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Modulated-photocurrent spectroscopy of single-crystal organic semiconductor rubrene
with pristine and trap-dominated surfaces
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High-performance, benchmark organic semiconductor rubrene is investigated by modulated-photocurrent
(MPC) spectroscopy. In this technique, periodically modulated and steady-state photocarrier populations are si-
multaneously generated in the sample by two independent light beams, with the resultant photocurrent measured
by a lock-in amplifier. The technique allows identifying a bandlike carrier motion (as opposed to incoherent
hopping) as the dominant charge transport mechanism in this highly crystalline molecular semiconductor, in
agreement with prior studies, yet without the need for fabrication of complex transistor devices. Moreover, MPC
spectroscopy is used to determine the important parameters, such as the density of states for traps, their carrier
capture coefficient, and attempt to escape frequency, as well as the quantum efficiency of photocarrier generation
and the photocarrier mobility. The MPC spectroscopy is also shown to be able to discriminate charge transport
at the surface of the crystal from that occurring in the bulk. The wealth of the thus obtained information is
essential for our better understanding of the microscopic mechanisms governing photoconductivity in this class

of materials.
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I. INTRODUCTION

High-purity single crystals of a small-molecule organic
semiconductor rubrene (C4yHjs) exhibit comparatively high
photoconductivity (PC) in the visible spectral range, for wave-
lengths 400 < A < 560 nm, where rubrene is an efficient
light absorber. A variety of optoelectronic devices based
on crystalline organic semiconductors, including photode-
tectors and solar cells, are envisioned [1-9]. It would thus
be very important to understand the fundamental processes
of photocarrier generation, transport, and charge interactions
with traps in benchmark organic semiconductors, such as
rubrene. Modulated-photocurrent (MPC) spectroscopy is a
technique that has been proven powerful for investigating
the interactions of majority carriers with traps in inorganic
semiconductors [10]. More recently, MPC spectroscopy has
been also applied to polycrystalline thin films of pentacene
(CyHyy4), in which it allowed determining the dominant trans-
port mechanism, extracting the distribution of trap states, and
evaluating the impact of steady-state illumination on charge
carrier mobility [11].

Here MPC measurements are carried out in a crystalline,
high-performance organic semiconductor (rubrene). In this
technique, a sample is illuminated with a monochromatic
beam of light periodically modulated at a frequency w (the
so-called “probe” beam), and an ac photocurrent generated
by this beam is detected by a lock-in amplifier tuned to the
same frequency. This phase-sensitive detection technique al-
lows one to significantly improve the signal to noise ratio in
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measurements of photoconductivity. Simultaneously, the sam-
ple is subjected to an additional continuous-wave (cw)
photoexcitation with a secondary light beam (called a “bias”
beam). The additional excitation can affect the properties of
photocarriers generated by the probe. The relative phase and
amplitude of the thus obtained ac photoconductivity, recorded
under a cw bias beam of varied intensity, carry the information
about the mobility of photocarriers, their transport mecha-
nism, the density of states (DOS), and the carrier capture
coefficient and attempt to escape frequency of localized states
(traps) in the semiconductor’s band gap. For instance, we
demonstrate that a very interesting effect of degradation of
organic semiconductors in high-vacuum chambers, called a
“gauge effect,” can be efficiently studied by the MPC tech-
nique. The gauge effect refers to a drastic deterioration of the
charge transport characteristics of organic semiconductors’
surfaces induced by exposure of a sample to an operating
high-vacuum pressure gauge [12]. We reveal in detail the
changes induced by the gauge effect in rubrene’s DOS of
traps, their capture coefficient, and the charge carrier mobility,
as well as the quantum efficiency of photocarrier generation.

II. EXPERIMENTAL SECTION

A. Sample preparation

Rubrene single crystals with typical dimensions of (a.b)
facets in the range 1-3 mm and thickness 0.1-1 mm were
grown by a physical vapor transport following the previously
published procedure [13]. Selected single crystals with well-
defined facets were attached to substrates using tiny droplets
of rubber cement glue, and two contacts were painted with
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an aqueous suspension of colloidal graphite (carbon paint)
that upon drying provides a good electrical contact to rubrene.
Device wiring was done using a 25 pum thick gold wire.

B. Photocurrent excitation spectroscopy

Photocurrent excitation (PCE) spectroscopy was carried
out under cw illumination. The source of illumination was a
monochromatic output from a Cornerstone-Oriel monochro-
mator passed through a filter and focused on the crystal.
During the PCE measurements, the crystal was kept in an
optical cryostat at ~10~! Torr. The intensity (or power den-
sity) F of the incident light was tuned by using neutral density
filters and measured with a calibrated photodetector. A small
dc source-drain voltage, Vsp &~ 1-5V, was applied between
the graphite contacts with a Keithley 2400 source meter, and
the resulting photocurrent, Isp, flowing through the crystal
was measured with a Keithley 617 or 6517B electrometer.

C. Modulated-photocurrent (MPC) spectroscopy

In the MPC measurements, the input voltage of a blue light
emitting diode (LED) (A = 460 nm) is sinusoidally modulated
and the resulting modulated light emitted from the LED at a
frequency in the range w = 0.8-10° Hz is used as the probe
beam. The beam is incident at a free (a,b) facet of a rubrene
single crystal, as schematically shown in Fig. 1. A population
of photocarriers with a density modulated at this frequency
is generated in the crystal, producing an MPC signal that
is amplified and measured by a lock-in amplifier (Stanford
Research SR830). The MPC’s amplitude I, and phase shift
0, relative to the phase of the probe beam, are the two main
quantities measured in the MPC experiment. An additional
photoexcitation by another blue LED, generating a cw light
of the same wavelength (the bias beam), is used to create an
additional steady-state population of carriers. The modulation
amplitude of the probe’s intensity is typically not more than
30% of the intensity of the bias beam. The intensity of the
bias beam can be varied, so that the additional steady-state
photocarrier population and thus the position of the quasi-
Fermi level within the band gap are controlled. The changes
in the quasi-Fermi level’s position are studied in reference to
the corresponding changes in MPC spectra of the crystal.

