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Charge Limited Conductivity Regime

Karla A. Miller, T Richard D. Yang,"8 Michael J. Hale,! Jeongwon Park$ Bernd Fruhberger,*
Corneliu N. Colesniuc} Ivan K. Schuller,* Andrew C. Kummel,*-T2 and William C. Trogler* -1/

Department of Chemistry and Biochemistry, Materials Science and Engineering Program, and Department of
Physics, Uniersity of California, San Diego, 9500 Gilman R, La Jolla, California 92093

Receied: June 9, 2005; In Final Form: July 29, 2005

The electrical properties of 50 nm thick metallophthalocyanine films, prepared by organic molecular beam
epitaxy (OMBE) on interdigitated electrodes, were studied with DC cutresitage measurements and
impedance spectroscopy. The transition from Ohmic behavior at low voltages to space-charge-limited
conductivity (SCLC) at higher voltages depends on the metal electrode (Pt, Pd, and Au), but does not correlate
with the work function of the electrode. Impedance spectroscopy studies show the coexistence of low- and
high-frequency traps in the thin film devices, and the contribution of low-frequency traps associated with
Ohmic behavior diminishes at higher bias. Although device resistances are strongly influenced by the electrode
material, and vary by a factor of over 300, the relative chemical sensor responses on exposure to dimethyl
methylphosphonate (DMMP), methanol, water, or toluene vapors are similar for CoPc on Pt, Pd, and Au
electrodes when these devices are operated in the SCLC regime at room temperature. When the devices are
operated at voltages where the low-frequency interfacial traps are filled, the sensor response to analyte becomes
uniform and reliable regardless of the specific interfacial electrode contact.

Introduction Most of the research studies on charge transport properties
Charge transport in organic materials is an important basic of MPcs have been done on micron thick films sandwiched

. . . . . . 1720 -
research topic that is relevant to device applications of organic betweeln two parallel metal plate glelctfroﬁeﬁ. . Ilnterd|g_|
semiconductors. Metallophthalocyanines (MPc) have been used@t€d €lectrodes are more practical for chemical sensing ap-
as model systems for conduction in organic materials becauseP!ications, because they have larger areas exposed for analytes

they are chemically stable and can be readily deposited in a'©, diffuse into the films. Nanometer rather than micron film

vacuumt2 They have several technological applicatidissich thicknesses are also desirable to minimize analyte diffusion/
as charge transport layers in organic light emitting diodes 2dSorption ::mes n ser:sor f]llms fordrap|d bsensor resphonse.
(OLED)* and thin film transistor8.Electrical properties of the However, there are only a few studies about MPc charge

MPcs can be tuned by varying both the metal centers and @nsport properties in a planar electrode configuratfofi2t
peripheral organic substituents. Electrical conductivity measure- 1 1iS Study employs interdigitated electrodes fabricated by using

ments have been systematically performed on MPc thin films photolithography with an electrode spacing ¢fts. Nanoscale

for thicknesses between 0.1 and 20 513 It has been found films have been deposited by OMBE under ultrahigh vacuum
that the conductivity is dominated either by thermally generated (UHV) @nd results show that the MPelectrode interface plays

or electrode-injected carriefsAt low field, the primary conduc- @ Significant role in charge transport, especially at low applied
tion behavior is Ohmic, as thermally generated carriers and Voltages. The MPeelectrode interfacial region traps injected
carriers created by oxidation from atmospheric oxydéh charge carriers and increases the bulk resistance. To probe the

