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Quantitative estimation of electronic quality of zinc phthalocyanine thin films
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We determine the mobility-lifetime product (μτ ) of free charge carriers in pristine zinc phthalocyanine (ZnPc)
films using photocurrent measurements. The photocurrent is proportional to the free charge carrier generation
efficiency (η) and the μτ product, and the carrier collection length is directly proportional to the latter. The μτ

product is thus an important parameter for the electronic quality of a material. We further determine the dominant
photocarrier generation mechanisms in ZnPc. The free carrier generation efficiency is estimated from total carrier
collection and electric field–induced photoluminescence quenching measurements. Using η and the electric field
dependence of the photocurrent, we estimate the μτ product of holes in ZnPc to be about 3×10−11 cm2/V.

DOI: 10.1103/PhysRevB.84.075214 PACS number(s): 72.80.Le, 73.50.Pz, 88.40.jr, 78.55.Kz

I. INTRODUCTION

Zinc phthalocyanine (ZnPc) is widely used as an absorber
in organic solar cells.1–4 ZnPc has a large absorption co-
efficient (peak value of 1.5×105 cm−1) in the wavelength
range of 600–750 nm and is hence a popular candidate for
small molecular organic solar cells.1–4 Bulk heterojunction
solar cells composed of ZnPc (donor) and C60 (acceptor)
have shown efficiencies greater than 2.5%.3 One important
parameter defining the power conversion efficiency of a solar
cell is the fill factor, which is dependent on the carrier
collection efficiency of a solar cell.5 A material with large
carrier collection efficiency is required for an efficient solar
cell. The carrier collection length (l) defines the electronic
quality of a sample and is given by the product of the carrier
mobility (μ), the carrier lifetime (τ ), and the electric field
(F).6–13 A clean material (i.e., a material with low impurity
concentration or trapping centers) will have a large carrier
collection length. Hence, it is important to evaluate the μτ

product of the constituent materials of a solar cell to check
their electronic quality. This will ultimately help in designing
and fabricating better devices.

Photocurrent measurements can be used to determine the
carrier collection length.7,8,13 In many inorganic semiconduc-
tors, photons with energy greater than the bandgap of the
semiconductor lead to the formation of free carriers at room
temperature; hence, the free carrier generation efficiency (η) is
nearly unity. Thus, in inorganic semiconductors, the measure
of the photocurrent as a function of the electric field is a
direct measure of the μτ product.11,13 However, in most
organic semiconductors, photoexcitations are excitonic with
large exciton binding energies on the order of 0.5 eV.14,15

Photocarrier generation may occur either spontaneously or
with the assistance of an electric field in the bulk of the
sample.16–27 Additionally, photocarrier generation can also
take place at an organic/metal or organic/organic interface.28–32

To evaluate the μτ product, it is necessary to determine the
photocarrier generation mechanisms and their efficiencies.

Although ZnPc has been intensively studied in donor-
acceptor structures with C60 as the acceptor, its electronic
properties in pristine form are less investigated.33–37 In this
work, we measure the photocurrent spectral response of
pristine ZnPc as a function of applied reverse bias voltage
to evaluate its carrier transport properties. The shape of the

spectral response of the photocurrent is analyzed using optical
simulations to determine whether photocarrier generation
occurs dominantly at an interface or in the bulk of the sample.
The carrier generation efficiency is measured from total
carrier collection measurements and electric field–induced
photoluminescence (PL) quenching. The μτ product has been
measured for different thicknesses of the sample, with sample
thickness varying from 50 to 200 nm. The μτ product has
been found to be independent of the sample thickness. This
procedure can be used to quantify the relative electronic quality
of different batches and sources of the material quickly.