MPC measurements can provide a wealth of information
about the interaction of majority carriers with traps and can
help in elucidating the relevant transport mechanism and pa-
rameters. While varying the modulation frequency w, one can
observe distinct features in the ac photocurrent in the high-
and low-frequency domains that can be used to extract the
information about the photocarrier transport, including the
effect of illumination on the photocarrier mobility, as well as
the energetic distribution of trap states within the band gap.

III. RESULTS AND DISCUSSIONS

A. Photoconductivity as a function of incident
illumination intensity

The observed dependence of the steady-state photocurrent
I, on the intensity F of incident cw illumination has a form
I, ~ F%, with the power exponent o = 1 (linear regime) at
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FIG. 1. The modulated-photocurrent (MPC) spectroscopy tech-
nique. Two blue LEDs (A = 460nm) are used to photoexcite a
rubrene single crystal connected to electric circuitry. The output of
the LED on the left is sinusoidally modulated at a frequency w
(the probe beam). The LED on the right provides a steady-state cw
photoexcitation (the bias beam). The resultant photoconductivity of
rubrene is measured by a lock-in amplifier tuned to the modulation
frequency w of the probe beam. The modulation frequency w of
the probe, as well as the intensity of the bias, can be varied. The
effective length, width, and depth (respectively, L, L', and d) of
the photoconductive layer contributing to the MPC are indicated (as
defined in the text).

low illumination intensities, and a ~ 0.28 observed at rela-
tively high intensities. See Fig. 2.

When the crystal is briefly exposed to an operating ion
gauge in high vacuum (by manually turning the gauge on
and off when a sufficiently low pressure is reached), a very
rapid decrease of the dark conductivity by a factor of ~10 is
observed within the first few seconds of the gauge operation.
The photoconductivity in the thus prepared “degraded” state
of the crystal is also found to be reduced by 1-1.5 orders of
magnitude, with the exponent &« = 0.5 observed in the entire
range of studied illumination intensities. The observed power
exponents and the gauge effect behavior are in agreement with
the previous report by Irkhin et al. [14]. We use the gauge
effect here to intentionally induce surface traps and study the
corresponding changes in the crystal’s photocarrier transport
properties.

B. Spectral response of cw photoconductivity

A spectral response of the photocurrent of a rubrene crystal
at a constant excitation intensity of 1 W is shown in Fig. 3
for pristine, I, and degraded, I ', states of the same crystal. In
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FIG. 2. Photocurrent vs incident light intensity in a rubrene sin-
gle crystal. Photoexcitation: a blue LED (A = 460nm). A pristine
state (blue circles) and a trap-dominated state (black squares) of
the same crystal are shown. The trap-dominated (“degraded”) state
was prepared by exposing the pristine crystal to an operating high-
vacuum ion gauge (for 5 s). The photocurrent exhibits a power-law
dependence on the incident light intensity, [, ~ F¢, with the power
exponent « increasing from ~1 at low intensity to N% at high inten-
sity for the pristine state of the crystal, and « having a single value
of % in the trap-dominated state.

the pristine state, the photocurrent shows two broad maxima
around 550 and 620 nm, while other bands corresponding to
the vibronic structure of the absorption spectrum of the crystal
cannot be discerned. The absence of those other bands in the
pristine state can be attributed to a long triplet exciton diffu-
sion length leading to a “smeared” vibronic structure in the
photocurrent excitation spectra of rubrene [15]. Moreover, in
the pristine state, photogeneration of charge carriers and their
transport are believed to occur within a thin photoconductive
layer near the surface of the crystals [15].

Following exposure of the crystal to an ion gauge, the
photocurrent significantly decreases (Fig. 3) and two small
bands with maxima and minima between 450 and 500 nm
emerge. The strongest degradation of the photocurrent is
observed for wavelengths below 525. It is remarkable that
the photoresponse ratio Ip/Ir/, (solid blue circles in Fig. 3)
reveals sharp maxima occurring at the spectral positions ex-
actly matching the maxima of the absorption spectrum o/(A)
of rubrene [shown in panel (b)], with the overall spectral
shape of this ratio in the region 350-600 nm closely re-
sembling that of «(A). Such behavior is not coincidental: It
is an indication that the degradation caused by the gauge
is stronger at wavelengths of stronger optical absorption.
Namely, the ion gauge leads to a degradation of photoresponse
predominately at the optical absorption maxima, where the
strong light absorption takes place closer to the surface of
the crystal. This observation is reasonable given the fact that
exposure to an ion gauge essentially affects the surface of
the crystal, thus most strongly affecting the charge trans-
port at or near the surface. The charge carriers generated by
strongly absorbed light near the surface undergo recombina-
tion within the surface layer, and thus the photocurrent Ir/’
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FIG. 3. The photocurrent excitation spectra compared to the ab-
sorption spectra of rubrene. (a) Photocurrent excitation spectra of
a rubrene crystal in its pristine (red triangles) and trap-dominated
(black squares) states. The latter state was prepared by intention-
ally exposing the crystal to an operating high-vacuum gauge (the
“gauge effect”). The ratio of the photocurrents in the pristine and
trap-dominated states, I, /IL; (blue circles), is also plotted. (b) The
experimental absorption coefficient «(A) of rubrene single crystals
for light linearly polarized along the crystal’s b axis (red) and a axis
(black), normally incident on the (a, b) facet of the crystal.

exhibits a minimum. In contrast, for charge carriers created far
from the surface by weakly absorbed light, the recombination
probability is lower, and the corresponding photocurrent I
exhibits a maximum. These characteristics of the spectrum
Ir/> of the degraded state demonstrate a bulk character of
photoconductivity.

If the photoconductivity of pristine crystals had a con-
ventional (that is, bulk) character, we would expect to see
only minor changes in the cw photocurrent shown in Fig. 3,
since gauge effect is a short-range phenomenon. The strong
degradation of the photocurrent by the gauge effect supports
the notion that in pristine crystals, photogeneration of charge
carriers and their transport take place in a thin layer at the
crystal’s surface [14,15]. Following application of the gauge
effect, electronic properties of the surface deteriorate, and
the surface stops contributing to the net photocurrent. The
photocarrier transport is now governed almost entirely by the
bulk of the crystal, which is not affected by the gauge effect.
This interpretation is further supported by MPC spectroscopy
data presented in the following sections.