exceed those of electrode injected carriers. At high field, space-mﬂuenCe of the MPeeI_ectrode interface on th_e transmonal
charge-limited conductivity (SCLC) dominates as electrode- voltagg between Ohmic and SCLC, MPc th'r? films were
injected carriers exceed the thermally generated ones in the film.deposited by OMBE on several .electrod.e. matenals. o
Previous studies of undoped ZnPc films 20 nm thick on Au  We have also compared chemical sensitivity of MPc thin film
electrodes showed Ohmic contacts in the51V regionlé devices on different electrode materials in both Ohmic and
Studies of GaClPc suggest that electrode surface impurities can>CLC regimes to determine if the source of the charge carriers
lead to Ohmic instead of SCLC behavior. If charge transport is influences the chemical sensitivity of the films. A key question
determined by carrier injection from the electrode, it raises the IS Whether analyte-induced changes at the Mélectrode
guestion as to whether the chemical sensing properties mightlunction influence the sensor response. Maintaining a constant
anism. This is an important issue for chemosensing devicesissue is crucial for obtaining reproducible chemical sensor

based on MPc materials. responses. In particular, we investigated whether the operating
conditions of the device can be manipulated to obtain consistent
;Depar_tment of Chemistry and Biochemistry. chemosensor responses. Most previous studies on MPc films
Materials Science and Engineering Program. have focused on chemical sensing of strong hole generating
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Figure 1. 1-V curves of CoPc on (a) Au, (b) Pd, and (c) Pt showing the temperature dependence from 278 to 343 K in 5 deg increments from the
bottom to top curves as observed from the right side of each curve.

examined less reactive vapor analytes, such as DIMP (dimeth- 4. Impedance MeasurementsThe impedance spectroscopic
ylmethylphosphonatéf:32 In the present study, the exposure studies were performed with the use of a Solartron 1260
of 50 nm MPc thin films at 25C to water and to nonreactive  impedance analyzer interfaced to the sample through a Solartron
volatile organic vapors, such as methanol, toluene, and a nervel296 dielectric interface. A small amplitude AC voltage (100
gas simulant, DMMP, is examined. The results demonstrate mV) was applied in the frequency range of 0.1 Hz to 10 MHz.
sensitive responses from the above nonreactive vapors at 5. Flow System for Chemical SensingChemical sensing
ambient temperature. The chemical sensing results correlate welkexperiments were carried out in the same flow chamber used
with the charge transport studies. A practical operation strategy for the|—V measurements. The internal volume of the chamber
is proposed to minimize sensor drift and maintain uniform was 15 cm. The temperature in the chamber was kept at 298
chemosensitivity among different devices. By operating devices K, using a Haake constant-temperature bath to circulate coolant
under SCLC conditions, the chemosensor response becomeshrough the chamber walls. Ultrahigh purity> Mias used as
independent of the influence of the analyte absorption at the both the purge and the carrier gas. A constant total flow of 500
MPc—electrode interface causing the response to becomesccm was employed for the dosing measurements. A four-way

uniform and reliable. valve was used to minimize the dead time between introduction
of each analyte. Bubblers filled with liquid analyte were kept
Experimental Section in a water bath chilled to 288 K. Mass flow controllers were

used to dilute and introduce vaporized analytes at a known
concentration into a manifold to premix with the carrier gas
before introduction into the test chamber. Solenoid valves before
and after the analyte bubblers were used to prevent cross-
contamination between analytes. The analytes employed were
dimethyl methylphosphonate (DMMP) (a simulant for sarin),

' water, methanol (C§DH), and toluene (gHsCHg)(CHz)(CH30),-

(O)P.

1. Microelectrode Fabrication. A 6500 A SiQ, layer was
thermally grown on Si(100) substrates. Interdigitated electrodes
(IDEs) with 50 pairs of 1em wide, 5um spaced fingers were
prepared via photolithography in a clean room. The length of
fingers is 4 mm. A Ti adhesion layer of 50 A was deposited on
SiO;, before depositing 500 A thick Au, Pd, and Pt electrodes
using an electron-beam evaporator.

