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ABSTRACT In this paper, we investigate the electrical hole transport properties of an organic/inorganic
heterostructure consisting of a thin organic film, that combines hole and electron conducting molecules
around a bridging Zn-atom, deposited on top of an n-type crystalline silicon substrate. Current-voltage
characteristics and capacitance voltage measurements have been used for the determination of the organic
layer dielectric and hole conduction parameters.

INDEX TERMS Organic/inorganic heterodiode, capacitance-voltage measurement spectroscopy, charge
carrier mobility, electronic energy levels; dielectric constant.

I. INTRODUCTION
Molecular electronics is based on the synthesis of single
molecules or groups of molecules which allow to build,
on a nanometer scale, single blocks that work as active
layers in electronic components [1]. Devices based on a
single molecule have the potential to combine the capability
of high-density devices with low power consumption and
can be fabricated with simple deposition techniques, such as
spin-coating, ink-jet printing and drop-casting [2]. Normally,
in organic electronic devices, based either on a single [3]
or on a double active layer [4], the holes and electrons are
transported in geometrically separated materials. Recently,
new types of ambipolar molecules [5] and polymers [6]
allow transporting electrons and holes within the same unit.
This enables new concepts for organic electronic devices.
The small molecule used in this work is Zn(OC)2, a combi-

nation between a hole transport molecule (carbazole) and an
electron transport molecule (oxadiazole), joined by means of
a central Zn atom [7]. In order to analyze the hole transport
properties of the organic layer, a heterostructure between the
Zn-organic compound complex and crystalline silicon (c-Si)
has been prepared.

II. EXPERIMENT
Organic/inorganic hetero-diodes have been prepared by drop-
casting of Zn(OC)2 small molecules in tetrachloroethane
solution on top of n-type phosphorous doped crystalline sil-
icon (c-Si) substrates (<110> oriented with a resistivity
of 7–13 � cm). The resulting organic layer film thick-
ness (d) was 150 nm. The natural oxide on the c-Si substrates
has been removed with a 2 s dip in 48% HF before the
drop-casting. Contacts have been fabricated by silver paste
dots and the successful realization of a good ohmic back con-
tact has been checked by the characterization of a reference
structure without organic top layer. The detailed fabrication
process of this type of hetero-diode and the synthesis of
this new type of small molecule is reported in [7]. The
cross-section of the organic/inorganic heterojunction device
is shown in the inset of Fig. 1 (the top contact area (A)
was 0.064 cm2). The current–voltage characteristics of the
device have been measured under dark condition at room
temperature, using a Keithley 2400 source-measurement unit.
The capacitance - voltage characterization has been done
using an HP 4109 impedance/gain-phase analyzer in the fre-
quency range between 100 Hz to 1 MHz and with varying dc
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FIGURE 1. Current density-voltage characteristics of the heterojunction
between n-type c-Si and Zn(OC)2 layer at room temperature.
(a) Mott–Schottky plot, measured from 500 Hz up to 30 KHz. (b) and
(c) are the band-diagram of the hetero-diode and the device cross section,
respectively. The energy levels are referred to the vacuum level.

bias voltage values between -1 V to 1.5 V with an ac-signal
amplitude of 50 mV.

III. RESULTS AND DISCUSSION
At low frequencies and under reverse bias condition, the ac
equivalent circuit of the heterostructure is simply composed
by a series connection of the depletion capacitance (Cdepl)
of the silicon substrate and the geometrical capacitance (Cg)
of the organic layer. The value of the capacitance due to
the traps in the organic layer is negligible compared to Cg.
In Fig. 1 the current density-voltage (J-V) and the Mott-
Schottky plot of the Zn(OC)2/c-Si heterostructure are shown.
From the Mott-Schottky analysis of the capacitance-voltage
(C-V) measurements, as shown in Fig 1(a), a value of
the dopant concentration of the silicon substrate (ND) of
4.32×1014 cm−3 [8] has been deduced in the reverse bias
voltage range between -0.2 and -0.9 V. This is in good agree-
ment with the nominal silicon wafer resistivity. The linear
slope in the reverse bias region changes to a steeper slope in
the forward bias regime due to the presence of the acceptor
levels (with NA concentration) in the forbidden band gap of
the silicon, which results in a modification of the equivalent
doping concentration to ND-NA = 2.06 × 1014 cm−3.