It is remarkable that a significant photocurrent is generated
above 520 nm, where optical absorption abruptly drops. A
possible interpretation of this behavior is as follows. In con-
trast to the region of high optical absorption around 500 nm,
where light is absorbed within about 1 um of the crystal’s
surface, the low absorption above 520 nm allows for a much
deeper light penetration into the bulk, to about 10 um, and
thus leads to a more uniform and diluted density of triplet
excitons created via singlet fission. In this case, the average
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FIG. 4. The MPC spectra of rubrene single crystals. The MPC
phase shift & and amplitude I, are shown in pristine and trap-
dominated (degraded by an ion gauge) states of the same crystal.
Panels (a), (b) correspond to the pristine state, while panels (c), (d)
correspond to the trap-dominated state of the crystal. The data are
plotted as a function of the modulation frequency w of the probe
beam. They are shown for various levels of additional cw bias il-
lumination (corresponding to symbols of different color, with the
red arrows pointing in the direction of increasing its intensity). Both
the probe and the bias photoexcitations use the same type of blue
LED (A = 460 nm). There are two regimes evident in these spectra:
a low-frequency (LF) regime, in which a nearly zero phase shift and a
plateau in the amplitude of MPC are reached, and the high-frequency
(HF) regime, where the MPC phase shift is large, and the amplitude
is strongly frequency dependent.

separation between triplet excitons becomes greater, leading
to a lower probability of triplet-triplet annihilation. Moreover,
in the pristine crystal triplet excitons created very deep in the
bulk are still able to diffuse to the free surface due to their very
long diffusion length in rubrene of several micrometers [15].
Their dissociation at the surface into mobile charge carriers
can thus account for the nonzero photocurrent observed in the
region of very low absorption above 520 nm.

C. Modulated-photocurrent (MPC) measurements
1. Effect of bias illumination

Figure 4 shows typical MPC phase shift 6(w) and ampli-
tude I,.(w) spectra for a rubrene single crystal that initially
had a pristine (high-purity) surface [panels (a) and (b)], but
was then intentionally degraded by exposure to an operat-
ing high-vacuum ion gauge [panels (c) and (d)]. The spectra
were collected under photoexcitation with a probe beam (A =
460 nm) modulated at a frequency w, with an additional cw
bias photoexcitation of the same wavelength but varied in-
tensity (different levels of bias illumination correspond to
symbols of different colors). At high frequencies, the phase 6
and amplitude I, are essentially independent of the bias illu-
mination intensity. At low frequencies, a substantial decrease
in both 6 and I,. is observed with an increasing intensity
of bias illumination (indicated by the red arrows). Although
these tendencies in MPC spectra are qualitatively similar to
those recently observed in polycrystalline pentacene thin films

[11], the results of the data analysis and conclusions drawn
here for rubrene are qualitatively and quantitatively different.

Below we first briefly describe the principle of MPC spec-
tral analysis, for which a more detailed theory is given in
[10,11], and then analyze the data for rubrene shown in Fig. 4.
Considering the general successes and applicability of the
multiple trap and release (MTR) model of charge transport
in organic semiconductors (see, e.g., [16,17]), one can think
of the transport of photogenerated carriers as occurring via
an ongoing competition between the carrier relaxation from
extended (band) states to a distribution of localized in-gap
(trap) states and thermal excitation of trapped carriers back
into the band. The trap distribution in organic semiconductors
usually takes a form of a tail of localized states, extending
deep into the gap over considerable energies below the band
edge (the so-called mobility edge). All energies are usually
referred to with respect to this mobility edge. The tail includes
both deep and shallow traps with energies, correspondingly,
greater than and smaller than the thermal energy: Egeep = kT,
and 0 < Eganow < kT, where k is the Boltzmann constant,
and T is absolute temperature. Considering here for simplicity
only holes as majority carriers in rubrene and given the high
density of states in the highest occupied molecular orbital
(HOMO), one can think of charge transport as occurring en-
tirely at a transport energy level matching the HOMO band
edge (the mobility edge). It turns out that the contribution
of hopping transport in localized tail states can be consid-
ered negligible—we will show below that this conclusion is
supported by our data. At these conditions, the role of cw
bias illumination is to excite carriers across the band gap of
rubrene (2.8 V), thus creating a population of mobile carriers
that would quickly relax into the tail of localized states. They
will partially fill the tail, starting from deepest levels (deep
traps) and up to a certain characteristic energy level E,, that
depends on the density of available photocarriers and trapping
cross section. The more photocarriers are generated, the more
trap states in the tail are filled, and thus the closer the Ey, level
gets to the mobility edge. The role of the probe beam, on the
other hand, is to selectively probe the contribution of a specific
trap level with a characteristic energy E,, to photoconductivity.
Since each trap within the tail is characterized by a certain
carrier retention time (or, similarly, the carrier escape rate)
that depends on the trap energy, the phase-sensitive detection
of ac photoconductivity with a probe beam modulated at a
frequency w predominantly probes the contribution of carriers
trapped at and thermally released from the trap of the corre-
sponding energy E,. In the MPC measurements, the relative
energetic positions of the thus defined energy levels, Ey, and
E,, govern the phase shift and amplitude of MPC spectra.

