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1 GHz Pentacene Diode Rectifiers Enabled by Controlled
Film Deposition on SAM-Treated Au Anodes

Chan-mo Kang, Jessica Wade, Sumin Yun, Jaehoon Lim, Hyunduck Cho, Jeongkyun Roh,

Hyunkoo Lee, Sangwook Nam, Donal D. C. Bradley,* Ji-Seon Kim,*

For automatic detection of objects for work efficiency and user
convenience, low-cost radio frequency identification (RFID)
tags, especially based on organic materials, have been exten-
sively studied.'* One of the key elements in RFID tags is a
rectifier, which supplies DC power to circuits by converting rf
signal. Rectifiers based on organic diodes have been demon-
strated at 13.56 MHz, which is the standard carrier frequency
for so-called high frequency (HF) RFID systems.’~”] However,
HF RFID systems have a short reading distance because they
communicate by inductive coupling, which works in the near-
field of the transmitter antenna. To achieve longer detection
distances, RFID systems should be operated at ultrahigh fre-
quency (UHF, 860-960 MHz) in which range they can com-
municate by backscatter modulation. In addition, UHF RFID
tags have other merits such as small antenna size and faster
operation speed. Unfortunately, in spite of such advantages,
realizing low-cost UHF RFID has been very difficult, mainly
because of the difficulty in development of ultrafast rectifiers.
Sani et al. reported all-printed diode operating at 1.6 GHz, but
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the diode was consisted of printed inorganic layers of Si and
NbSi, microparticles with an organic binder.®! Because the
operational frequency of the diode scales with its charge-trans-
porting properties, the realization of the UHF rectifier based on
organic materials has been a challenge. Recently, a rectifier with
a 3 dB frequency reaching an impressive 700 MHz in terms of
voltage was demonstrated, but its voltage output (V) at 1 GHz
was only 0.31 V for an AC input signal with 2 V amplitude.”!

In order to achieve ultrahigh frequency performance organic
rectifiers, which commonly consist of diodes and capacitors, it
is important to achieve high charge carrier injection efficiency
and mobility within the organic semiconductor layer. Even
if the work function of a metal electrode is selected to match
the highest occupied molecular orbital (HOMO) level of an
organic semiconductor, the formation of an adversely aligned
dipole or other (e.g., oxide) interface layer can lead to a hole
injection barrier, limiting charge injection.l%!!] Self-assembled
monolayers (SAMs) represent one good candidate for ensuring
efficient charge injection by specifically tuning the metal work
function.l'?"15] Interfacial charge trapping can also sometimes
help.l'l The permanent dipole moment of suitably selected
SAM molecules changes the effective metal work function,
reducing the charge injection barrier. SAMs may also be used
to enhance the properties of gate dielectric layers in organic
thin film transistors (TFTs).[1718]

In addition to SAM-based metal work function tuning, sur-
face energy characteristics are also altered by the SAM func-
tional groups. This in turn can modify the subsequent deposi-
tion of organic semiconductor layers. In particular, pentacene
grain formation, one of the important factors determining pen-
tacene thin film mobility, is much affected by substrate surface
energy. The SAM molecule functional groups can be selected to
lower the surface energy, thereby enhancing molecular packing
and improving mobility.' Studies have shown that the orien-
tation of pentacene deposited on Au is different to that depos-
ited on SAM-treated Au.?22l The effect that such structural
differences have on electrical characteristics for transport in
the vertical direction (normal to the film plane) has not been
investigated to any great extent; the great majority of studies
have focused on in-plane transport within TFT structures.?3-%"]
In this study, we investigated vertical diode structures instead
of TFTs and as a result of the understanding gained we were
able to fabricate ultrafast pentacene rectifiers with V,,, = 3.8 V
at 1 GHz and with a 3 dB frequency, in terms of voltage, of
1.24 GHz, the highest value reported to date.®!

