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The ZnPc/C60 solar cells with a reasonable energy conversion efficiency of ~1.5 % were
investigated. The samples were aged for 1269 hours upon illumination by the blue LED
with peak emission at 475 nm. Upon ageing, the devices have shown a strong and fast
degradation of the efficiency, short circuit current and of the fill factor within several
hours followed by a much slower decrease thereof. The carrier mobility dependences on
electric field strength at different temperatures were measured by the Charge Extraction
by Linearly Increasing Voltage method. The observed drop of device current cannot be
explained be only mobility decrease. The increase of the effective barrier height by about
0.1 eV from ~0.55 eV up to ~0.65 eV was observed in the aged samples. Meanwhile,
thermal activation energy values of the electrical conductivity grew from about 0.28 eV
prior to degradation up to about 0.34 eV after ageing.

UccnenoBausl comneunsie ajaemenTsl ZNPC/CB0 ¢ ypoBierBopurenbHOU 9h(PEeKTUBHOCTHIO
npeobpasoBanusa sHepruu (~1,5 %). O6Gpasiybl ObIIN HOABEPTrHYTHI CTAPEHUIO B TeUYEHUeE
1629 4y nyrem 00Jy4YeHUs CBETOM CHHEr0 CBETOLUOJA C JJVHOU BOJHBI MaKCUMyMa HU3JIyde-
Hus 475 um. B mporjecce crapenusi o0pasifoB 00HAPYKEHO OBLICTPOE U SHAUNTENLHOE YXYIIIe-
Hue 3(PPEKTUBHOCTH, TOKA KOPOTKOTO 3aMBIKAHUA U KOI(DMUIMEHTa 3al0JIHEHUS B TeYeHUe
HECKOJIbKMX YACOB C IOCJEIYIOIIUM ropasfo 0ojiee MeAJIEHHBIM yMeHbIIIeHWeM JTUX Iapa-
MeTpoB. MeTOIOM SKCTPAaKIUU 3apsja JUHEHHO BO3PACTAIOIIUM HANPIKEHUEeM H3MepeHb
3aBUCHUMOCTHU IOABVIKHOCTY HOCHUTEJNEHl OT HAIPIKEeHHOCTH 3JJEKTPUYECKOro IOJSA IPU pas-
JUYHBIX TeMmeparypax. Habuarogaemoe najeHre TOKa yCTPOHCTBA He MOMKET OBITh OO'BICHEHO
TOJBKO CHUJKEHWEM I[OJBUKHOCTU. B cocTapeHHBIX 00pasiiax HalJII0Jajoch yBeludeHue ad-
(hexkTUBHOI BBICOTHI Oapbepa npubiausurenbHo Ha 0,1 3B (ot 0,55 o 0,65 9B). OxHOBpEeMEeH-
HO 3HAUYEHUs 9HEPIUU TEPMUUYECKOU aKTUBAIIUU DJIEKTPOIPOBOJHOCTH BO3PACTAJHU OT IIPHU-
6nusurenbHo 0,28 9B (mepexn crapeHmem) po npubausurtenbHo 0,34 9B (mocise Hero).

© 2010 — STC "Institute for Single Crystals”

1. Introduction

Cu and Zn Phtalocyanines (CuPc and
ZnPc), and C60 [1, 2] are materials often
used in organic solar cell engineering. Their
energy levels form a donor-acceptor junc-
tion, and they have high absorption coeffi-
cients and a complementary absorption for
the Sun spectrum. C60 with its LUMO lo-
cated at around 3.9 eV [3], is usually used
as electron acceptor; it has a relatively high
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electron mobility up to ~1 em?2/Vs (neat layer,
[4]). The heterojunction formed between C60
and CuUPc or ZnPc can separate excitons
formed in both materials. The HOMO of ZnPc
is located around 5.1 eV. This kind of solar
cells can supply the open circuit voltage (Vo)
of ~0.5-0.6 V, the short-circuit current den-
sity (Igc) of about 10 mA/em? and the fill
factor (FF) of above 0.5-0.6, resulting in the
energy conversion efficiency of about 3 %
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Fig. 1. Schematic representation of the sam-
ple cross section.