The rate, ey, of thermal emission of carriers (holes) from
the energy level E,, at temperature 7 is

2 E,
ep(Ew) = — = voexp[ ——2 ). 1)
p 7 kT

where 7, is the thermal emission time from level E, (or,
the carrier retention time), and v, is the attempt to escape
frequency. The rate ep(E,,) can be more generally defined as

ep(Ey) =/ 0? + o, )
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FIG. 5. Tllustration of relevant energy levels in MPC spectroscopy. The positions of the probed localized energy level E,, (the horizontal
green line) and the characteristic uppermost filled trap level Ey, (the horizontal magenta line) are shown within the band gap of rubrene (orange
background) together with other localized (trap) states (short black horizontal lines) and the HOMO edge (the dark blue band). Holes filling
the traps up to the Ey, level are also shown (white circles with “+” sign). The MPC phase shift § and amplitude /® are schematically shown at
the bottom of each panel in comparison with the probe beam modulated at a frequency w. The panels (a)—(c) correspond to a gradual transition
from the HF (@ > w,) regime in panel (a) to the LF (v < @) regime in panel (c), occurring with increasing E,, energy of the probed level
(that is, via increasing its depth below the HOMO edge) due to a decreasing frequency of the probe beam w. In this transition, w first becomes
closer to w(w = ), E, shifts closer to Ey,, the phase 6 decreases, and I° increases (panel b). At the lowest frequency w < w;, # becomes
negligible, and I° is high (panel c). Alternatively, the transition from the HF to the LF regime can occur when the intensity of the cw bias
illumination increases, as shown in panels (d)—(f). In this case, o, becomes closer to w, E;;, level moves closer to E,,, populating more and more
shallow states, and the MPC phase 6 and amplitude I® both decrease (panel e). Eventually, at the highest bias light intensity, the LF regime is

= 1|

b

reached, when o < wy, Ey, matches E,,, 6 is nearly zero, and I b becomes nearly constant (panel f).

where o is the modulation frequency of the probe beam,
and wy is the characteristic trapping frequency given by w, =
pcp + ney, with p and n representing the steady-state concen-
trations of mobile holes and electrons (in cm~3) set by the
intensity of the cw bias illumination, and ¢, and ¢, repre-
senting the coefficients of carrier capture (in cm®s™') on this
specific trap state for holes and electrons, respectively. Recent
photo-Hall effect measurements show that photoconductivity
of pristine rubrene is fully due to mobile holes, with all the
electrons being trapped [18]. Thus, we have

W = pey, 3

reflecting the fact that w; is controlled by the intensity of bias
illumination. From Egs. (1) and (2), the probed energy E,, is
thus given by

E, = kT1n<L>, &)
N

while the quasi-Fermi level corresponding to the upmost filled

trap state Ei, is
Ep= mn(ﬁ) 5)
Wy

Therefore, for a given intensity of the bias beam and a
given frequency w of the probe beam, the trap state at E,

defined by Eq. (4) would provide the maximum contribution
to the MPC via a trapping/detrapping processes. At a high
probe’s modulation frequency (w > @), w; in Egs. (2) and
(4) can be neglected, and the thermal emission rate from the
probed state at E,, becomes equal to the modulation frequency
of the probe beam, e,(E,) = w. Under these conditions, for
E, and Ey;, we get

E, = kT1n<ﬁ>, Ep= kT1n<ﬁ), and E, < Ey. (6)
w

Wy

Expression (6) shows that at @ > w, the probed energy
level E, corresponds to shallow trap states, located much
closer to the band edge than Ep, as schematically illustrated
in Figs. 5(a) and 5(d). Correspondingly, all three values—the
probed energy level E,,, the MPC phase shift 6, and amplitude
I,.—are nearly independent of w; and thus insensitive to the
bias beam intensity. This situation corresponds to the high-
frequency (HF) regime in the MPC spectra shown in Fig. 4.

When the modulation frequency « decreases, the MPC
spectra exhibit a transition from HF to LF regime, during
which the probed energy level E,, shifts closer to the quasi-
Fermi level Ep, as illustrated in Figs. 5(b) and 5(c). Such
a transition can be alternatively realized by increasing the
intensity of cw bias illumination, thus filling more traps and
shifting the E;, level closer to E,, as shown in Figs. 5(e)
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and 5(f). In this regime, the characteristic frequency w; in
Egs. (2) and (4) is no longer negligible, indicating that the
trapped holes are thermally emitted from the probed energy
level E,, within a time shorter than the probe beam’s modu-
lation period. Thus, holes trapped at E,, have a comparatively
shorter residence time, resulting in a smaller delay of the MPC
signal, which accounts for the phase shift 6 getting smaller
and smaller with decreasing w [Figs. 4(a) and 4(c)].

Finally, the so-called low-frequency (LF) regime (0w <
) is realized when either a very low probe’s modulation
frequency w is used [Fig. 5(c)] or a high bias illumination in-
tensity is applied [Fig. 5(f)]. In this regime, Egs. (2)—(5) yield
e(E,) = wy, and E,, and Ey, energies become comparable:

(=)
E,~E, = kTln| — |. @)
Wy

Since in this regime the residence time of holes on the
probed trap level is negligible compared to the probe beam’s
modulation period, the delay in MPC signal is negligible,
which accounts for the nearly zero phase shift 8 at low w
[Figs. 4(a) and 4(b)]. Moreover, in this LF regime, the MPC
amplitude I,. becomes almost independent of w [plateau in
Figs. 4(b) and 4(d)], because E,, is only weakly dependent on
o and barely shifts with varying o, thus remaining in close
proximity to the Ey, level, which keeps the I,. signal nearly
constant.

2. Density of free holes, hole mobility, quasi-Fermi energy,
and capture coefficient

The shape of MPC spectra shown in Fig. 4 allows in-
troducing the so-called onset frequency ws, defined as the
modulation frequency at which a crossover from the HF to the
LF regimes starts to occur. This crossover can be seen in 0(w)
of pristine rubrene, when the phase starts to decrease with
decreasing w, before it reaches a nearly zero value [Fig. 4(a)].