Conjugated organic molecules such as pentacene, dem-
onstrate strong electron—vibrational mode coupling with a
dependence on orientation. This allows us to use Raman
spectroscopy as a probe for molecular orientation.l?®! Here,
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Figure 1. a) Raman spectra of pentacene thin films on gold, with and without the PFBT SAM; intensities are normalized to the 1372 cm

1 short axis

vibrational mode. b) Intensity ratio of 1372 and 1598 cm™' vibrational modes as a function of pentacene film thickness and schematic molecular packing
structures of pentacene molecules on c) unmodified and d) SAM-treated gold-coated substrates.

a 514 nm excitation is employed to study the orientation of
pentacene molecules on the gold substrate. The Raman-active
vibrational modes of pentacene were identified using quantum
chemical calculations.”l Strong modes corresponding to
long- and short-axis vibrations of the pentacene core were
measured at 1598 and 1372 cm™!, respectively. The intensity
of Raman scattering from a particular mode is expected to be
enhanced when the electric field of the excitation laser is par-
allel to the vibrational coordinate. Therefore the intensity ratio
of the short- and long-axis vibrations can be used to identify
the molecular orientation. On untreated gold substrates the
intensity of the short-axis mode relative to the long-axis mode
vibration was very low (=0.5), indicating molecules were lying
horizontally in the plane of the substrate (Figure 1c). The
ratio of short- to long-axis mode increased significantly after
2,3,4,5,6-pentafluorobenzenethiol (PFBT) treatment on gold,
to >7, indicating the pentacene molecules were adopting a
different packing structure, and standing more upright (see
Figure 1d). The ratio of intensity of the short- to the long-axis
modes does not vary for different thicknesses of pentacene
films on untreated gold surfaces, whereas for PFBT treated
surfaces it decreases from =9.0 at 5 nm thickness to =6.5 at a
75 nm thickness.

The pentacene film microstructure on bare and PFBT-
coated Au was also analyzed by X-ray diffraction (XRD) in
the reflection mode and atomic force microscopy (AFM) (see
Figure S1, Supporting Information). The XRD pattern for
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a 90 nm thickness pentacene film on PFBT-coated Au shows
peaks at 5.73° and 11.55° with a corresponding interplanar d
spacing of 15.4 A; these peaks can be assigned to the (001) and
(002) planes, implying that the pentacene molecules stand up
on PFBT-coated Au (see schematic in Figure 1). Conversely, the
XRD pattern of a 90 nm thickness pentacene film on bare Au
shows relatively weak peaks at larger 26 values 19.25°, 24.03°,
and 28.21° with corresponding interplanar d spacings of 4.6,
3.65, and 3.15 A; these peaks can be assigned to the (110), (022),
and (—201) planes, implying that pentacene molecules lie-down
when deposited on bare Au. Such differences are also evident
from AFM measurements. The pentacene films on PFBT-coated
Au show more round grains whereas the pentacene films on
bare Au show a more rod-like morphology, consistent with pre-
vious reports and with the proposed, respectively, standing up
and lying down geometries for the pentacene molecules.[2-22]

The different pentacene microstructure on SAM-treated
Au might be expected to influence the diode electrical proper-
ties. To investigate this, hole-only devices (HODs), comprising
glass/Au/pentacene/MoO;/Al and glass/Au/PFBT-SAM/pen-
tacene/MoO;/Al, were fabricated, with the additional MoO;
layer included to ensure Ohmic contact for hole injection from
the Al contact. For bias voltages large enough to fill the traps
(e.g., >2 V for the HOD on PFBT-Au), the HOD current densi-
ties follow a quadratic dependence (see Figure S2, Supporting
Information), that can be modeled in terms of a space-charge
limited current (SCLC) density

Adv. Electron. Mater. 2015, 1500282
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where p is the mobility, g the vacuum permittivity, €, the rela-
tive permittivity, V the applied voltage, and L the thickness of
the active layer. A dielectric constant of 3.3, as obtained from
the capacitance of pentacene diodes (see Figure S3, Supporting
Information) is used; this is similar to the previously reported
value of 3.3-3.9 obtained by reverse-bias impedance—voltage
measurements.”?’] From this equation, the through-plane diode
mobilities for pentacene on Au and on PFBT-coated Au are
calculated to be about 6.8 x 107* and 1.1 x 107! cm? V! s7},
respectively. We note that the mobility extracted by a SCLC
fit can be an underestimate due to non-Ohmic injection and/
or trapping effects. Therefore, to cross-check the deduced
values, we also performed photoinduced charge carrier extrac-
tion by linearly increasing voltage (photo-CELIV) measure-
ments (see Figure S4, Supporting Information). From the
photo-CELIV measurements, the through-plane hole mobility
for pentacene films deposited on bare Au was deduced to be
about 7.1 x 107 cm? V7! s71 at 2.95 X 10* V cm™}, in reason-
able agreement with the Jscic current density fit. However, for
pentacene films deposited on PFBT-treated Au no photo-CELIV
peaks were obtained under the same experimental conditions.
From the SCLC fit, the pentacene mobility on PFBT-treated Au
is two orders of magnitude higher than that on bare Au, which
implies that the maximum current peak should occur in the
sub-ps range and, therefore, not be detectable with our meas-
urement system. Unfortunately, time of flight photocurrent
measurements require SCLC behavior in substantially thicker
films (=few pm) for which trapping effects are necessarily exac-
erbated-3% and for which the microstructure may be different
to that of the thin films of interest here for our diode struc-
tures. The alternative dark injection transient measurements®
require both Ohmic injection and trap-free SCLC which may
occur for pentacene films on PFBT-Au (where there is a small
injection barrier due to the PFBT dipole moment (see below)
and where the deduced SCLC mobility suggests low trap densi-
ties) but is not expected for pentacene films on bare Au. Such
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Pentacene on PFBT-Au
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studies would make an interesting topic for future investigation
but are beyond the scope of the current paper.