As reported by Goodman [9], the frequency depen-
dence of the Mott-Schottky plot, shown in Fig. 1(a),
can be explained by the influence of the series resis-
tance of the Zn(OC)2/c-Si heterodiode. It is found that the
extracted built-in voltage (Vbi) increases with increasing
measurement frequency. A similar frequency dependence,
at low and for intermediate frequencies, is also reported
by Stallinga et al. [10] for a Metal-Insulator-Semiconductor
structure with an organic film as insulating layer. In order
to obtain a real value of the barrier height (�b) at the
Zn(OC)2/n-Si interface, it is necessary to approximate the
extracted voltage intercept (V*) in the relation: V* = f(ω2),

where ω = 2π f and f is the frequency. The zero frequency
intercept gives an approximation value [11] of the barrier
height of about 0.84 eV. As a consequence, the energetic
position of the highest occupied molecular orbitals (HOMO)
level for the organic layer can be estimated to have a value
of 4.47 eV. Thus, the top metal contact works as an ohmic
contact for the holes, while for the electrons there is an injec-
tion barrier of � = 0.55 eV at the c-Si/top metal interface,
while at the interface between the organic layer and the c-Si
the electrons are blocked.
The value of Cg can be estimated, taking the value of Cdepl

at 500 Hz and zero applied bias voltage into account. Once
known the thickness of the organic layer, its relative dielectric
constant (εr) has been estimated to have a value of 4.66.
In Fig. 1 the voltage dependence of the current density sug-

gests that the dominant conduction mechanism in the organic
layer at intermediate voltages is the space charge limited
current (SCLC) [12]. At low voltages, the curve follows an
ohmic (linear) regime, due to the presence of the thermally
generated free carriers (n0), related to the shallow defect
states, that at room temperature do not act as effective charge
traps. Given the voltage V� = 0.1 V, at which the transition
between the ohmic regime and the SCLC regime occurs, an
estimation of n0 is possible by using the equation: n0 = V� θ

εr ε0/(dq), where q is the electron charge. θ = n/(n+Nt) is the
trap parameter which takes the effect of the traps on the charge
carrier mobility into account. It is the ratio between the free
injected charge carriers (n) and the trap density [12], because
it can be assumed, that Nt >> n. With increasing applied
voltage, at V > V�, the injected hole concentration exceeds
that of the thermally generated free carrier concentration and
the SCLC current becomes dominant. Thus, the current den-
sity can be expressed as J1 = 9/8θμhε0εrV2d−3, where μh
is the hole mobility and ε0 is the dielectric constant of the
vacuum. At high bias voltages, the current increases rapidly
and reaches the trap-free regime value (θ = 1) at an applied
bias VTFL = qNtd

2ε0εr, where Nt = 2.13 × 1016 cm−3 is the
density of traps andVTFL has a value of about 1.8 V. Therefore,
the current density for bias voltages greater than 1.8 V can
be expressed as J2 = 9/8μhε0εrV2d−3. θ can be estimated
by the ratio between the J-V curve in the SCLC regime, J1,
and in the SCLC trap-free regime J2, that θ= J1/ J2. The
resulting value of θ is 2.47 × 10−2. As a consequence,
the density of the thermally generated free carriers has a
value of 4.25 × 108 cm−3. The resulting value of the hole
mobility is 1.11 × 10−5 cm2 V−1 s−1 in the free carrier
regime. For V < VTFL, the effective charge carrier mobil-
ity μeff = θμh = 2.74× 10−7 cm2 V−1 s−1. This rather low
value of μh is due to the structural disorder of the organic
layer [13]. The long distance between two single transport
units implies that the holes should have enough energy to hop
between the delocalized states and then reach the interface.
The hysteresis is due to a capacitive effect.
The frequency dependence of the capacitance at different

bias voltages is shown in Fig. 2. In reverse bias (V ≤ 0 V), the
charge amount due to the perturbation ac signal depends on
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FIGURE 2. Measured capacitance as a function of the frequency at
different applied voltage. In reverse bias V = −1.0 V, 0 V (solid line) and in
forward bias V = 0.9 V, 1.1 V, 1.3 V, 1.5 V (solid line with symbols).