Alternatively, the crossover can also be identified in /,.(®),
when the amplitude starts leveling off with decreasing w, be-
fore it reaches a plateau [Fig. 4(b)]. A more accurate method
to determine the onset frequency w; is presented in Fig. 6
using a typical example of the MPC amplitude /,.(w) and
Ico(w) spectra [Fig. 6(a)] under a cw bias illumination and
without it, respectively. It can be seen that the ratio Ic(w)/
Lco(w) in Fig. 6(b), is close to unity (horizontal solid line)
at high frequencies, corresponding to the HF regime. At low
frequencies, the I,.(w)/ Lco(®) ratio sharply drops following
a straight line. The extrapolation of this line intercepts the
horizontal solid line at the onset frequency ws (indicated by
an arrow), defining a crossover from HF to LF regime. The
onset of a decrease in I,.(w)/ Lo(w) at ws indicates that the
characteristic frequency wy is a significant fraction of w,. Our
data suggest that this fraction is roughly

N —, 8
Wy 10 (8)

This approximation is supported by the following. The
w; determined from Eq. (8) can be used to calculate the
probe energy level E, of the I,.(w) spectrum according to
Eq. (4), which is plotted in Fig. 6(c) as a function of w. The
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FIG. 6. The method for the determination of the onset frequency
ws and the characteristic frequency wy. (a) Typical MPC amplitude
spectra, I,.(w) and I,.,(w), in the pristine state of the crystal under
and without cw illumination, respectively. (b) ,.(@)/L,o. (@) ratio of
the spectra in panel (a) used to determine the onset frequency ws
of the crossover from the HF to the LF regime, which is defined
as the intercept of the tilted solid line fitting the I,.(w)/l,o.(w) data
at low o (transition region) with the horizontal solid line fitting
the I.(w)/loc(w) = 1 ratio at high @ (HF regime). (c) The probe
energy level E,, of the I,.(w) spectrum calculated from Eq. (4) using
w, estimated from w, according to Eq. (8), and the probe energy
level E,, of the I,.,(w) spectrum calculated from Eq. (4) assuming
negligible w,.

same plot includes the frequency dependence of the respective
probe energy level E,, of the I,.o(w) spectrum without the
bias illumination calculated from Eq. (4) considering that the
respective wy, is negligible. It can be seen that around w;
and lower frequencies (w < ws) the E,, level starts to shift
more slowly with decreasing w than the E,,,, accounting for
the onset of the drop of the I.(w)/ Iio(w) ratio and the
limit of the onset of HF regime for w > w,. In addition,
for about o < w/4, the E, hardly shifts, indicating that it
has essentially reached the respective quasi-Fermi E, level
(horizontal arrow). This is consistent with the fact that in
the same spectral region of w < w;/4 the I,.(w) practically
starts to level off [vertical dotted line Fig. 6(a)] showing the
characteristic plateau and the onset of the LF regime. In this
way, the frequency w; defined according to Eq. (8) predicts
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FIG. 7. Dc photocurrent vs MPC onset frequency, I, (w), in pris-
tine and degraded rubrene crystals. The solid circles correspond to
pristine rubrene single crystal, and the diamonds correspond to the
crystal degraded by the gauge effect. The bias illumination intensity
ranges between about 0.1 and 10*nW/cm?. It can be seen that
an increase of the frequency ws by about one order of magnitude
roughly corresponds to about one order of magnitude increase of
dc photocurrent I, following the solid line which is the linear fit
I, o< (w,)" with n ~ 1. The approximate linearity of this relationship
suggests that the mobility is carrier-density independent [Eq. (10)].
The inset shows the respective I,(w;) dependence of pentacene films,
which is a sublinear relationship with I, oc ()" with n =~ 0.25.
This is attributed to a decreasing mobility with increasing carrier
density due to hole trapping into grain boundaries [11]. The right
axis shows indicative values of the free hole densities of the pristine
and degraded states calculated from the respective /, and Ié according
to Eq. (9) for dy, = 10 nm and d, = 3 um.

correctly both the limits of the onset of the HF and LF regimes
and so it can be confidently used as a very good approximation
of the characteristic frequency w;.

Figure 7 presents the dc photocurrent /, as a function of
ws obtained by increasing the cw illumination intensity of the
pristine (solid circles) and degraded (solid diamonds) states.
It is clear from the data in Fig. 7 that the onset frequency
significantly shifts to higher frequencies for higher intensities
of bias illumination. This occurs due to an increase in the
characteristic frequency wy, leading to a shift of the quasi-
Fermi level Ey, to shallower energy levels. Thus, the onset
frequency ws, which was considered about 10 times higher
than w, [Eq. (8)], mirrors the movement of the quasi-Fermi
level in the gap, which is, in turn, governed by the density of
photogenerated carriers. This observation is consistent with
the predictions of the MTR model.

It is worth noting that in the hopping transport regime
applicable to disordered organic semiconductors, most of the
carriers move via hopping between localized states. The effect
of hopping on MPC spectra was modeled by Longeaud and
Tobbeche [19]. It was found that photogenerated excess carri-
ers undergoing hopping transport “condense” in the localized
levels around the (dark) Fermi level position. As a conse-
quence, the quasi-Fermi levels are found closer to the position
of the dark Fermi level, compared to the case when only
MTR is considered, and accordingly the free carrier density
decreases. Thus, in a hopping-dominated transport regime,

MPC should be almost insensitive to the bias illumination
intensity, which would signify the prevalence of hopping
transport [19]. This scenario clearly contradicts our experi-
mental observations of the MPC spectral behavior in rubrene
single crystals, both in pristine and in trap-dominated states
of the crystal, thus ruling out hopping as the dominant trans-
port mechanism. This is a reasonable conclusion, since the
present high-quality rubrene crystals demonstrate a remark-
able high carrier mobility of up to ~20cm? V~!s~!, which
favors a band transport according to the MTR model. For this
reason, the present crystals offered an experimental test bed
for showing how the modulated-photocurrent measurements
can reveal the predominance of a band transport over an
incoherent hopping mechanism. This advantage makes MPC
spectroscopy powerful in comparison with other experimental
techniques, such as a steady-state dark current or steady-state
photocurrent measurements that fail to detect the contribution
from hopping even in cases when this mechanism is dominant
[19].

