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We discuss organic heterostructures, in which ultrathin layers of an organic material alternate with
layers of other organic materials, such as dyes, organic semiconductors or ferroelectric polymers. The study
is focused on the distribution of an external electric field and the measurements of the built-in-fields in the
donor and acceptor layers within photovoltaic heterostructures. The built-in-fields play an extremely im-
portant role in development of organic solar cells, photodetectors, LEDs, transistors, etc. Our investiga-
tions are based on the electroabsorption (or Stark spectroscopy) technique. As an example, built-in fields
were studied on an organic solar cell heterostructure ITO-CuPc-Ceo-Al. Two strong built-in fields of oppo-
site directions have unexpectedly been found in the bulk of the donor (copper phthalocyanine, CuPc) and
acceptor (fullerene, Ceo) layers under equilibrium conditions. Such a phenomenon has not been observed
earlier and owes to the particular accumulation of excess holes trapped at the CuPc / Ceo interface.
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1. INTRODUCTION

Nowadays power conversion efficiency of solar
cells reaches 30 % for inorganic and about 10 % for
organic materials but these parameters do not meet
the economic demands yet. Note that organic materi-
als are much cheaper than inorganic ones and have
other advantages, in particular, they are light, could
be flexible and compatible with printing technology.
Many groups all over the world work on improve-
ment of organic solar cells [1-3], however, there is no
yet fundamental understanding the physical process-
es going on in multilayered organic heterostructures.
One of serious problems is a measurement of an in-
ternal, built-in field formed spontaneously in asym-
metric heterostructures supplied with metal elec-
trodes with different work functions. It is the field
that is responsible for the dissociation of excitons
after light absorption by an organic semiconductor
and the subsequent drift of charge carriers to elec-
trodes. The built-in field E» can be measured using a
compensation of the light induced current by an ex-
ternal d.c. voltage Uo ~ d-E», where d is total thick-
ness of the heterostructure between electrodes [4]. In
that case, one gets only a value of <E,> averaged
over the heterostructure. In fact, only spectroscopic
technique of electroabsorption allows us to obtain
information on the field Ej in each elements of a het-
erostructure. The basic advantage of electroabsorp-
tion techniques [5-8] is a possibility to measure spec-
tral shifts simultaneously on the two frequencies (1w
and 2w) of an applied probe a.c. field U= Unsinwt
without an external d.c. field and strong illumina-
tion. It is a comparison of the electroabsorption spec-
tra at frequencies of 1w and 2w that allows us to find
an amplitude and direction of the built-in fields in
each elements of the heterostructure under investi-
gations.

2. HETEROSTRUCTURE ITO-CuPc-Ceo-Al
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2.1 Samples

Here we investigate a heterostructure ITO-CuPc-
Ceo-Al consisted of a donor layer of copper phthalocy-
anine (CuPc) and an acceptor layer of fullerene (Ceo)
placed between transparent
(InxSb1-x)203 (ITO) and semitransparent (Al) elec-
trodes. The work functions of all elements separated
from each other are shown in Inset to Fig. 2.1.
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Fig. 2.1 — Inset: Diagram of work functions [1, 10] for the
elements of the heterostructure studied. For CuPc the
bandwidth between HOMO and LUMO is 1.7 eV; in the case
of Ceo film, there are charge transfer states weakly allowed
by symmetry that reduce the width of forbidden band from
2.6 eV to 1.8 eV [11]; Main plot: Spectra of absorbance for
55 nm thick CuPc layer (black curve 1) and 70 nm thick Ceo
layer (gray curve 2)

This heterostructure is a simplified version of
well-known solar cells [9], in which hole and electron
transport layers adjacent to the electrodes are ab-
sent. In this case, the electroabsorption spectra re-
veal directly built-in fields in the bulk of the donor
and acceptor layers. Additionally, there were pre-
pared two samples (Schottky diodes) with individual
layers of CuPc and Ceo, each between the same ITO
and Al electrodes. All samples were prepared by sub-
sequent vacuum evaporation of CuPc, Ceo and Al on

© 2013 Sumy State University



M. BLiNov, V.V. LAZAREV, S.G. YUDIN

fused quartz substrates covered with patterned ITO.
On each substrate, there were prepared three elec-
troded elements of size 4 x 4 mm?2 and remaining
place was used for the measurements of CuPc and
Ceo absorbance with CCD spectrometer Avantes-
2048. The corresponding spectra are shown in
Fig. 2.1. The thickness of the CuPc (565 + 5 nm) and
Ce0 (70 + 5 nm) layers was found using the calibration
spectra of their absorption coefficients measured on
thicker etalon samples with a Linnik interferometer
(MII-4).