2. MPc Thin Film Deposition. Cobalt phthalocyanine (CoPc)
was purchased from Aldrich and purified by zone sublimation Results and Discussion
at 400°C and 103 to 10 Torr. Films of 500 A thickness . o
were evaporated from a differentially pumped hot-lip evapora- _ 1- Current—Voltage Characteristics of CoPc Thin Films.
tion cell in an organic molecular beam epitaxy (OMBE To ensure that all the devices had continuous films \.Nl.th good
chamber. The OMBE chamber had a base pressureSok electrical contact to the electrodes, the conductivity was
10719 Torr and a fast introduction loadlock. The substrate Measured as a function of temperature. Th¥ curves were
temperature was kept at 300 K during deposition. The growth measured between 278 and 343 K with 5 deg increments per
rate was monitored by using a water-cooled quartz crystal SteP- All devices showed well-behaved temperature depend-
microbalance (QCM), which was calibrated with X-ray diffrac- €NCes; as expec’ged for se.mlconductlng films more current passed
tion (XRD) and atomic force microscopy (AFM) measurements. through the devices at higher temperatures (Figure 1).

During deposition, the chamber background pressure was around  CUrrént-voltage studies of 50 nm thick CoPc films on Au,
8 x 102 Torr. Pd, and Pt electrodes show a marked variation of the net device

3. Current—Voltage Measurements. Contacts to the elec- C,O'?dUCtiVity' A.”. devices eXhi.bit Oh”?‘C gnd space-charge
trodes were made with use of gold pins. Devices were placed limited conductlwty at low and high apph(_ed fields, re_spect|vely.
in a stainless steel sensor chamber with electrical feedthroughsm th_e S_CL.C region, the current density for a discrete trap
and a closed-loop temperature control. The temperature coulgdistribution is given as
be controlled to better tha#t0.1 K. Current-voltage (—V) 9\
curves were measured between 343 and 278 K, using a Keithley I=IA=gebu— 1)
6517/6521 electrometer interfaced to a personal computer. The
IDE devices were allowed to equilibrate at each temperature, whereJ is the current density,is the currentA is the electrode
and the voltage was scanned froh10 to —10 V in 0.1 V area,c is the permeability of the semiconductdrjs the ratio
increments at each temperature. Several samples were checkebetween free and trapped chargess the carrier mobility vV
for hysteresis and none was observed. is the voltage, and is the electrode spacing. To simplify the
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Figure 2. 1—-\2 plots for 50 nm thick CoPc films on a Au (a), Pd (b), and Pt (c) at 298 K.
TABLE 1: Transitional Voltage between Ohmic and SCLC -3e6
and the Deviation Ratio for Three 50 nm CoPc Films on Au, a) CoPc/Au —o— 0V
Pd, and Pt Interdigitated Electrodes ; 35
CoPc/Au CoPc/Pd CoPc/Pt
Vr (V) 2.8 1.6 1.3
12, (%) 19.7 9.5 35

analysis, current is plotted as a function\6f (see Figure 2).
At high voltage, thé —\2 dependence is linear and can be fitted .
with the above equation. Z'(ohms)

The |-V? data deviate from linearity at low voltages where
Ohmic conductivity dominates. We define the deviation from
linearity asl%, = lo/ls, to quantify the transitional behavior, 4e7 | D) CoPe/Fd
wherely is the extrapolated current on theV? plot at 0 V, i
andls is the measured current & V (see Figure 2).

The transitional voltage\f) between the two conductivity
modes was determined for each device and summarized togethe & -2e7
with the deviation ratio in Table 1. It has been found that CoPc

on the Au electrode has the highest transitional voltage, while -1e7
CoPc on Pt has the lowest transitional voltage. The results cannot ofs
be explained in terms of metal work function difference (Au, 0 25e7 5.0e7 7 5e7 1.0e8

5.1 eV, Pt, 6.35 eV, Pd, 5.12 eV). Because Au and Pd have a Z(ohms)
similar work function, the potential barrier for hole transport
between the metal and CoPc should be the same. Since the
transitional voltage of CoPc on Au is twice as large as that on
Pd, this behavior must arise from some other factor, such as‘gaooooo N
the structural difference of the interfacial layer between CoPc §

and the various metal electrodes. A 30Qdifference in N.200000
conductivity is observed for the different devices, even though
all devices contain the same thickness of CoPc. This further
illustrates the importance of the interfacial layer on the device
charge transport response. In pentacene thin film transistors,
the small grain size of the organic material at the edge of the
electrode contact has been linked to the creation of charge carrier

traps and reduced conductivity. Figure 3. Plots of the complex impedance plane responses of (a, top)
2. Impedance Spectroscopic Study of CoPc Thin Films. CoPC/AU, (b) CoPc/Pd, and () CoPc/Pis IDE devices. '