FIGURE 3. Room temperature capacitance-voltage characteristics of the
Zn(OC)2/n-Si heterojunction diode at frequencies between 500 Hz
and 30 KHz.

the Cdepl of the silicon. The contribution of the capacitance
of the organic layer is negligible. For larger values of the
forward bias voltage (0 < V < 0.9 V) the injected holes, from
the top metal contact, in the organic layer follow the external
electric field (Eext). The increase of the capacitance indicates
a re-distribution of the injected carriers with a finite transit
time [14]. In this voltage region, no charge carrier recom-
bination has been observed. At still higher forward voltages
(V > 0.9 V) the holes are injected into the silicon layer and
the recombination becomes dominant [15]. The recombina-
tion process consumes the injected carriers, resulting in a
rapid decrease of the capacitance values. The dependence of
the capacitance on voltage at various frequencies is shown in
Fig. 3. A marked peak is evident at V = Vbi = 0.9 V.

In Fig. 3 the dependence of the C-V curves on the
measurement frequency is shown. At high frequencies the
carriers are not able to follow the ac signal, resulting in a
capacitance value, almost independent of the applied voltage.

IV. CONCLUSION
An electrical characterization of the Zn-organic compound
and c-Si heterostructure has been made by current-voltage
and capacitance measurements. The barrier heights at
the interfaces and the value of the dielectric constant for
the organic layer (εr = 4.66) have been determined. The
determined low value of the HOMO level energy (4.44 eV)
allows to form a relatively good ohmic contact with the Ag
front contact. The dominating electrical conduction mecha-
nism for holes is the trap-controlled space charge limited
current. The high value of the density of the traps of
2.13 × 1016 cm−3 results in a low value of the hole mobility
of 2.74 × 10−7 cm2 V−1 s−1which increases up to a value
of 1.11 × 10−5 when all traps are filled.

REFERENCES
[1] S. V. Aradhya and L. Venkataraman, “Single-molecule junctions

beyond electronic transport,” Nat. Nano, vol. 8, no. 6, pp. 399–410,
2013.

[2] M. A. Reed, “Molecular-scale electronics,” Proc. IEEE, vol. 87,
no. 4, pp. 652–658, Apr. 1999.

[3] C. J. Brabec et al., “Polymer-fullerene bulk-heterojunction solar
cells,” Adv. Mater., vol. 22, no. 34, pp. 3839–3856, 2010.

[4] T. Tsujimura, “OLED display structure,” in OLED Display
Fundamentals and Applications, 1st ed. Hoboken, NJ, USA: Wiley,
2012, pp. 5–30.

[5] H. C. Neitzert et al., “Monitoring of the initial degradation of
oxadiazole based blue OLED’s,” J. Non-Cryst. Solids, vol. 352, no. 9,
pp. 1695–1699, 2006.

[6] D. Acierno et al., “Synthesis and luminescent properties of a new
class of nematic oxadiazole containing poly-ethers for PLED,”
J. Non-Cryst. Solids, vol. 338, no. 15, pp. 278–282, 2004.

[7] S. Concilio et al., “Zn-complex based on oxadiazole/carbazole
structure: Synthesis, optical and electric properties,” Thin Solid Films,
vol. 556, no. 556, pp. 419–424, 2014.

[8] S. M. Sze and K. K. Ng, “Metal-insulator-semiconductor capacitors,”
in Physics of Semiconductor Devices, 3rd ed. Hoboken NJ, USA:
Wiley, 2007, pp. 197–240.

[9] A. M. Goodman, “Metal—Semiconductor barrier height measurement
by the differential capacitance method—One carrier system,” J. Appl.
Phys., vol. 34, no. 2, pp. 329–338, 1963.

[10] P. Stallinga et al., “Minority-carrier effects in poly-phenylenevinylene
as studied by electrical characterization,” J. Appl. Phys., vol. 89,
no. 3, pp. 1713–1724, 2001.

[11] W. G. Osiris, A. A. M. Farag, and I. S. Yahia, “Extraction of the
device parameters of Al/P3OT/ITO organic Schottky diode using
J–V and C–V characteristics,” Synth. Metals, vol. 161, no. 11,
pp. 1079–1087, 2011.

[12] O. Ostroverkhova, “Conductivity measurements of organic materials
using field-effect transistor (FETs) ans space-charge-current-limit
(SCLC),” in Handbook of Organic Materials for Optical and
(Opto)Electronic Devices, 1st ed. Cambridge, U.K.: Woodhead
Publishing, 2013, pp. 377–397.