Our through-plane hole mobility measurements for penta-
cene films deposited on bare and PFBT-coated Au electrodes
show that the standing-up molecular geometry of the latter is
beneficial. The hole mobility of single crystalline pentacene
along the ab axis is known to be five times or more higher
than along the ¢ axis,?!32l but thermally evaporated pentacene
films are polycrystalline such that grain boundaries might
be expected to play a dominant role in limiting transport.
Assuming the same grain size, charge carriers in the pentacene
film with lying down geometry are more likely to encounter
grain boundaries in the vertical direction, leading to a decrease
in through-plane mobility. Moreover, the pentacene film on bare
Au exhibits rather weak XRD peaks, indicating that a relatively
small fraction of material shows long range crystalline order. In
addition, the pentacene on bare Au has a molecular tilt angle of
about 30°-45° relative to the substrate plane,?>33 expected to
result in randomly oriented pentacene grains. Figure 2 presents
cross-sectional scanning electron microscope (SEM) images for
pentacene on bare and PFBT-treated Au. Pentacene on bare Au
does indeed exhibit a relatively disordered structure in com-
parison with pentacene on PFBT-treated Au for which a more
dense and ordered structure is evident. It also appears that in
the latter case grain boundaries are predominantly a feature of
in-plane microstructure rather than through-plane where single
grains span the full film thickness.

Figure 3 shows (a) a schematic of the diode structure together
with (b) an energy level diagram for the Au and Al electrodes,
pentacene, and the PFBT SAM. Since Schottky diodes are more
advantageous for high frequency operation than p-n junction
diodes,** we sought to introduce a Schottky barrier at the pen-
tacene/Al interface. We then also needed to create an Ohmic
contact between the Au anode and pentacene semiconductor.
This, despite the work functions of Au and pentacene being
similar, is typically not formed due to disadvantageous interface
dipoles that create an injection barrier of =0.5 eV.'"**] Coating
the Au electrode with the PFBT SAM significantly reduces the
barrier and allows Ohmic contact.

Figure 2. Cross-section SEM images of 100 nm thick pentacene films thermally evaporated at 3—4 A s™! onto bare Au (upper image) and PFBT-coated

Au (lower image). The scale bar indicates 100 nm.
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Figure 3. a) Schematic structure of a pentacene diode with a PFBT-coated
Au anode. For SCLC current density measurements of hole mobility, an
additional MoOj; electron-blocking layer was inserted beneath the Al top
electrode and for photo-CELIV in addition to the MoOs layer, the penta-
cene film thickness was increased to 400 nm. Reference diode structures
were also fabricated without the PFBT SAM. b) Corresponding energy
level diagram of pentacene diodes with PFBT-coated Au. The PFBT chem-
ical structure is also shown.

Typical DC current density—voltage (J-V) characteristics for
pentacene diodes with both SAM-treated and bare Au anodes
are presented in Figure 4. The electrical parameters for the pen-
tacene diodes are summarized in Table 1. The data show that
the transition voltage, defined as the voltage at which the cur-
rent changes from being Ohmic to space charge limited, is sub-
stantially lower for diodes with PFBT-treated Au anodes (=0.1 V)
than for bare Au (=1.1 V), confirming the beneficial effect of
SAM treatment on the injection barrier. Previous reports show
that the dipole moment of PFBT is —1 to 2 D,3% enabling a
reduction in the injection barrier of 0.1 eV.B% As a result, the
forward-bias current density for the diode with PFBT-treated Au
is much higher than that with bare Au and reaches 100 A cm™2
at 3 V. In addition, the rectification ratio of the SAM-coated Au
anode diodes, as shown in the inset to Figure 4, is found to
be 7.47 x 10°> at 1V, and 1.05 x 107 at 2.8 V, values that are
between 1 and 3 orders of magnitude higher than previously
reported for similar organic rectifying diodes.”#3 Rectification
ratios of 2 x 10° at 1 V have previously been achieved for poly(3-
hexylthiophene):PCBM bulk heterojunction based diodes but
required more complex device architectures.*”) The high rectifi-
cation ratio achieved here is attributed to the combination of a
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Figure 4. DC current density-voltage characteristics for pentacene
diodes both with (filled triangles) and without (filled squares) a PFBT
SAM coating on the Au anode. The pentacene films were thermally evapo-
rated with a relatively high deposition rate (3—4 A s7') in order to prevent
shunts.¥ These diodes had an active area, defined by the overlap of Au
and Al electrodes, of 6400 ym?. The inset shows the corresponding diode
rectification ratios.

