photocurrent microscopy
Applied Physics Letters 95, 092105 (2009); https://doi.org/10.1063/1.3207887

Lock-in Amplifiers

N/ Zurich
N\ Instruments

" 8.§0.06.000. Watch the Video | B> |

©'6 ©'6 6 6:-0.0.°

Appl. Phys. Lett. 85, 4148 (2004); https://doi.org/10.1063/1.1811805

© 2004 American Institute of Physics.

85, 4148


https://images.scitation.org/redirect.spark?MID=176720&plid=1086294&setID=378288&channelID=0&CID=358612&banID=519827796&PID=0&textadID=0&tc=1&type=tclick&mt=1&hc=64b8faa7e8ecdde755acc44c0a73e1ecbbcc9cfc&location=
https://doi.org/10.1063/1.1811805
https://doi.org/10.1063/1.1811805
https://aip.scitation.org/author/Tal%2C+O
https://aip.scitation.org/author/Gao%2C+W
https://aip.scitation.org/author/Chan%2C+C+K
https://aip.scitation.org/author/Kahn%2C+A
https://aip.scitation.org/author/Rosenwaks%2C+Y
https://doi.org/10.1063/1.1811805
https://aip.scitation.org/action/showCitFormats?type=show&doi=10.1063/1.1811805
https://aip.scitation.org/doi/10.1063/1.105227
https://doi.org/10.1063/1.105227
https://aip.scitation.org/doi/10.1063/1.368181
https://doi.org/10.1063/1.368181
https://aip.scitation.org/doi/10.1063/1.3207887
https://aip.scitation.org/doi/10.1063/1.3207887
https://doi.org/10.1063/1.3207887

HTML AESTRACT * LINKEES

APPLIED PHYSICS LETTERS VOLUME 85, NUMBER 18 1 NOVEMBER 2004

Measurement of interface potential change and space charge region across
metal/organic/metal structures using Kelvin probe force microscopy
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We report on high-resolution potential measurements across complete metal/organic molecular
semiconductor/metal structures using Kelvin probe force microscopy in inert atmosphere. It is found
that the potential distribution at the metal/organic interfaces is in agreement with an interfacial
abrupt potential changes and the work function of the different metals. The potential distribution
across the organic layer strongly depends on its purification. In purgtidgpotential profile is flat,

while in nonpurified layers there is substantial potential bending probably due to the presence of
deep traps. The effect of the measuring tip is calculated and discussg@D40American Institute

of Physics[DOI: 10.1063/1.1811805

The performance of organic electronic devices dependsphere to the KPFM glovebox at Tel Aviv University. The
to a large extent, on the potential profile across the devic&aAs wafer serves as a cleavable mechanical substrate. A
and its interfaces. There is considerable interest in undefew nm of clean Au were evaporated in UHV on this initial
standing the physical origin and location of potential shiftsAu layer (for a total thickness of 50 nyto provide a bottom
across the device, as these can occur through interface dpetal surface with high work function. The organic layer and
poles, or band bendingeither from band tail statésor the top metal layer were then deposited in the same UHV
trapped charggsor both; hence accurate potential distribu- chamber. X _ _
tion measurements are of considerable importance. To date, Our KPFM™ (Autoprobe CP—Veeco Inc.—with Kelvin
measurements of molecular energy levels and level offsefdfobe homemade ele_ctronjlé)swas placed inside a home-
across metal-organic and organic-organic interfaces havRUilt glovebox with nitrogen atmosphere<2 ppm watey.

been carried out by ultraviolet photoemission spectroscopy "€ Samples were cleaved situ shortly before the KPFM
(UPS,* x-ray photoemission spectroscopiXPS)® and easurements in the dafkThe samples were scanned in

Kelvin probe(KP)G measurements as a function of organic noncontact mode near the cleaved edge, and the contact po-

layer thickness. Yet, potential profiles, across interfaces an%ntlal dd(l)frf]erengle(t(_:ZIID) me:stl}l]rerlr;e;nt; Weree;yp'(.:fh”é per-a”
complete devices can only be inferred from Kelvin pmbem(rartnael stretcii:] acl\o/nt?/njas la grs \;n?jeaasrmayllvrv(;u hnsér;s of
force microscopyKPFM) measurements. 9, Yers, 9

. ... the organic layer.
Many groups have used KPFM to study potential distri- . . .
butions across inorganic semiconduébbut there are very Figure 1 shows a topography image and a CPD profile of