Impedance spectroscopy uses variable-frequency AC signals to
simultaneously measure the frequency dependent resistance a
capacitance. The studies can reveal the coexistence of low- anlgg/
high-frequency traps in the CoPc thin films, which may result
from interfacial vs bulk charge traps. The results from these
studies correlate well with the currentoltage measurements.
The impedance of a device can be expressed as in eq 2:

-400000

0= 0oV

-100000

Z'(ohms)

hich represent resistive and capacitive components in the
evice, andv = 2xf is the angular frequency. Shown in Figure
3 are the impedance spectra of CoPc/Au, CoPc/Pd, and CoPc/
Pt devices plotted in the complex plane. The frequency increases
from right to left, from 0.1 Hz to 1 MHz. For a circuit with an
ideal resistor and capacitor in parallel, one perfect semicircle
1 should be observed in the complex plane. The RC relaxation
Z(w)=Z(0) +Z"(0) =R) — j——— j=i=+-1 time T can be determined when the magnitudes of real and
wC(w) ) imaginary parts are equal,

whereZ' andZ" are the real and imaginary parts of impedance, zZ =27
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1 Growth from
T=—=RC 3) Growth from 8i0, surface
w metal electrodes
Growth front

In real organic devices, the semicircles are often distorted due
to a distribution of relaxation times. If the relaxation times differ
by more than 2 orders of magnitude, then two semicircles can
be observed instead of of&:38 For example, two semicircles
are clearly resolved in the CoPc/Au device shown in Figure
3a. The low-frequency semicircle is attributed to interfacial traps
because such traps typically have longer relaxation lifetithes.
The high-frequency semicircle is attributed to bulk traps because
bulk materials are typically more ordered than the interface, Fig'ure 4. Eroposed growth quel of CoPc on interdigitated electrodes,
and therefore have faster charge relaxation. In the CoPc/PtW.h'Ch depicts the expected difference in ordered growth on metal vs
device, only one semicircle is found, which suggests that charge

transport is dominated by the bulk material. This is also retaining the dependence of the electrical properties on the
consistent with DC conductivity measurements (Figure 2), which jnieraction of the analytes with the bulk of the MPc film.

show that SCLC behavior is dominant for the Pt electrode 4 The Effect of Chemical Sensing Respons@he same
device. In the CoPc/Pd device, an intermediate behavior wasgeyices used in the conductivity studies were tested as chemosen-
found, and there are two semicircles in the impedance spectrumsqrs at room temperature and exposed to four different analytes.
of Figure 3b. Since the relaxation time constants do not differ the yse of 50 nm thick MPc sensor films provides reasonable
by at least 2 orders of magnitudes, only distorted semiCircles cyrrent response and reversibility to analyte exposure on the

Silicon Substrate

are observed.
The coexistence of interface and bulk traps is further

order of minutes (Figure 5) at room temperature. While the
initially prepared sensors show significant baseline drift, several

documented by DC voltage dependence impedance experimentsannealing cycles at 56C produce sensors that show good

At the interface between organic semiconductors and metals,
localized electronic states may trap significant amounts of
charge, which act as potential barriers for carrier transport. With
an applied DC bias, the interface traps are turned into fixed

charges and do not follow the AC signals impedance measure-

ments?® As shown in Figure 3a, the low-frequency semicircle

baseline stability (Figure 5). There were not gross differences
in surface grain structure (determined by AFM) after annealing.
The 1=V characteristics of annealed samples do not differ
significantly in the voltage range observed for Ohmic and SCLC
behavior.