very high forward-bias current and moderately low reverse-bias
leakage. Further enhancements might be anticipated through
oxidation and SAM functionalization of the Al electrode leading
to a further reduction in leakage current.!l In addition, large
reverse-bias breakdown voltages, Vy = 18 V, were measured for
our diodes (see Figure S5, Supporting Information). In an ideal
rectifier, the maximum reverse-bias voltage that can be applied
to the diode should be more than twice the maximum input
voltage. A high Vy thus enables the rectifier to be used in high
power circuits. Moreover, high input voltages can improve the
frequency performance of the rectifier.[*?

Figure 5a shows the test setup used to characterize the fre-
quency response of our pentacene diode rectifiers. It comprises
a HP8657B signal generator fed through a power amplifier to
the diode with a 51 Q input resistor, a 10 nF load capacitor and
a 1 MQ load resistor. To minimize the rectifier output voltage
ripple, the period of the input signal should be kept much
smaller than the load RC time constant, Tgc, and the load

Table 1. Electrical parameters for pentacene diodes with bare and SAM-
coated Au anodes.

© 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

Transition Rectification Hole mobility Hole mobility
voltage® ratio at 3 V (scLoyd (photo-CELIV)
I\ [em? Vs [em2 Vs
Bare Au 1.1 8.81 x 10* 6.8x107* 7.1 %107
Au/PFBT 0.1 1.05 x 107 1.1 %107 -

AThe transition voltage is defined as the voltage at which the current changes from
Ohmic to space charge limited transport.  The hole mobility data were determined
for diodes that had an additional MoOs electron blocking layer beneath the Al
cathode. INo photo-CELIV transients were resolved for the Au/PFBT structures.
See text for further details.

Adv. Electron. Mater. 2015, 1500282
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(a) () J———— leakage current to minimize voltage drop.[*!]
Vi power amp. vV < The large voltage drop can also be reduced
n . . o g af - by lowering the input voltage because it can
50 Q 3 effectively reduce the reverse bias applied to
51QL 10nF|1MQ 2 _ the diode. However, decreasing input voltage
HP8657B O gl loslusdlinn BRI adversely affects 3 dB frequency.*?l Unfortu-
:|: 0 %0 1%?,:2%25?0 250 300 nately, the simulation results show that the
— — — = (d) S eI optimal voltage range which satisfies both
ot low voltage drop and high 3 dB frequency
(b) i N £ 4r 7 does not exist because the 3 dB frequency
S 6 ' E T sk i is monotonically increased as input voltage
Py ] £ | increases, whereas the voltage drop mono-
2 4 S © O e e e oy, tonically decreases as input voltage decreases
G \ 3 Time (ns) (see Figure S7, Supporting Information).
> \_ (e) S e T As the frequency increases, additional
§_ 2 E g leakage current flows via the diode capaci-
3 V,=10V — S VPN tance, decreasing V,,, further. If the diode is
1) S I BRI = i considered to comprise a single RC element,
10° 107 108 10° g' L the expected frequency dependency of V,,
024 5 s 0 should be described by the equation

Frequency (Hz)

Figure 5. a) Equivalent circuit for the rectifier frequency dependence measurement system.
b) Frequency characteristics for a PFBT-coated Au anode pentacene diode rectifier with a 10 V

Time (ns)

— VO

Vout B el
VIH(FfY 2)

peak-to-peak sinusoidal input voltage. The solid line represents a fit to Equation (2) —see text

for further details. The time-dependent output voltages of PFBT-coated Au anode pentacene
rectifiers operating at c) 14 MHz, d) 100 MHz, and e) 1 GHz are also shown.