The onset frequency wg is found in Fig. 7 to increase
approximately linearly with the concurrently measured dc
photocurrent /,. This is confirmed in the plot of Fig. 7 which
contains a large number of data points obtained in pristine
rubrene at different levels of bias illumination. From this plot
it is evident that an increase of the onset frequency ws by
about one order of magnitude roughly corresponds to about
one order of magnitude increase of the concurrently measured
dc photocurrent I, indicating that I, increases approximately
linearly with the ws as I, « (w;)", where n = 1 £ 0.07 (solid
line). A similar linear dependence of the I, on ws of the
respective degraded state is also deduced from Fig. 7 (closed
diamonds). The dc photocurrent /, is proportional to the
density-mobility product for mobile holes, pu:

I, = pueEA, ©)

where E = V/L is the applied electric field, determined as
the ratio of the applied voltage V to the conduction channel
length L. A is the effective cross-section area of the part of the
crystal conducting the current, given by A = L'd, where L’
is the electrode’s length and d is the characteristic thickness
from the crystal’s surface within which the photoconduction
takes place (see Fig. 1). When the bias illumination inten-
sity increases, the density of holes p and the characteristic
frequency w; according to Eq. (3) both increase. This can be
monitored as an increasing onset frequency ws, because wy
according to Eq. (8) is considered ten times higher than w;.
Therefore, the hole density p = w/c, should be proportional
to ws, and the photocurrent /, should then be proportional to
the pws product:

I, X poy o pos. (10)

The linear relationship between I, and w observed for
rubrene (Fig. 7) implies that the hole mobility w in Eq. (10)
remains essentially constant at different intensities of bias
illumination. Namely, the mobility appears independent of the
carrier p concentration. This contradicts the carrier concen-
tration dependence of the mobility predicted for the hopping
transport model in localized states with exponential energy
distribution [20], like that of rubrene [21-23] (see also next
section). This makes it unlike hopping transport, as was also
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concluded from the strong light intensity dependence of the
ws. Unlike the case of rubrene, similar measurements in poly-
crystalline pentacene films, which are included in the inset of
Fig. 7 for comparison, reveal that an increase of the frequency
of wg by three orders of magnitude is related to less than one
order increase of the concurrently measured I,. This shows
that in pentacene films /, increases with ws sublinearly as
I, « (ws)", where n = 0.25, which is attributed to a decrease
of hole mobility x with increasing bias illumination inten-
sity. Such behavior in polycrystalline organic films can be
explained by hole trapping at grain boundaries that increases
the energy barriers for charge transport [11]. It is interesting
that carrier trapping at grain boundaries and its effect on the
Hall voltage has been recently revealed in Hall effect measure-
ments of high-mobility polycrystalline thin-film organic field
effect transistors (OFETS) [24]. Rubrene single crystals are
free from grain boundaries, which is consistent with a constant
w observed here in I,(ws) measurements.

From Fig. 7 the respective plot of I, vs w (solid diamonds)
of the degraded state can be roughly fitted with a similar
linear relation I, o (ws) (solid line). This indicates that like
the pristine state, the mobility of the degraded state is inde-
pendent of the bias light intensity. Moreover, the I, « (ws)
plot of the degraded state (Fig. 7) is shifted in parallel from the
respective plot of the pristine state. Note that this parallel shift
could be considered as a vertical downward shift by keeping
ws constant, due to a possible decrease of the mobility by a
factor of 6, if it was considered that a conventional bulk trans-
port phenomenon was also taking place in the pristine state.
However, this interpretation is not supported from the recent
results of the photo-Hall experiments, which are also based
on measurements of the photocurrent using surface electrodes
and so measure contributions similar with those of the MPC
spectroscopy. The mobility from the photo-Hall was found
essentially unchanged showing only a minor increase from the
pristine to the degraded state [18]. Therefore the change in the
plot of I, vs ws (Fig. 7) by the gauge effect cannot be attributed
to a decrease in the mobility. Rather the shift in this plot re-
flects the induced changes in the probed electronic properties
as the effective transport is intentionally switched by turning
on the ion gauge from a thin highly photoconductive surface
dominating in pristine crystal, to transport in the bulk part of
the crystal, dominating the degraded crystal. In this interpre-
tation, in the pristine state the MPC spectroscopy essentially
probes the interaction of the charge carriers with the traps in
the surface layer. Following the application of the gauge effect
the surface layer electronic properties deteriorate due to the
creation of traps and a strong decrease of the mobility [18].
Hence the surface layer provides negligible contribution to the
photocurrent and the MPC spectroscopy probes the electronic
properties of the good quality bulk part of the crystal.

The characteristic thicknesses d = dy; and d = d,, of the
effective photoconductive layers of the pristine and degraded
states, respectively, are important to calculate the free hole
densities and the capture coefficients of the respective probed
traps. Specifically, the characteristic thickness dy, is more
likely of the order of the absorption length d = d, = % =
3 pum. For a given photocurrent /, and the respective turn-
on frequency ws taken from any given point, for example,
point B, of the solid line of Fig. 7 which fits the I, vs w;

data of the degraded crystal, the capture coefficient can be
determined. Specifically, the free hole density p, ~ 1.7 x
10" ¢cm™3 is calculated from Eq. (9) considering a mobil-
ity u ~ 20cm? V™! s7!. Subsequently, from Egs. (3) and (8)
a cpp 5.7 x 10719 cm?/s is calculated for the bulk traps.
These values, assuming that the effective density of states is
N, = 10*! cm—3, give, according to v, = ¢, Ny, the attempt to
escape frequency vo, ~ 5.7 x 10'! s~ for the bulk traps.

For the calculation of the respective trapping parameters
of the surface layer, the characteristic thickness ds of the
photoconductive surface thin layer is crucial. It is believed that
in pristine crystal photogeneration takes place within a thin
surface photoconductive layer from the dissociation of triplet
excitons which are generated by light absorption deeper in
the crystal within the absorption depth (1/«). These excitons
diffuse up to the surface thin layer where they dissociate by
a specific mechanism, which at present is under investigation.
Nevertheless, from the recent photo-Hall measurements it is
known that under illumination the transport of electrons is
completely absent, probably because these are trapped and
only the transport of holes is observed [18]. The holes are free
to flow from the source to drain, but they are confined within
the very thin surface photoconductive layer of characteristic
thickness d; which is expected to be much lower than the
light absorption depth. This confinement is because the holes
cannot escape toward the bulk part of the crystal, due to the
Coulomb attraction from the surface negative charge built up
from the trapped electrons following dissociation of excitons
[18]. For a given photocurrent /, of the pristine state taken
from the solid line which fits the I, vs ws data of Fig. 7, for
example, point A, we have calculated by means of Eq. (9)
the free hole density ps of the surface layer as a function of
various possible characteristic thicknesses ds of the surface
layer which is presented in Fig. 8(a). It can be seen that
by decreasing the thickness ds of the surface layers down
to 3—10 nm, corresponding to—one to three monolayers, the
free hole density pg increases by several orders of magnitude
inversely proportional to the ds. Based on the so-derived p;
densities, the capture coefficient ¢ calculated from Egs. (3)
and (8) and the respective attempt to escape frequency v
linearly increases with increasing ds. The relatively much
higher density of the ps for lower d; requires an analogous,
much higher quantum efficiency at the surface layer. As will
be shown in the next section, this is supported from the DOS
measurements.