2.2 Electroabsorption

The a.c. electric field Ensinwt applied to the elec-
trodes causes spectral shifts of all absorption bands
by AA, dependent on a wavelength A and differences
of dipole moments Au= i — g and polarizabilities
Aa= a.— 0z between an excited (index e¢) and the
ground (index g) states of a molecule [12]. As a re-
sult, the absorbance spectrum A(4) is also changed by
AA, (A)=—(AT, /T)/In10 where 7T(1) is optical

transmission spectrum of the sample with electrodes.
For a centrosymmetrical, isotropic film placed be-
tween identical electrodes AA(A) is quadratic-in-field
and can only be observed at the double frequency
(2w) of an applied field of frequency o [5, 6, 13]. For
each individual band the increment AA(1) at 2w is
given by:
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where h and ¢ are Planck’s constant and free space
light velocity, (¢+ 2) / 3 is the Lorentz local field fac-
tor with dielectric permittivity ¢ of the film, Au and
Aa are parameters of the molecular absorption bands
under discussion. Generally, for non-
centrosymmetrical heterostructures one observes
both quadratic and linear response at frequencies 2w
and 1w, respectively. However, if only centrosymmet-
rical substances (no ferro- or pyroelectric compo-
nents) are placed between different electrodes, the
linear effect is caused either by a built-in field E» or a
d.c. field Eo from an external source. Only in this par-
ticular case, the electroabsorption spectra at 2w and
1w have exactly the same shape but differ by ampli-
tudes and can differ by signs. It means that “molecu-
lar” function F(1) in Eq. (2.1) is identical for both
spectra. Indeed, the last term in Eq. (2.2)

(E,+E,+E, sinat)’ =(E,+E,)* +(1/2)E +

(2.2)
+2(E, + E,)E,, sin ot —(1/ 2)E? cos 20t
corresponds to AAmz, (1) spectrum, while the
electroabsorption spectrum measured at the funda-
mental frequency o is given by
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From the ratio of equations (2.3) and (2.1) in the ab-
sence of the external d.c. voltage (Eo=0) we get the
amplitude of the built-in field

j (Ey+E,)E, F(1) (2.3)

AA
Im  Zmo (2.4)
4 AA

m,2w

E,=-

usually measured at a wavelength of the maximal
signal/noise ratio. This simple analysis of electro-
absorption for a single spectral band is also valid for
a set of overlapped bands which, if necessary, may be
represented by a sum of several Gaussians [13].

2.3 Built-in Fields in Individual Layers

The three mentioned samples were transparent
enough for detecting electroabsorption signals within
A =300-800 nm using a Xenon lamp, a monochroma-
tor, a photomultiplier and an automated device [6]
for the phase-sensitive spectral measurements of
AAm,(A) and AAm2,(4).
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Fig. 2.2 — Electroabsorption spectra at frequency 1o and 2w
of an applied a.c. voltage Unsinet at f=w@/27=30 Hz:
(a) sample of copper phthalocyanine ITO-CuPc-Al, Un =4V,
(b)  sample of fullerene  ITO-Ceo-Al, Un=4V;
(c) heterostructure ITO-CuPc-C60-Al, U, =8V

The spectra of electroabsorption for layers of indi-
vidual materials CuPc and Ceo are shown in Fig. 2.2a
and b, respectively. It is clearly seen that the two
curves (1w and 2w) in the CuPc spectra have the op-
posite signs whereas for Ceo the signs of 1w and 2w
curves are the same. The amplitude of the applied
a.c. voltage (Un =4 V) and thickness of both samples
(d=55nm for CuPc and 70 nm for Ceo) are known
and, neglecting a high capacitance of thin near-
contact layers, we find the amplitudes En, = Un/ d of
the applied a.c. field in the bulk of the layers of CuPc
(Em=73V/um) and Ceo (Em=57V/um). Now, by
comparing the maximum amplitudes AAmz2, and
AAm,, at the wavelengths 4 =728 nm in Fig. 2.2a and
A =368 nm in Fig. 2.2b and with the help of Eq. (2.4)

04NAESP04-2



ULTRATHIN PHOTOVOLTAIC DONOR-ACCEPTOR STRUCTURE...