capacitance should be kept much larger than the capacitance of
the diode.l*?! Satisfying the former condition is straightforward
at high frequencies since ¢ = 10 nF x 1 MQ = 10 ms but the
latter condition, largely controlled by the diode area, needs to
be carefully considered. In our case, the capacitance of the pen-
tacene diode was measured, however, to be only 1.7 pF, clearly
satisfying the second condition. The diode area is additionally
important in designing RFID tags that are more stable against
breakdown; small area diodes can sustain larger voltages due to
better heat dissipation, thus allowing higher rf power to be han-
dled.I*! The diode area chosen for this study was 80 x 80 pm?2.
The frequency characteristics of a typical pentacene diode
rectifier with a PFBT-treated Au anode are shown in Figure 5b
for a sinusoidal peak-to-peak voltage input V;, = 10 V. At the
low (1 MHz) end of the frequency range the output voltage V,,;
=6V, with the =4 V drop compared to V;, due to power losses
in the load resistor and from reverse-bias leakage currents.
It is noted that the voltage drop in the rectifier is one of the
important considerations. Long range electromagnetic coupling
limits the input power, and hence the voltage drop of the recti-
fier determines the capability of the UHF RFID tags. Ideally,
the voltage drop is given by the difference between maximum
amplitude of the input voltage and the turn-on voltage of the
diode. For the actual device, however, the output voltage is addi-
tionally dropped by the power consumption of the load resistor,
charge dissipation by leakage current of the diode and low
forward-bias current. From the simulation, we confirmed that
almost 98.5% of discharge is attributed to the leakage current
of the diode (see Figure S6, Supporting Information). Thus, the
voltage drop = 4 V is dominantly caused by the leakage current
of the diode. The aforementioned oxidation and SAM function-
alisation of the Al electrode can leads to a further reduction in

Adv. Electron. Mater. 2015, 1500282
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where V| is the DC voltage output, fthe meas-
urement frequency, and f; the cutoff frequency.
By fitting the measured data as shown by the
solid line in Figure 5b, V, and f; are deduced to be 6.02 V and
7.16 x 10® Hz, respectively. Also, the 3 dB frequency, in terms of
voltage, which is often used to specify the frequency performance
of rectifier diodes,®#? is seen to be 1.24 GHz; the highest value
reported for an organic rectifier diode to date.®! Correspondingly,
a relatively large V,,; = 3.8 V is achieved at 1 GHz.

The excellent frequency performance of our rectifiers is
attributed to the high performance pentacene diodes we have
fabricated, with high mobiliy, injection efficiency, rectifica-
tion ratio, and Vi values. The through-plane mobility of pen-
tacene films on PFBT-Au is significantly improved compared
with films on bare Au. This is because, even though the pen-
tacene film on PFBT-Au forms a polycrystalline structure, the
associated grain boundaries are parallel to the charge transport
direction (see Figure 2) leading to little consequent reduction
in mobility. In addition, the PFBT dipole moment efficiently
reduces the injection barrier, ensuring a high forward-bias cur-
rent density that allows fast charging of the load capacitor for
good frequency performance. Other desirable features of these
pentacene diodes are their high rectification ratios and Vy
values. The former helps to block leakage current discharge of
the diode thereby increasing the rectifier output voltage and the
latter increases power handling capacity and allows a high V;,
that can further improve frequency response.

In summary, we have fabricated high performance UHF
pentacene rectifiers by employing PFBT-coated Au as anode.
From XRD, AFM, and Raman analysis, the pentacene mol-
ecules on Au exhibit a lying-down orientation and those on
PFBT-coated Au exhibit a standing-up orientation. The through-
plane mobility of the pentacene film on PFBT-coated Au is, as
a consequence, increased to 0.11 cm? V™' s71. The PFBT SAM
also lowers the injection barrier for hole injection, allowing the
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forward-bias diode current density to reach 100 A cm™2 at 3 V.
The rectifier 3 dB frequency, in terms of voltage, is 1.24 GHz
and V,,, = 3.8 V at 1 GHz is obtained for V;, = 10 V. This proof
of concept study demonstrates the excellent potential that exists
for low-cost, organic-semiconductor-based, flexible RFID tags.
Our pentacene rectifiers show performance that is already suf-
ficient for UHF use but before they can be deployed it will be
necessary to address the susceptibility of pentacene thin films
to oxygen and moisture degradation under ambient conditions.
This is an especially significant problem for low-cost RFID
applications where encapsulation is not an option. Neverthe-
less, because PFBT and similar dipolar SAMs are expected to
be transferable for use with other p-type organic semiconduc-
tors, such as those currently being developed for high mobility
transistors and for solar cells, we are optimistic that the future
prospects for deployment of UHF organic RFID tags are good.