. . ; a typical layered structure. The GaAs substrate is on the left
few studies performed on organic deviddd.In the case of Eind the Alg is placed between two gold layers on the right

inorganic semiconductors, surface charges associated wi ee also the insptThe sandwich-like structure can be easily
gap states are present at most surfaces and limit the usef Scognized due to the protrusion of the two metdls0 nm
ness of KPFM on cross-section |nvest|gat|or_1$. On the othe\;vith respect to the organic surfaceThese protrusions are
hand, surface states are generally absent in van-der-Waglge g differences in the mechanical properties of the differ-
bonded molecular materials, making KPFM particularly suit-gnyt jayers and to low adhesion at the interfaces, which lead to
able for the latter. We present here a study of the potentiah, inherent effect of stretching the metal layers over the
profile across Au—Alg—M layered structure€Algs: tris (8- GaAs edge during the cleavage process.
hydroxy-quinoling aluminum; M: Au, Al, no metgl per- The CPD profile in the proximity of the Au/Algjunc-
formed in a nitrogen environment with nanometer spatiakjons in Fig. 1, i.e., the-600 meV step down on the left and
resolution afforded by KPFM. We compared the fine features-600 meV step up on the right, can be attributed to the
of the potential profile with the results obtained via UPS. interface electric dipole at these junctiofisThe constant
GaAs/Ct5 nm)/Au(50 nm/Algs(1-3 um)/M  struc-  CPD between the metal contacts indicates that the molecular
tures(Fig. 1 Insej were prepared by sublimation from solid energy levels are flat across the organic bulk. The two peaks
sources in an ultrahigh vacuu@HV) growth chamber in  observed on the inner Au layer are attributed to a lowering of
Princeton University and transported under nitrogen atmothe Au work function due to exposure of the GaAs/Cr/Au
substrate to afr*® prior to UHV deposition of the rest of the
@Now at: Central Research and Development, Wilmington, DE, 19880. structure(i.e., AU/AI%/_AU)' UPS ,measuremems _generally
®Author to whom correspondence should be addressed: electronic maihow @ 0.9-1.25 eV interface dipole and drop in vacuum
yossir@eng.tau.ac.il level energy upon evaporation of the first molecular layer of
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FIG. 3. Potential profile measured across Ga&s)/Au/Alqgs/Al (solid
FIG. 1. CPD profile of left to right cross sections of a line) and GaAs(Cr)/Au/Alg; (dashed ling structures. The inset demon-
GaAs/(Cr)/Au/Aul(purified) Alg3/Au layered structure. Bottom inset pre-  strates the averaging effect of the tip by showing a calculated @&8hegl
sents topography image of the relevant area. Top inset shows schematics fef a metal strip(solid) at a potential 1 V higher than the surface.
the tip-cleaved sample geometry.

) ) outer Al layer where no abrupt potential change is observed.
Alg on clean Au, as illustrated in the energy levels schemerg fact that the two CPD curves merge at the outer border
shown in Fig. 2a).™ """ The smaller potential drop ., the Al layer may stem from aluminum residualsft
(~600 meV} measured by the KPFM on this interfadeig.  afer cleavagethat “pin” the potential but do not support a

1) is probably due to the fact that the Au on the “cleaved” nacroscopic potential drop. The inset is a calculation of the
surface is exposed to residual water and oxygen impurities flp electrostatic averaging effect explained in the next

the glovebox and thus has a lower work function than the Atgction.

measured with UPS in UHV. Such'a contamination of Auby  The measured CPD equals the tip voltage that minimizes
oxygen ands\i\éatgr can decrease its work function by up tqne electrostatic force between the tip and the sample. Due to
about 1 eV.*""Figure 1 also shows that the potential shifts the |ong-range electrostatic force, the measured CPD at a

at the two Au/Alg interfaces are-65 nm wide, consider-  hoint on the surface below the tip apex is a weighted average
ably more than observed via UPS. This is a measure of thgy the surface potential in the vicinity of the tip. The effect

KPFM resolution near a protruding metal layer, and is a Conpgre s even stronger since the two metallic layers, which

sequence of the tip averaging effect, which will be analyzedyaye work function considerably different from that of the

in details below. o molecular layer, also protrude from the sample surface, af-
Figure 3 shows a CPD profilesolid curvg measured  facting the tip-sample electrostatic interaction.