Proc. NAP 2, 04NAESP04 (2013)

Table — Parameters of CuPc and Ceo layers in heterostructure ITO-CuPc-Ceso-Al

d, nm En, Vium A, nm AAn(1w) AAR(2w) F, (Wm)>2 Ep,V/um Uy, V
CuPc 55 47 727 8.4.10-4 —-6.710-4 | 1.51-10-7 14.73 0.81
C60 70 82.5 373 5.5.10-4 5.2.10-4 3.25-10-8 —21.8 —1.53

the amplitudes of the built-in fields are found to be
opposite in the two individual samples: Ep= 37 V/um
(for CuPc) and Ep =— 11 V/um (for Ceo). The direction of
the built-in fields was confirmed by applying a low ex-
ternal voltage Uo =+ 1V with respect to the grounded
ITO electrode in line with Eq. (2.3). It is found that Ep
is directed from Al to ITO electrode in structure ITO-
CuPc-Al and from ITO to Al electrode in structure ITO-
Ceo-Al.

Further, with the help of known a.c. fields E» in
layers of CuPc (¢=4) and Ceo (¢=4.5) and using the
values of absorbance increments at the double frequen-
cy AA,(2w,E,2) at the same A=728 nm (CuPc) and

A =368 nm (Ceo), we can find the values of “molecular”
factor F in Eq. (2.1) for both materials: F1=1.5-10—
7 um/V2 (for CuPc) and F2 = 3.25-10-8 um/V2 (for C60).
Now the F-factors obtained for individual compounds
at the fixed wavelengths will be used for calculation of
fields En and Ep in the heterostructure.

2.4 Built-in fields in the heterostructure

Fig. 2.2¢ shows 1w and 2w spectra of heterostruc-
ture ITO-CuPc-C60-Al at Un =8 V. Here, again in the
spectral area of CuPc (600-800 nm) the curves 1w and
2w have opposite signs but in the spectral area of Ceo
(350-750 nm) their signs are the same. Unfortunately,
now a distribution of the amplitude of a.c. field E, over
the layers is not known because the electric induction
may not be conserved along the heterostructure due to
a possible accumulation of free charges, for example, at
the boundary between CuPc and Ceo. However, the F-
factors for both materials are already found and from
Eq. (2.1) and the values of AAm2w at A=728 and
368 nm in Fig. 2.2c the amplitudes En =47 V/um (for
CuPc) and En =82.5 V/um (for Ceo) are calculated, see
the Table. Correspondingly, assuming a simplified
model for a homogeneous field across the CuPc and Ceo
layers, we find an a.c. voltage drops Um on each layer to
be 2.55V and 5.75 V and the sum of the two (8.25 V)
appears to be close to the applied voltage of 8 V. Some
difference may be attributed to the mentioned simplifi-
cation and inaccuracy of CuPc and Ceo layer thickness.
Finally, again with the help of Eq. (2.4), the amplitudes
of the built-field E»=14.7V/um (CuPc) and -
21.8 V/um (Ceo) have been found together with the
voltage drops on the corresponding layers
Up(CuPc) =0.81 V and Uy(Ceo) =— 1.53 V (see the Ta-
ble). The direction of the two fields were again verified
by applying a low external voltage Uo=% 1.2 V. The
bias voltage of + 1.2V with respect to the grounded
ITO electrode increases the amplitude of AAnm,, in the
spectral range of CuPc but Uo=— 1.2 V decreases it. It
means that in CuPc layer the direction of Eo coincides
with direction of the built-in field Es (at Uo = 0 from Al
to ITO). On the contrary, in the Ceo layer, the built-in
field at Uo=0 is directed from ITO to Al. We believe
that the opposite transient photovoltages observed in

[14] in CuPc/ Ceéo and Ceo/ CuPc heterostructures
should be discussed in terms of the opposite built-in
fields investigated here.