Varying the electrode material results in over a 200

diminishes with increasing bias. These experiments suggest thatlifference in conductivity for the different devices. However,

the observed Ohmic behavior (Figure 2) at low voltages in CoPc/

at 5V, where SCLC behavior dominates, the devices all show

Au arises because the injected carriers from the electrodes argTable 3) the same relative response (within 5%) toward
trapped at the interface. At high voltages, when these traps areanalytes, such as DMMP, water, methanol, and toluene (Table

filled, SCLC behavior is observed.

3. Proposed Growth Models.It has been realized that the
bulk, surface, and contact layers of organic thin films play a
significant role in MPc sensofd.Figure 4 shows a proposed
model for the three distinct interfaces present in the IDE
devices: CoPc deposited on $jQCoPc deposited on metal
electrodes, and the interface between the C&HO, and the
CoPc-metal growth fronts. According to the studies of MPc
growth on polycrystalline metals and thermal oxides, the MPc
molecules tend to stand on edge (oriented neédréltive to
the SiQ and metal surfaces) on the substrate as the molecule
substrate interactions are weaker than moleenielecule
interactions'?42 Since the electrode height (50 nm) will not
precisely exceed that of the nominally 50 nm MPc layer, the
junction of the two growth fronts is expected to be disordered.

Since the Si@ surface is the same for all the devices, this
interface cannot account for the differences in conductivity
observed for a given CoPc of the different electrode materials.
Therefore, the difference in the magnitude of conductivity and
transition voltage between Ohmic and SCLC behavior must be
due to either the different growth of the MPc on the metal
electrodes or the interface between the two MPc growth fronts.
Both of these might play a critical role in chemical sensing.
Since analytes interact with the MPc molecules in the bulk as
well as at the interface, a source of sensor drift and irrepro-
ducibility could be analyte interactions at the MPc electrode
and growth front interfaces. Chemical sensing studies were
performed to test if high-voltage operation eliminated the
dependence of the electrical properties of the devices from
analyte interactions at the electreeldPc interface, while

2). Such independence, regardless of the overall conductivity,
suggests that the analyte and MPc film interact by the same
mechanism, independent of differences in the electrddiec

or growth front interfaces. Since most of the MPc film lies
between the metal electrodes, it seems reasonable that this large
adsorbing region of MPc dominates the chemical sensor
response. The relative response toward analytes does not depend
on the CoPemetal interface at high voltage where SCLC
dominates, which suggests that the interfacial traps are turned
into fixed charge as the bias increases, preventing their
contribution to the chemical sensing response.

From device to device, MPemetal electrode interfacial
layers may have larger variation than the bulk film and a greater
tendency to change over time as the electrode corrodes, or as
the interfacial strain between the dissimilar materials relaxes.
To test the above hypothesis, similar experiments were carried
out in the Ohmic regime for the three devices. The relative
chemical sensitivity data are tabulated in Table 3. It has been
found the variation in chemical sensor response among devices
can be as high as 26% in the case of DMMP, which is 10 times
higher than the variation observed when the device is operated
in the SCLC regime. This finding suggests that resistive MPc
chemical sensors should be operated in the SCLC regime to
minimize the influence of interfacial variations on the device’s
chemosensor response.

Conclusions

The DC conductivity of CoPc on different metal interdigitated
electrodes (IDE) exhibits Ohmic conductivity at low applied
potentials and space-charge limited conductivity at higher
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Figure 5. Current response of CoPc devices for DMMP, methanol, water, and tolue®e\fapplied across the electrodes. The bottom panel
shows the dosing sequence, the other panels show the device response.

TABLE 2: Relative Sensitivities & 5 V Normalized to That MPc—electrode interface and the analyte response is independent
Ofl a 5% Re'ﬁ”ﬂlve I—_|umf|d|ty (RH) Change for Devices Tested, of electrode material. The use of thin film samples prepared by
Plotted as the Ratio Oflanaiyie| ;0 OMBE permits the fabrication of metallophthalocyanine sensors
DMMP MeOH H0 toluene that operate at ambient temperature.
(200 ppm) (1900 ppm) (5% A RH) (400 ppm)
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