3. Estimating the DOS of localized states from the MPC spectra

As shown above, the MPC data in the HF regime (Fig. 4)
are connected to the density N(E,) of available in-gap states
at the probed energy level E,, given by Eq. (6). The N(E,)
density can be obtained as [10]

2 pel'd sind

N(E,) = — GE
T cpkT I

, an

where G = (naF')/(hv) is a photogeneration rate, with F rep-
resenting the rms of modulated incident illumination intensity
(in Wem™?), « is the optical absorption coefficient, /v is the
photon energy of the probe beam, and 7 is the quantum effi-
ciency of photocarrier generation. We can estimate an order of
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FIG. 8. Dependence on the characteristic thickness d; of the mo-
bile hole density ps, attempt to escape frequency v, and of the ratio
of the quantum efficiency of the surface layer to that of the bulk
part of the rubrene crystal. (a) Mobile hole density p, and attempt to
escape frequency v, for traps in the surface layer. (b) The quantity
(Z—; )(j—i) for different characteristic thicknesses d; of the surface
layer.

magnitude of the DOS of the gap localized states in the crystal
assuming a band mobility of p ~ 20 cm? V~!s~!, an optical
absorption coefficient & = 3500cm ™!, d = d;, = é =3 um,
and the capture coefficient cpp, ~ 5.7 x 10710 cm?/s derived
above for the bulk trap states. The respective v, & 5.7 X
10" s~! derived from the above cpb value is used to calculate
the probe energy E,, level according to Eq. (6). In this way, the
only parameter, which is adjusted, is the quantum efficiencyn
and so the order of magnitude of the calculated DOS depends
upon the choice of 1. This parameter should be very low,
allowing for the surface layer to demonstrate much higher
quantum efficiency and efficient photogeneration of charge
carriers essentially within the surface layer of pristine crystal.
Indeed, for rubrene crystals very low quantum efficiencies
have been reported, n = 0.001 [15] and 0.0001 [25].

We select the quantum efficiency of n, = 0.0001 for the
bulk of degraded rubrene crystal. With this value, the mag-
nitude of the DOS of the degraded crystal presented in
Fig. 9 (solid circles) is comparable with the respective deep
DOS around 0.6 eV obtained earlier in a rubrene field-effect
transistor (FET) and space-charge limited current (SCLC)
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FIG. 9. The density of localized (trap) states, N(E), in pristine
and trap-dominated rubrene crystal corresponding to the surface
layer with the indicated characteristic thicknesses d; (closed and
open triangles) and the bulk portion (closed circles) of the crystal
with characteristic thickness d,,. N(E) is calculated via Eq. (11) using
the indicated parameters. The trap-dominated (“degraded”) state of
the crystal was prepared by briefly exposing the crystal to an op-
erating high-vacuum pressure gauge. Considering higher quantum
efficiency by a specific factor shown with the vertical arrows, each
DOS of the surface layer with different d; perfectly matches the DOS
of the bulk of the crystal.

measurements of rubrene crystals [21-23]. A broad, nearly
exponential DOS distribution in the form Nyexp(—E /Ey), with
a characteristic slope Ey = 35 £ 1 meV, is observed at deep
energies in the trap-dominated states of the crystal.

Moreover, Bliille [22] reported an exponentially varying
deep trap distribution, with almost the same characteristic
slope as that in our deep DOS in Fig. 9, indicating that the
MPC technique more likely probes the interaction of holes
with the trap distribution in the tail of the HOMO band.

Figure 9 also presents the DOS of the pristine state (open
symbols) which was calculated from Eq. (11) for various
possible characteristic thicknesses ds of the surface photo-
conductive layer. For the quantum efficiency n, as a first
approximation the same 0.0001 value is assumed as that used
for the calculation of the DOS of the bulk part. For the capture
coefficient c,s and the attempt to escape frequency v, the
values of Fig. 8(a) calculated for the respective d; values are
used. It can be seen from Fig. 9 that the surface layer DOS
(open triangles) of the pristine rubrene crystal corresponding
to the surface photoconductive layer is unrealistically much
lower than the bulk DOS of the degraded crystal (solid blue
circles). By decreasing dy the magnitude of the surface layer
DOS remains the same, because the decrease of ds in Eq. (11)
is counteracted by the decrease of cps, but the DOS shifts in
parallel to shallower states due to the decrease of E(w) from
the decrease of vy in Eq. (6), enhancing the difference from
the respective bulk DOS.

It is worth noting that the surface DOS is expected to be
at least the same as the bulk DOS or even higher due to
possible surface defects. This apparent discrepancy between
the surface and bulk DOS indicates that the same low quantum
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efficiency 0.0001 value for the whole crystal is not a valid
assumption. Assuming for each d; a properly higher quan-
tum efficiency 7, value than the 7y, the surface layer DOS
calculated from Eq. (11) of the pristine state of Fig. 9 (open
triangles) can be increased (up arrows) by the factor of n/n,
to match the bulk DOS (solid circles). This indicates that the
quantum efficiency 7 of the surface layer is much higher than
the respective 1, of the bulk part and can account for the
relatively higher free hole density pg than the py, density.