Experimental Section

Structural ~ Characterization of Pentacene Films: Pentacene was
purchased from the Tokyo Chemical Industry Co Ltd and used without
further purification. Raman spectra were acquired using a Renishaw inVia
commercial microscope fitted with a 514 nm Argon ion excitation source
(50x objective). For XRD and AFM measurements, 100 nm thickness
pentacene films were thermally deposited in vacuo at 3 x 107 Torr
over a 1.2 X 1.2 cm? area onto silicon wafers with 300 nm of thermally
grown oxide. XRD patterns of the pentacene films were obtained in
the reflection mode using a PANalytical X'pert Pro diffractometer with
Cu Ko radiation (A = 1.54 A). Background signals were removed by
subtraction of XRD patterns obtained from Si/SiO, bare substrates.
AFM images were obtained using a Park Systems XE-100 microscope in
noncontact mode using a silicon cantilever (ppp-NCHR, Nanosensors).
The cross-section SEM images of 100 nm pentacene films prepared
on SAM/gold with n++ Si substrates were obtained using a JEOL JSM
6701F microscope.

Fabrication of Pentacene Diode Structures: Glass substrates were
cleaned in an ultrasonic bath with acetone, isopropyl alcohol, and
deionized water for 20 min in sequence. Then, 50 nm thickness of Au
was thermally evaporated on top using a shadow mask to form four
stripes of 80 ym width and 1.8 to 4.4 mm length. Next, self-assembled
monolayers were coated under ambient conditions onto the Au stripes
by dipping the substrates for 2 min into 10 x 107 m toluene solutions
of PFBT (purchased from Aldrich). After rinsing with toluene, the SAM-
modified Au electrodes were dried in vacuo for 10 min and 90-120 nm
of pentacene was evaporated on top. Finally, 100 nm thickness, 80 ym
width X 2 mm length Al stripes were evaporated orthogonal to the Au
stripes as the top electrodes. The Au, pentacene, and aluminum layers
were thermally deposited in vacuo at 3 x 107 Torr. The overlap between
Au and Al electrodes defined the diode active area, here chosen to be
80 x 80 um?2. Before measurement, the diodes were encapsulated within
an Ar-filled glove box using an UV resin (XNR 5570-B1, Nagase ChemteX
Corp.). Additional diode structures, comprising glass/Au (50 nm)/PFBT/
pentacene (120 nm)/MoO3 (10 nm)/Al (100 nm) and glass/Au (50 nm)/
pentacene (90 nm)/MoO3(10 nm)/Al(100 nm) were fabricated for space
charge limited current density measurements of hole mobility. These
devices are biased (Au at a negative potential relative to Al) so as to
inject holes from the aluminum contact. Pentacene diodes for photo-
CELIV measurements comprising Au (50 nm)/ pentacene (400 nm)/Al
(15 nm) and Au (50 nm)/PFBT /pentacene (400 nm)/Al (15 nm) were
also fabricated.

Device Characterization: For photo-CELIV measurements, 580 nm
wavelength Nd-Yag laser pulses (3—6 ns duration, 5 Hz repetition rate)
were directed onto the thin Al cathodes of pentacene diode structures
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to generate free charge carriers. A function generator (AFG3101,
Tektronix) was used to apply a linearly increasing voltage ramp with
the time delay between the laser pulse and voltage controlled by
using a photodiode signal to trigger the function generator. A digital
oscilloscope (TDS054B, Tektronix) was used with a 50 Q load resistor
to measure the photocurrent. J-V diode characteristics were measured
using a Keithley 236 source-measure unit under dark conditions. For
frequency dependent rectification measurements samples were attached
to a printed circuit board (PCB) with 50 Q designed microstrip lines.
A 10 nF load capacitor and 1 MQ load resistor were also attached. A
HP8657B signal generator with power amplifier (Empower RF Systems
Inc. BBM1C4AEL) was then connected, using a 51 Q resistor on the PCB
to define the rectifier Vi, and an oscilloscope (Tektronix TDS5104) to
measure the rectifier output. Bayonet Neill-Concelman (BNC) and Sub-
Miniature version A (SMA) cables were used to connect the components.

Supporting Information

Supporting Information is available from the Wiley Online Library or
from the author.
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