across a structure comprising an inner gold lajet) and an The effect of the tip electrostatic averaging was calcu-
outer aluminum layeright), as shown in Fig. @). In addi-  |5¢eq as follows. The three-dimensional Laplace equation
tion to the dipole-related potential drops at the two inter-y 55 solvedusing a finite element commercial coder the
faces, there is a potential drop between the gold and thfbllowing system. A metallic tigcone shaped with a hemi-
aluminum layers due to the difference in their work func- spherical apex, tip height: Bm, tip opening angle: 11.3°,
tions. This is illustrated in the UPS based energy level diaz,g apex radius of curvature of 20 pracated 20 nm above

gram in Fig. Zb). Figure 3 also shows a comparison between, gyrface composed from a flat region representing the or-
CPD profiles measured on GaA&hAu/Alqs/Al (solid  ganic layer at a potential of 0 V, and a protruding square

curve) and GaAs(Cr)Au/Alg; (dashed curvestructures. In strip (160 nm high and 160 nm wigleepresenting one of the
the later case the outer aluminum layer was pilled off duringmetal contacts at a potential of 1 V; this strip represents the
the cleavage. The abrupt potential change at the @titgt) 1 v potential step at the Au/Alginterface. For each tip
Algs/ Al interface clearly affects the whole potential distribu- |ocation, the potential was calculated for three different tip
tion across the organic layer in comparison to the case of n@oltages, and the CPD was extracted in the following way.
The electrostatic force between the tip and the surface was

@ 09-125Vglm) 09125V calculated by integrating the Maxwell stress over the entire
g x R MLV tip surface® F= 3 e, surtacEZEqdN, wherediis a tip sur-
g,uc LUMO , 52e ; ) fa_lce glemgnt nprm.al to the syrfas.a unitl vector in the

— foccy Elozey dlre'ct|on(t|p_—aX|s direction, ¢ is the dl_eleqtrlc constant, and

=d E oo | Rt ke’ N J¢ the integral is calculated over the entire tip surface. The elec-
\Sf@i IR S ,\\% \\\\\ trostatic force was then expan&%@s F,=a;+a,V+agV? to
GaAs Cr_Au Alg3 An Gas Cr A Alg3 yield the voltage that minimizes the forcee., the CPD

throughV,i,=—a,/ 2as.

FIG. 2. Schematic energy levels structynet in scal¢ based on UPS and The results are shown in Fig 3 inset. The calculated
inverse photoemission spectroscopy measurenisaeesRefs. 3, 14, 17, and

18 for (a3 GaASACr)/Au/Au/Alqy/Au  structure, and (b step-like CPD profilddashed curveis widened by the mea-

GaAs/(Cr/Au/Au/Algs/ Al structure. The data for GaAd00)/Cr were suri_ng tip to a step~290 nm V_Vide which is larger then ex-
taken from Ref. 9. For the Algflat energy levels were assumed. perimentally observedsee Fig. 2 The calculated CPD
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GaAs (Cu)AuAu Alq; Ai 2 level, lowest unoccupied molecular orbital and highest occu-
500 X ; ; T ; . pied molecular orbital energies; as reflected in the lower
y CPD N CPD across the Alglayer.
0.4

4004 _ '_L 06 In summary, we have measured potential profiles on a
(3 A : E complete metal/organic/metal layered structures using
..:..300. .c i i aihs” vk m ' X Kelvin probe force microscopy. The abrupt potential drops
SO S -1.08 across the metal/organic interfaces, which are often ascribed

2001 L 1.2 to interfacial potential dipole, and the influence of the differ-

- ARV TN ent metal work functions, were clearly observed. Using nu-
Fabhhe V. % il X - d%-8-1.4 merical analysis, we estimated the broadening effect intro-

100 / ~ ~, e '
—— 116 duced by the tip for KPFM measurement on samples that
0005 10 15 20 25 3.0 exhibits abrupt potential and topographical steps. We con-
Position[um] clude that nonpurified Algjlayers between two metal con-

tacts sustain molecular level bending, in contrast to purified
FIG. 4. CPD profile measured across Gai®j/Au/(nonpurified  Alqgs (within our measurement resolutipnwhich was ex-

Algs/Au structure under zero bias. Solid and dashed curves were before a’}ﬁ‘lained by the presence of deep traps in nonpurifie@.AIq
after applying a bias, respectively. Dotted curve: Topography profile.

This research was generously supported by US-Israel Bi-

shape at the metal strip corner is attributed to the electrostatigominal Science FoundatiqiBSF), Grant No. 2000-092.

interaction when the tip apex is in proximity to the step )

corner. Comparing this calculation with the dashed cuinee G. Paasch, H. Peisert, M. Knupfer, J. Fink, and S. Scheinert, J. Appl. Phys.
U . 93, 6084(2003.