II. EXPERIMENT

The devices are fabricated by depositing ZnPc (TCI Europe)
under high vacuum conditions (base pressure <10−8 mbar)
on patterned indium tin oxide (ITO; Thin Film Devices)–
coated glass substrates in a custom-made deposition system
(K. J. Lesker, Hastings, UK). The system allows one to grow
16 samples in one run, thereby allowing similar deposition
conditions for all the devices. A 100-nm-thick Al electrode is
grown on top of the material and it formed the top electrode.
Typical device geometry is ITO/ZnPc (L nm)/Al (100 nm),
where L is the thickness of the ZnPc film and varies from 50
to 300 nm. All devices have an active layer area of 6.4 mm2.
In some devices, a thin layer of C60 (BuckyUSA) is deposited
between the ZnPc and Al contact to enhance photocarrier
generation at this interface. The thickness of the C60 is
either 5 or 10 nm. Thicknesses of the samples are measured
using a quartz crystal microbalance during growth. Nominal
thicknesses are checked by measuring the capacitance of the
devices. Because the devices are undoped, capacitance is equal
to the geometric capacitance and is independent of voltage
in reverse bias.7,38 ZnPc and C60 have been purified at least
twice using train sublimation. After deposition, the devices are
encapsulated with glass in a nitrogen glovebox attached to the
deposition system. Therefore, the devices are never exposed
to air. All measurements are made at room temperature.

The modulated photocurrent is measured with a lock-in
amplifier (Signal Recovery SR7265) phase set to the frequency
of the mechanical chopper used to chop the incident light.
The advantage of measuring the modulated photocurrent is
that the dark current is subtracted automatically; hence, it is
possible to measure the photocurrent with very high precision.
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The monochromatic light used for excitation is incident on the
sample through the transparent glass/ITO interface. Hence,
ITO formed the near electrode, and Al the far electrode. The
light source is a Xe lamp coupled with a monochromator
(Newport Oriel Apex). The intensity of the incident light is
measured at each wavelength with a calibrated Si photodiode
(Hamamatsu). The spectral response of the photocurrent is
measured at different bias voltages applied to the device.

PL quenching as a function of electric field is measured
by applying a modulated voltage, with the use of a signal
generator (HP 8114A), on the device while exciting the device
at 633 nm using a HeNe laser (output power 0.6 mW). The
device is excited through the transparent glass/ITO electrode,
and the PL is detected through the same electrode. The
change in PL (�PL) with electric field is measured with a
lock-in amplifier (Stanford Research Systems SR830) phase
set with the modulation of the applied bias. �PL is equal to
PL(0)−PL(F), where PL(0) is the PL at zero-applied electric
field and PL(F) at electric field F. The amplitude of the voltage
modulation is varied to estimate the variation of �PL with
electric field. PL(0) is measured by chopping the incident light
with a mechanical chopper and measuring the PL with a lock-in
amplifier phase set with the chopping frequency. The onset of
PL in ZnPc is at around 800 nm, and a 715 nm long-pass optical
filter is used to cut off the scattered laser beam.33 The total
signal from the scattered laser light and any PL emanating from
the color filter is 50 times smaller than the PL signal from the
device. Hence, the error in estimating PL(0) is negligible (less
than 2%). Care is taken that the illumination area is smaller
than the device area so that PL(0) is not overestimated. The
field-induced PL quenching measurements are done in reverse
bias (negative voltage applied to the ITO electrode) so that
there is no electroluminescence from the devices. Note that
the detector picks up the total PL signal because we use a
long-pass filter.

III. RESULTS AND DISCUSSION

Figure 1 shows the spectral response of the photocurrent for
a 200-nm-thick ZnPc sample measured at different voltages in
reverse-biased conditions. Reverse bias is defined as negative
bias applied to the ITO electrode. Under reverse bias, holes
are collected at the ITO electrode and electrons at the Al
electrode. Figure 1 also shows the absorption coefficient of
ZnPc. As seen from the figure, the photocurrent spectral
response does not follow the absorption coefficient. There can
be two possible reasons for this observation. One of the reasons
could be that the photocarriers are being generated dominantly
by exciton dissociation at the far Al electrode.7,28 Because
ZnPc has a higher hole mobility compared with electrons, the
photocurrent will be dominated by the hole component.7,36,37,39

If the photocurrent is due to carrier generation at the far
electrode, then it is possible that the photocurrent spectral
response is antibatic with the absorption.7,27,28 In such a case,
the photocurrent will have maxima at the absorption edge
and minima at the absorption maxima.7,27,28 The photocurrent,
when photocarrier generation takes place dominantly at the far
electrode, can be written as28

JPC,far = αϕηie

(1/LD) − α
exp(−αL), (1)