3. DISCUSSION AND CONCLUSION

The experimental data in the Table allows us to
draw an approximate scheme of the built-in field in the
bulk of heterostructure. In contrast to Inset to Fig. 2.1,
all the layers shown in Fig. 3.1b are in contact with
each other i.e. they are in thermodynamic equilibrium.
It is essential that a potential difference between the
electrodes is solely dictated by the work functions of Al
and ITO [15] (the chemical interaction between the
semiconductors and electrodes is neglected).

(@) . ¢,V
| L
: |
Y
]
r e
I = I0
50, 100 11150 x, nm
1
| L
ITO | CuPe | C60 f 05 Ao
1 N 1 1
®)
Al
2eV
LUMO 4
0
1
2

Fig. 3.1 — a) Simplified diagram of the potentials and built-in
fields with the scales corresponding to the experimentally
measured average fields in the bulk of the CuPc and Ceo lay-
ers. CB means the bottom of the conduction band; Potential
#x) is plotted versus a distance x along the heterostructure,
solid line 2-3-4 with two fractures shows a realistic situation
with signs “+” and “—“ marked off the places of charge accumu-
lation. Line 1 is just a guide correspondent to ¢a=+ 0.6 eV
and vertical dash line marks off a contact layer thickness (not
in scale). b) Scheme of electron energy in the heterostructure
ITO-CuPc-C60-Al in thermodynamic equilibrium; Er — Fermi
level

For discussion of built-in fields, it is convenient to
operate with electric potential. First of all we fix zero
potential (¢@iro = 0) at the Ohmic contact ITO / CuPc for
holes [16]. Then the Al potential in Fig. 3.1a ¢a1 = — 4.2-
—4.8=+0.6 €V is fixed on the ordinate axis. Here all
potentials @x) and distances x along the heterostruc-
ture are shown in precise correspondence with the ex-
perimental data in the Table. For a guide, the slope of
line 1 corresponds to the field between electrodes in
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vacuum, Fuae = ¢a1/ ed. where de =125 nm is equal to
the thickness of our heterostructure. Then, the voltage
U, =0.81V from the last column of the Table corre-
sponds to a potential ¢ = 0.81 eV at x =55 nm (edge of
CuPc layer) and line 2 shows the slope of the potential,
i.e. Ep =+ 14.7 V/um. Next, the line 3 is drawn accord-
ing to the negative field
Ey=—21.8V/um in Ceo with potential difference
¢ =—1.53 eV dropped between x = 55 nm and ~ 125 nm
(very near to the edge of Ceo layer). Finally, according
to the Volta rule, line 4 terminates the scheme at
¢a1 =+ 0.6 eV, manifesting a very strong slope (contact
field) between Ceo and Al. This strong field inevitably
appears at the high energy barrier at Ceo/ Al contact
which is shown in Fig. 3.1a but not at the ITO / CuPc
Ohmic contact [16]. Therefore, the electron energy
scheme in Fig. 3.1b seems to be feasible.

Since the d.c. built-in fields in the bulk of CuPc and
Ceo are opposite and diverge from each other, we can
calculate the excess density of accumulated positive
charges (holes) at the CuPc / Ceo interface mostly com-
pensated by a lack of holes at the Ceo / Al contact:

0 = 6AeE,) = &y(&cupc by cupe — Eco0 B co0)  (3:1)
where & 1s vacuum dielectric constant, scupc~4 and
gceo ~ 4.5. As Epceo is negative, the charge density
o= 1.4-10-3 C/m?2 is very large, as compared, for exam-
ple, to earlier data on organic light-emitted diodes [7].
We believe that this charge is brought about by the
holes trapped by multiple surface states at the
CuPc / Ceo boundary.

In conclusion, the spectroscopic electroabsorption
technique developed theoretically and experimentally
is presented as a tool for measurements of a.c. and d.c
(built-in) fields in absorbing layers of multilayer organ-
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excess holes trapped at the CuPc/ Ceo interface and a
lack of holes at Ceo / Al interface; the potential diagram
of the case is presented. We believe that, for further
experiments with photovoltaic heterostructures, it
should be taken into consideration that opposite built-
in fields, which control a drift of charge carriers to elec-
trodes, could either increase or reduce the power effi-
ciency of a particular photovoltaic device in dependence
of cell geometry and material.
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