.tOp AI Iayer) in Fig. 3 ata distance 290 nm.away from the ?A. Kahn, N. Koch, and G. Weliying, J. Polym. Sci., Part B: Polym. Phys.

junctions, we conclude that the curvature in the measured 41 5292003

CPD may be solely due to a tip broadening of the abrupt®y. ishii, K. Sugiyama, E. Ito, and K. Seki, Adv. MatgWeinheim, Gej.

potential drop at the Au/Alginterface. 11, 605(1999.

Figure 4 shows a CPD profile measured on a “H. Ishii and K. Seki, IEEE Trans. Electron Devicdd, 1295(1997).

: W. D. Grobman and E. E. KoclRhotoemission in Solidedited by L. Ley
GaAs/(Cu)Au/Alg;/Au structure. The uppegsolid) poten and M. CardonaSpringer. Berlin, 1979 Vol. 2, p. 261.

tial profile is concave, in contrast to the profile in Fig. 1, s« seki, H. 0ji, N. Hayashi, Y. Ouchi, and H. Ishii, Proc. SPEZ97, 178

which is nearly flat across the Aldayer. This interesting  (1999.

difference is presumably due to the different impurity con- ‘R. Shikler, T. Meoded, N. Fried, and Y. Rosenwaks, Phys. Re®1B

tents of the two Alg layers; the Alg material used in the 8;10;‘;?(2'00(# Veoded. N. Fried. and Y. R 3 Aol P

device measured in Fig. 4 was not purified before deposition,ldulggeé’ + Meoded, N. Fried, and Y. Rosenwaks, J. Appl. PI§f.

while the Alg used in the device measured in Fig. 1 was s gyrgi, T. J. Richards, R. H. Friend, and H. Sirringhaus, J. Appl. Phys.

purified by multiple cycles of gradient sublimation. In the 94, 6129(2003.

case of unpurified Alg unintentional doping is likely to in- "L Burgi, H. Sirringhaus, and R. H. Friend, Appl. Phys. Le&0, 16

troduce traps with a broad energy distributidrSuch traps nﬁo?\?- her M. P, O'Bovie. and H. K. Wick e, Aol

may give rise to a space charge regi&CR), causing the Pr.mysoﬂgtinfgagérl‘(légl). Oyle, and H. K. Wickramasingne, Appl.

obse_rved Curyed CPD_proflle_. The presence of a SCR is alser ‘shikier, T. Meoded, N. Fried, and Y. Rosenwaks, Appl. Phys. LZt.

consistent with the simulation results, since the concave 2972(1999.

shape of the CPD profiles also appears at distances mucfExcept for the AFM feedback laser, which operates at 1.85 eV, smaller

larger then 290 nm from the two contacts; thus the tip aver- then the optical gap of Alg(~3.2 eV) but larger than the metal Alg-

aging effect is not likely to be the origin for the curved barriers. Samplgl!lummatlon was minimized by tip shleldlr_lg aqd reducing
. . . . . the laser intensity; no changes in CPD were observed using different laser

potential profile. The effect of unintentional doping on SCR i, ensities.

was also demonstrated by Kelvin probe measurements o¥c. Shen and A. Kahn, Org. Electro@, 89 (2001).

Cso as a function of film thickness. Hayas#tial. showed an ~ *°S. C. Fain, Jr., L. V. Corbin I, and J. M. McDavid, Rev. Sci. Instrudf,

enhanced molecular level bending across a 600-nm-thigk C ,345(1976.

layer deposited on copper from as-received material as com—fig'\é"3 Heras and E. V. Albano, Z. Phys. Chem., Neue Fols 11

pared to purified &, _ ) Y. G. Hill, A. Kahn, Z. G. Soos, and R. A. Pascal, Jr., Chem. Phys. Lett.
Finally, applying a 1 V bias for 2 min between two con- 327, 3 (2000.

secutive CPD measurements, conducted at zero bias, Ioweﬁﬁ- Rajagopal, C. I. Wu, and A. Kahn, J. Appl. Phy83, 2649(1998.

the CPD profiledashed curve in Fig.)4A similar structure fn'a?galsdcl} Fb?oiiilég' gggg‘(’igge"eq“e' and S. Pagano, Appl. Phys. A:

.that contained pu.rlfled.qu.dld not shovy.any SUCh changes 23, Hudlet, M. Saint Jean, B. Roulet, J. Berger, and C. Guthmann, J. Appl.

in CPD. The applied bias induces positive charging of deep phys. 59, 3308(1995.

traps in the Alg layer and thus lowers the local vacuum #s. Karg, J. Steiger, and H. von Seggern, Synth. Méfl, 277 (2000.