FIG. 1. (Color online) Photocurrent spectral responses measured
at various reverse bias (from 0 to −9 V) are plotted for an ITO/

ZnPc (200 nm)/Al device. The absorption coefficient of ZnPc, the
photocurrent spectral response calculated from optical simulations
taking into account bulk photon absorption as described in the text,
and the spectral response of JPC,far (both with and without optical
interference effect) are also plotted for comparison.

where α is the absorption coefficient for the excitation wave-
length, L is the length of the sample, e is the electronic charge,
LD is the exciton diffusion length, ϕ is the incident photon flux
density and ηi is the efficiency of exciton dissociation at the
far interface. The spectral response of JPC,far (normalized to
be at the same scale as the photocurrent spectral response) is
calculated for an exciton diffusion length of 10 nm and plotted
in Fig. 1.40,41 One can see that the experimental photocurrent
spectral response and the calculated spectral response of
JPC,far do not follow each other. The optical density (OD)
at 630 nm of a film 200 nm thick is around 1.3.2 If the
assumption of photocarrier generation at the far electrode
was correct, then there should have been a photocurrent
minimum at 630 nm. However, this is not observed. Thus,
we can discount the fact that the far electrode acts as
the center for photocarrier generation, which dominates the
photocurrent. Later in this paper, we will show further proof of
this.

The second reason the photocurrent does not follow the
absorption coefficient could stem from the important role
optical interference plays in determining the shape of the
photocurrent spectra.42–44 To check this possibility, the spectral
response is simulated by calculating the photon flux absorbed
in the bulk of the material at each wavelength. The calculations
are carried out by evaluation of the component of the Poynting
vector in the direction perpendicular to the device surface
by means of a transfer matrix approach.42,44,45 The optical
constants of the materials (real and imaginary part of the
refractive index), used by the calculation algorithm, have been
estimated from absorption and reflection measurements.2 It
should be noted that this calculation is purely optical and
the calculation of the photocurrent spectral response assumes
constant photocarrier generation efficiency over the whole
spectral range. The photocurrent response calculated from the
absorbed photon flux and normalized to be at the same scale
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as the experimental photocurrent spectral response is plotted
in Fig. 1. It is seen that it follows similar trends as that of the
measured photocurrent spectral response. The effect of optical
interference is also applied for photocarrier generation at the
far interface. The photon flux absorbed within one exciton
diffusion length from the far interface is calculated. The cor-
responding photocurrent spectral response, for the case when
these excitons diffuse and dissociate at the far electrode, is
plotted in Fig. 1. As seen from the figure, the spectral response
of JPC,far, both with and without an optical interference effect,
shows similar trends and is very different from the measured
data.

To check that photocarrier generation occurs dominantly
in the bulk of the sample and optical interference plays
the major role in determining the shape of the photocurrent
response, the above analysis is carried out for films with
different thicknesses. Figure 2 shows the photocurrent spectral
response of films with thicknesses ranging from 50 to
300 nm. The calculated photocurrent spectral response is
also plotted for comparison. It is seen that the calculated
and the actual spectral response of the photocurrent follows
each other reasonably well. This proves that photocarrier
generation takes place in the bulk of the sample and is further
proof that photocarrier generation efficiency is independent
of the energy of incident photons; hence, we can discount
preferential photocarrier generation from the so called B-band
(maximum at 340 nm and claimed to be related to a mixed
order of aggregates) or the Q-band (maxima at 633 and
699 nm and claimed to be related to dimers and higher order
aggregates for the former and monomers for the latter) in
ZnPc.33,46–48

As a further proof that the photocurrent is dominated by
carrier generation in the bulk, we intentionally enhance exciton
dissociation at the far Al electrode by adding a thin layer of
C60 (5 or 10 nm) between ZnPc/Al. A thin layer of C60
ensures a negligible contribution to the photocurrent from
C60. The photocurrent spectral response for films with ZnPc
thicknesses 100, 150, and 200 nm are shown in Fig. 3. The
calculated photocurrent spectral response when photons are
dominantly absorbed in the bulk is shown for comparison.
Although the photocurrent is large at the absorption edges,
it can be accounted for by the enhanced absorption in the
bulk of the sample. Thus, the contribution to the photocurrent
from carriers generated at the far interface is small, compared
with the bulk generation, and can be ignored. From the
calculations, it is also found that the photon flux absorbed
in the bulk of ZnPc is much larger than that absorbed in the
thin C60 layer for the full wavelength range in this study. This
verifies the assumption that the contribution of C60 to the
total photocurrent is negligible. This experiment proves that
the total photocurrent, even if there is photocarrier generation
at the far interface, is still dominated by bulk photocarrier
generation in ZnPc.