[13] A. Sharma, P. Kumar, B. Singh, S. R. Chaudhuri, and S. Ghosh,
“Capacitance-voltage characteristics of organic Schottky diode
with and without deep traps,” Appl. Phys. Lett., vol. 99, no. 2,
pp. 023301.1–023301.3, 2011.

[14] I. H. Campbell, D. L. Smith, and J. P. Ferraris, “Electrical impedance
measurements of polymer light−emitting diodes,” Appl. Phys. Lett.,
vol. 66, no. 22, pp. 3030–3032, 1995.

[15] L. Zhang, H. Nakanotani, and C. Adachi, “Capacitance-voltage charac-
teristics of a 4,4’-bis[(N-carbazole)styryl]biphenyl based organic light-
emitting diode: Implications for characteristic times and their distribu-
tion,” Appl. Phys. Lett., vol. 103, no. 9, pp. 093301.1–093301.4, 2013.

Authors’ photographs and biographies not available at the time of
publication.

VOLUME 2, NO. 6, NOVEMBER 2014 181



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo false
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
    /Arial-Black
    /Arial-BoldItalicMT
    /Arial-BoldMT
    /Arial-ItalicMT
    /ArialMT
    /ArialNarrow
    /ArialNarrow-Bold
    /ArialNarrow-BoldItalic
    /ArialNarrow-Italic
    /ArialUnicodeMS
    /BookAntiqua
    /BookAntiqua-Bold
    /BookAntiqua-BoldItalic
    /BookAntiqua-Italic
    /BookmanOldStyle
    /BookmanOldStyle-Bold
    /BookmanOldStyle-BoldItalic
    /BookmanOldStyle-Italic
    /BookshelfSymbolSeven
    /Century
    /CenturyGothic
    /CenturyGothic-Bold
    /CenturyGothic-BoldItalic
    /CenturyGothic-Italic
    /CenturySchoolbook
    /CenturySchoolbook-Bold
    /CenturySchoolbook-BoldItalic
    /CenturySchoolbook-Italic
    /ComicSansMS
    /ComicSansMS-Bold
    /CourierNewPS-BoldItalicMT
    /CourierNewPS-BoldMT
    /CourierNewPS-ItalicMT
    /CourierNewPSMT
    /EstrangeloEdessa
    /FranklinGothic-Medium
    /FranklinGothic-MediumItalic
    /Garamond
    /Garamond-Bold
    /Garamond-Italic
    /Gautami
    /Georgia
    /Georgia-Bold
    /Georgia-BoldItalic
    /Georgia-Italic
    /Haettenschweiler
    /Helvetica
    /Helvetica-Bold
    /HelveticaBolditalic-BoldOblique
    /Helvetica-BoldOblique
    /Impact
    /Kartika
    /Latha
    /LetterGothicMT
    /LetterGothicMT-Bold
    /LetterGothicMT-BoldOblique
    /LetterGothicMT-Oblique
    /LucidaConsole
    /LucidaSans
    /LucidaSans-Demi
    /LucidaSans-DemiItalic
    /LucidaSans-Italic
    /LucidaSansUnicode
    /Mangal-Regular
    /MicrosoftSansSerif
    /MonotypeCorsiva
    /MSReferenceSansSerif
    /MSReferenceSpecialty
    /MVBoli
    /PalatinoLinotype-Bold
    /PalatinoLinotype-BoldItalic
    /PalatinoLinotype-Italic
    /PalatinoLinotype-Roman
    /Raavi
    /Shruti
    /Sylfaen
    /SymbolMT
    /Tahoma
    /Tahoma-Bold
    /Times-Bold
    /Times-BoldItalic
    /Times-Italic
    /TimesNewRomanMT-ExtraBold
    /TimesNewRomanPS-BoldItalicMT
    /TimesNewRomanPS-BoldMT
    /TimesNewRomanPS-ItalicMT
    /TimesNewRomanPSMT
    /Times-Roman
    /Trebuchet-BoldItalic
    /TrebuchetMS
    /TrebuchetMS-Bold
    /TrebuchetMS-Italic
    /Tunga-Regular
    /Verdana
    /Verdana-Bold
    /Verdana-BoldItalic
    /Verdana-Italic
    /Vrinda
    /Webdings
    /Wingdings2
    /Wingdings3
    /Wingdings-Regular
    /ZapfChanceryITCbyBT-MediumItal
    /ZWAdobeF
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 200
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 200
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 400
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create PDFs that match the "Recommended"  settings for PDF Specification 4.01)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