Specifically, the photocurrents I, and 11; of the pristine and
degraded states according to Eq. (9) depend on the free hole
density, which is proportional to the quantum efficiency 7,
and on the characteristic effective thickness d of the layer
conducting the current (A = L'd). Both these parameters 7
and d are very different in the pristine and degraded states
affecting the photocurrent. From the photocurrent excitation
spectra of Fig. 3 for the illumination of A = 460 nm which is
used in the MPC spectroscopy a photocurrent ratio I, /1]; =12
is obtained. Since this ratio is obtained for a constant light
intensity F' and considering that the mobility is not signifi-
cantly different in the pristine and in the degraded state as
deduced from photo-Hall measurements [18], the changes in
the 1 and d from the surface to bulk conducting layers may
explain the photocurrent ratio /,/I; = 12. This is examined
in Fig. 8(b) which presents the product (%)(%) for various
characteristic thicknesses ds. This product around dg = 10 nm
has decreased very close to the measured ratio of I, /II/, = 12.
This indicates that our data are compatible with a surface thin
photoconductive layer with an optimum characteristic thick-
ness of the order of 10 nm, which is about three monolayers.
For this d;, a large ratio % = 3.5 x 10% is deduced from the
matching of the surface with the bulk DOS in Fig. 9. However,
this ratio is partially counteracted by the respective low ratio
Z—; = 3.3 x 1072, predicting only about 11.7 times decrease in
the photocurrent very close to the measured ratio I, /II’, =12.
Therefore, our data are consistent with the fact that most of
the change in the photocurrent induced by the gauge effect is
produced from the transfer of the effective transport from a
thin photoconductive layer of ds of the order of 10 nm, to a
bulk effective phototransport of d, = % = 3 pum having more
than three orders lower quantum efficiency.

It is worth noting that for the thinner photoconductive layer
dp = 1 nm (one monolayer), from Fig. 9 it can be seen that
the quantum efficiency 7, should be unrealistically high near
83% in order for the surface DOS to match the bulk DOS.
Therefore, the surface photoconductive layer probably is not
limited to one monolayer, as is the case of the accumulation
layer of organic field effect transistors. In addition, if the ten
times higher quantum efficiency 0.001 from Ref. [14] was
assumed, then ten times higher quantum efficiency 5 values
of the surface layer are obtained in order for the surface
DOS to agree with the bulk DOS in Fig. 9. In this case, the
existence of thin photoconductive layers with d; < 100 nm is
questionable, because it requires unrealistically high quantum
efficiencies exceeding 100% in order for the surface DOS to
match the bulk DOS.

The derived optimum characteristic thickness of dj
10nm of the surface layer provides capture coefficient cp
3.3 x 107" cm?/s and attempt to escape frequency ves

&

3.3 x 108 s~!, values that are three orders of magnitude lower
than the respective values of the bulk traps derived above.
With these values the surface layer DOS of the pristine crys-
tal of Fig. 9 (solid red triangles) calculated with ns = 0.35
perfectly overlaps the bulk DOS of the pristine crystal. This
indicates very similar exponential DOS distribution for both
the surface and the bulk part of the crystal suggesting a surface
layer nearly free from extra disorder and traps. In addition, the
increase in the steepness of the DOS observed at shallower
energies in the pristine state cannot be seen any more in the
trap-dominated state, which correlates well with the absence
of a sharp upturn in 6 at high w in the degraded crystal
[compare panels (a) and (c) of Fig. 4]. This further supports
the derived large difference in the magnitudes between the
Vos and vgp since, in this way, according to Eq. (6) the MPC
spectroscopy probes different energy regions in the energy gap
covering a broad energy region. Specifically, in the pristine
state due to the much lower v, the MPC spectroscopy probes
at higher w the shallowest E(w) levels. These correspond to
trap states closer to the band edge where the DOS usually
presents a steep upturn, reflecting the commonly observed
increase of the DOS near the band edge. At lower w the
MPC spectroscopy probes the onset of the deep exponential
distribution. In the degraded state because of the relatively
higher v,, value, the MPC spectroscopy probes the deepest
E(w) levels of the DOS exponential distribution. In this way,
from pristine and degraded states a long exponential DOS
distribution is found spanning over five orders of magnitude,
from 0.25 eV near the band edge up to 0.65 eV toward the
midgap.

IV. CONCLUSIONS

We have studied high-performance organic semiconduc-
tors by a modulated-photocurrent spectroscopy technique.
This methodology takes advantage of a phase-sensitive detec-
tion of photoconductivity induced by a modulated excitation
beam, with an additional control by cw background illumi-
nation used to tune the mobile carrier density and adjust the
position of the quasi-Fermi level within the localized states. In
crystalline rubrene, this methodology allowed us to probe the
charge transport mechanism, confirming its bandlike nature,
and detect changes in the effective transport depth induced by
exposure of the crystal to the high-vacuum pressure gauge.
The MPC method reveals low but exponential distribution of
deep-trap states that becomes steeper at shallower energies.
After exposure of the crystals to an operating high-vacuum
pressure gauge, a strong decrease in the photocurrent re-
sponse spectra is observed, which is especially prominent
at the wavelengths of the strongest absorption. This behav-
ior indicates that it is the surface layer of the crystal that
is predominately affected by the ion gauge via the genera-
tion of a substantial additional electronic disorder (traps) at
the crystal’s surface. Such a disorder drastically limits the
surface charge transport, and the main contribution to the
photocurrent comes from the bulk of the crystal. In contrast,
in the pristine state of the crystal, the main contribution to
the photocurrent comes from a thin surface layer. In this in-
terpretation, in pristine rubrene crystals, MPC mainly probes
the surface layer, while in the degraded state it probes the
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bulk of the crystal. The DOS distribution is found to be the
same both for bulk- and for surface-dominated cases, showing
that the top surface of the crystal is nearly defect free. The
capture coefficient and attempt to escape frequency for hole
traps in the bulk are 5.7 x 107'° s=! and 5.7 x 10'" s7!,
respectively. Our data suggest that the characteristic thick-
ness of the photoconductive surface layer of pristine rubrene
is of the order of 10 nm (about three monolayers). The
surface layer is characterized by more than three orders of
magnitude higher photocarrier generation quantum efficiency
compared to that in the bulk, which ensures that most pho-
togeneration in pristine crystals essentially takes place at the
surface. Moreover, surface traps exhibit a three orders of

magnitude lower capture coefficient and attempt to escape
frequency, 3.3 x 10713 cm?®/s and 3.3 x 10% s7!, respectively.
This suggests a considerably weaker charge-phonon cou-
pling at the surface of the crystal compared to that in its
bulk.
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