Now that it is proven that the photocurrent is dominantly due
to photocarrier generation in the bulk of the sample, we discuss
the voltage behavior of the same. Figure 4 shows the voltage
dependence of the photocurrent response for a 200-nm-thick
sample when illuminated through the ITO interface at 630 nm
illumination wavelength. As seen from Fig. 4, the photocurrent
changes linearly with voltage. The photocurrent response is

FIG. 2. (Color online) Photocurrent spectral response (open
circles) measured in reverse bias for films with geometry ITO/ZnPc
(L nm)/Al, where L varies from 50 to 300 nm, is plotted. The spectral
response calculated from the optical simulations (line), which take
into account bulk photon absorption, is plotted for comparison.

measured in reverse bias. The photocurrent (JPC) for bulk
carrier generation is given by7,8,11,13,49,50

JPC = eγ η(lp + ln) = eγ ηF (μpτp + μnτn), (2)

where η is the free carrier generation efficiency, γ is the rate
of photons absorbed in the material per unit volume, e is the
electronic charge, and l is the carrier collection length, and the
subscripts p/n define holes/electrons. The photocurrent, when
photocarrier generation takes place in the bulk of the device,
has been found to be dominated by the drift component, and
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FIG. 3. (Color online) Photocurrent spectral response (open
symbols) for devices with different layer thicknesses, in which a thin
layer of C60 (5 or 10 nm) has been inserted between the far ZnPc/Al
interface, is plotted. The plots for different films are displaced in
the vertical axis for better visibility. The spectral response calculated
from the optical simulations (line), which take into account bulk
photon absorption, is plotted for comparison. The letters Z and C in
the figure represent ZnPc and C60, respectively.

the diffusion component can be neglected.7 In reverse bias,
the maximum photocurrent gain is unity, and the electric field
is uniform across the device.7,38 It can be seen from Eq. (2)
that PC is proportional to both the photocarrier generation
efficiency (η) and the μτ product. The carrier collection length
increases with increasing electric field as more carriers are
collected. The carrier with the larger μτ product will dominate
the carrier collection length and, therefore, the photocurrent. In

FIG. 4. (Color online) Photocurrent response (open circles) as a
function of voltage is plotted for a ITO/ZnPc (200 nm)/Al device
when illuminated at 630 nm. The photocurrent response is fitted with
a linear function (line). The slope of the fit is proportional to the ημτ

product.

the case of ZnPc, holes are expected because they have higher
mobility.36,37,39 At fields in which all carriers are collected, the
photocurrent will be independent of the electric field, and the
saturated photocurrent is given by7,8,13,49

JPC,sat = eγ ηL for (lp + ln) � L. (3)

In this analysis, we have assumed that the electric field
dependence of the photocurrent is due only to the field
term in the carrier collection length. However, there can
be two more sources for the electric field dependence of
the photocurrent. The first is from any field dependence
of mobility.51–53 The small bandwidths or the absence of
bands in organic semiconductors means that carriers move
by hopping along a manifold of discrete levels spread out
both in energy and space.51–53 This can lead to a field
dependence of mobility and is generally described by the form
exp(βF 1/2).51–53 β is the parameter defining the electric field
dependence of the mobility. For small β, the electric field
dependence from the mobility term is much weaker than the
linear field term from the carrier collection. The second source
that can lead to a nonlinearity in the photocurrent is electric
field–enhanced photocarrier generation.16–22 It is possible that
the excitons, which are generally the primary photoexcitation
and are dipoles, may dissociate under the application of an
electric field. The field-dependent exciton dissociation has
been studied for many organic semiconductors.16–22 The total
carrier generation efficiency (η) is the sum of the spontaneous
carrier generation efficiency [η(0)] and the field-induced
exciton dissociation efficiency [ηq(F)].7,8 Hence,

η = η(0) + ηq(F ). (4)

For small field dependence of the mobility and for photo-
carrier generation dominated by the spontaneous term η(0),
the photocurrent is expected to vary linearly with the applied
voltage. The linear variation of the photocurrent, as seen in
Fig. 4, points to the fact that the photocarrier generation is
spontaneous in nature. Figure 5 shows the voltage dependence
of the photocurrent response for films with thicknesses ranging
from 100 to 200 nm. The figure shows the photocurrent
response for films with and without the thin layer of C60 (5 or
10 nm) sandwiched between ZnPc and Al. The photocurrent
response is linear with voltage for all the films, and the ημτ

product calculated from the data varies between 3.5×10−12

and 4.8×10−12 cm2/V. Reverse photocurrent saturation is not
observed in any of the data, possibly because the μτ product
is not high enough to reach the condition of total carrier
collection. The possibility for total carrier collection increases
with decreasing film thickness. Hence, we study the thinnest
film in the assembly, which has a thickness of 50 nm. Figure 6
shows the photocurrent response of a 50-nm-thick film as a
function of applied electric field when illuminated at 630 nm.
The photocurrent is linear at low fields, increases as F 1.4 at
medium fields, and saturates at large reverse bias. We now
analyze the electric field dependence of the photocurrent in
the three different field regimes.

In the low field regime (F < 4.4 × 105 V/cm), as per
the above analysis, the photocurrent is probably due to
spontaneous photocarrier generation. At large electric fields
(F > 1.3 × 106 V/cm) the photocurrent saturates with electric
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FIG. 5. (Color online) Photocurrent response (open symbols) as
a function of voltage is plotted for films in the geometry ITO/ZnPc
(L nm)/C60(x nm)/Al when illuminated at 630 nm. The letters Z
and C in the figure denote ZnPc and C60, respectively. The plots are
fitted with a linear function of the voltage (line). The slope of the fit
is proportional to the ημτ product.

field. Photocurrent saturation means that it is no longer a
function of the carrier transport parameters (μ and τ ) and is
given by Eq. (3). The only unknown parameter in Eq. (3) is η.
γ is calculated from the optical simulations referred to earlier,
in which the incident intensity is found from the calibrated
photodiode and described in the experimental section. Using
these values, η is found to be 0.5. The right-hand axis of Fig. 6
is scaled to η using this calculation. This is quite a large value
for the carrier generation efficiency. However, the nonlinearity
of the photocurrent in the middle regime of the electric field

FIG. 6. (Color online) Photocurrent response (open triangles) and
ηq (F) (open circles) are plotted. The right-hand axis is scaled to η, as
described in the text. The photocurrent is linear with electric field in
the small field regime (F < 4.4×105 V/cm), and increases as F 1.4 in
the medium field regime before saturating at about 1.3×106 V/cm.
The photocurrent follows ηq (F) in the medium and high field region.
Slopes of F 1.0 and F 1.4 are drawn for comparison.

(4.4 × 105 to 1.3 × 106 V/cm) suggests that the photocarrier
generation efficiency is not only attributable to η(0) in this
region but may also be influenced by ηq(F). To evaluate
the field-induced photocarrier generation, we estimate the
field-dependent photoluminescence quenching of the film.7,8

PL(0) is defined as the photoluminescence at 0 field and PL(F)
is at field F; thus,7,8

ηq(F ) = PL(0) − PL(F )

PL(0)
. (5)

The ηq(F) measured from photoluminescence quenching
as a function of electric field is plotted in Fig. 6. It is seen
that ηq(F) is equal to η in the medium and large electric
field regime. At low fields, ηq(F) decreases faster than the
photocurrent. If the photocurrent were dominated by ηq(F) in
this region, then the photocurrent should have decreased at a
faster rate (because it is a higher order function of the electric
field) than ηq(F) and not the other way around, as observed
here. Thus, at small electric fields (F < 4.4×105 V/cm),
η is dominated by η(0), and at the transition from the
low field to medium field regime, η(0) and ηq(F) become
comparable. From this comparison, η(0) is estimated to be
around 0.11. Using this value, the μτ product for holes
in ZnPc is estimated to be approximately 3×10−11 cm2/V.
Because the photocurrent is given by only ηq(F) in the medium
field region, we can conclude that there is no contribution
to the photocurrent from the transport terms in this region.
Hence, total carrier collection occurs at electric fields in
the transition from the low to medium field region (about
4 × 105 V/cm). The carrier collection length calculated from
the μτ product at this field is larger than the thickness of the
sample and follows the condition for Eq. (3) to be valid (lp
+ ln > L). This is an independent validation of the quality
of the estimated μτ product. The μτ product is found to
be relatively independent of the thickness of the sample.
This is expected because the electronic properties in the bulk
of the sample are not expected to change with increasing
thickness when grown under similar conditions. Compared
with other organic materials, the μτ product for holes in ZnPc
is close to that reported for holes in N,N’-diphenyl-N,N’-bis(3-
methylphenyl)-(1,1’-biphenyl)-4,4’-diamine (TPD) and more
than three orders of magnitude larger than that of electrons
in tris (8-hydroxyquinoline) aluminum (Alq3).7,8 The average
μτ product for free charge carriers in a-Si:H p-i-n type
solar cells have been reported to vary between 1.7×10−9 and
9.5 × 10−9 cm2/V, depending on preparation conditions.11

We note that the spontaneous photocarrier generation
efficiency, η(0), is relatively large, with a value of about
11%. To determine the exact reason for this is beyond the
scope of this paper. However, we present possible reasons
for this observation in this section. Although the primary
photoexcitation in organic semiconductors is excitonic, it has
been proposed that the absorption coefficient can be broken
up into two terms, α(exciton) and α(CT), where the former
leads to the creation of tightly bound excitons and the latter
leads to the creation of loosely bound electron-hole pairs.24 If
α(CT) is small (less than 10% of the total absorption), it will
not be observed in optical measurements and will only appear
in measurements involving the creation of free charge carriers.
It is possible that η(0) is due to α(CT). Relatively large

075214-5



RAY, FURNO, SIEBERT-HENZE, LEO, AND RIEDE PHYSICAL REVIEW B 84, 075214 (2011)

spontaneous photocarrier generation efficiency in organic
semiconductors has been reported earlier.8,23–25 α(CT)/α,
measured by electroabsorption, has been reported to be 0.03 for
anthracene.24 Spontaneous photocarrier or polaron generation
has been reported in conjugated polymers.54–56 Miranda
et al. has reported high quantum yield (10%) of spontaneous
polaron generation in pristine conjugated polymer films where
the generation efficiency is weakly dependent on the excitation
energy.54 It has to be noted that pristine ZnPc forms polycrys-
talline films where the degree of crystallinity is dependent on
the substrate and the substrate temperature.57 It is possible that
excitons dissociate via defect states at the crystalline domain
walls. Further studies are necessary to resolve this question.

To put things into perspective with respect to organic solar
cells, the short-circuit current calculated from the photocurrent
spectral response of the pristine ZnPc films is 0.2 mA/cm2.
This is more than 20 times smaller than that observed in bulk
heterojunction ZnPc/C60 films of similar geometry.1–4 Thus,
any contribution from the spontaneous photocarrier generation
in ZnPc will not be observed in the solar cell geometry where
photocarrier generation and possibly carrier collection is aided
by C60. The higher mobility of electrons in C60 can be a
reason for the latter.58 The carrier recombination in solar cell
geometries can also be the result of a different mechanism
as the electrons and holes percolate along different material

channels. This is another reason why it is necessary to study the
materials in pristine form to evaluate the electronic properties
of the individual materials.

IV. CONCLUSIONS

The μτ product for holes in ZnPc has been estimated
from photocurrent measurements and is found to be around
3×10−11 cm2/V. The μτ product is a quantitative estimation
of the electronic quality of a sample and is a very important
parameter to evaluate materials from different batches or
sources. It is seen that optical effects needs to be taken care of,
particularly at wavelengths of low absorption, to understand
the photocurrent spectral response. In pristine ZnPc films,
photocarrier generation occurs dominantly in the bulk of the
sample. From photocurrent and field-induced PL quenching
measurements, the contributions of spontaneous and electric
field–enhanced photocarrier generation has been separated.
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