[5]. Other material combinations and/or
tandem solar cells [6] yield even higher ef-
ficiencies reaching 5-6 % [7, 8]. However,
the lifetime of high efficiency organic solar
cells is still in the range of 1000 h, being
too short for most real applications. This is
mainly attributed to contamination with
oxygen and moisture that can react with
excited molecules. From the research of
OLEDs, one can infer that in principle, or-
ganic molecules are very stable if not in
contact with reactive species.

In this work, we have analysed the age-
ing and associated electrical properties (con-
ductivity, the effective electron mobility,
and energy parameters of material and in-
terface) of the ZnPc devices.

We have analysed the device structures
of ITO/ZnPc(15 nm)/C60(40 nm)/AOB (2 %)
doped C60(4 nm)/Al(100 nm). The schematic
layout of the sample cross section is presented
in Fig. 1. Organic layers were deposited at a
rate of 0.5 A/s at a pressure below 5107 Pa,
and Al was evaporated at 15 A/s at a pressure
below 1074 Pa. The organic dopant was de-
posited at a rate of 0.02 A/s. The thickness
is measured with independent calibrated
quartz crystal monitors. The devices were
encapsulated. The encapsulation is done on
the wafer with a glass cover that has a
cavity with a getter inside.

The samples were aged for 1269 h at
35°C, illuminated by a blue LED, with inci-
dent light power density of 10 mW/cm?2 and
peak emission at 475 nm, corresponding to
an absorption peak of CB60. The current-
voltage (I-V) characteristics and their tem-
perature and time dependences were meas-
ured upon ageing. The reference samples
that were kept in dark at room temperature
did show only very small changes in the I-V
curves.

318

CELIV signal, mV U, v
=415
3 -
—41.0
0 405
0.0
3}
—4-05
—6 1 1 -1.0
0 25 50 75 t,us

Fig. 2. Example of the CELIV plot demon-
strating the characteristic maximum and the
applied triangular voltage pulse.

2. Experimental

To measure the carrier mobility, the
Charge Extraction by Linearly Increasing
Voltage (CELIV) method was used [9]. In
CELIV, a carrier extraction from the sample
is assured by applying a triangular voltage
pulse with a constant increase rate. The ob-
tained CELIV plots, as e.g., presented in
Fig. 2, demonstrate characteristic maxima,
when the electric field in the sample be-
comes strong enough to extract most of the
carriers. From these plots, the mobility can
be calculated as

2d2 (1)
o= v ,
3A2 {1 + 0.36—]}

and the sample conductivity can be found as
3eggAj 2)

Cog=7"T -

2t 5/ (0)

Here A is the voltage increase rate; ¢,,,,,
the time (measured from the pulse onset)
when the characteristic maximum is ob-
served; d, the sample thickness; j(0), the
plateau value corresponding to the capaci-
tive displacement current of the sample;
and j, the current spike height. In Eq. 1,
the electric field redistribution effect dur-
ing charge extraction is taken into account.

3. Results and discussion

The cell parameters variation upon age-
ing. The I-V curves obtained for one sample
in dark and under illumination by the blue
LEDs before and after the ageing are shown
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Fig. 3. IV curves in the dark and upon illu-
mination by a blue LEDs prior to (curve 1)
and after the ageing (curve 2).

in Fig. 3. In Table 1, the initial and final
characteristic values after the ageing are
presented. Fig. 4 shows the dynamics of the
parameters of the illuminated sample upon
ageing. A most prominent efficiency de-
crease occurs during first hours, and the
decay is not a single exponential. The short
circuit current (Igc), the fill factor (FF) and
the saturation ratio (defined as I(—1V)/Ig:)
tend to stabilize after several hundred
hours. The energy conversion efficiency de-
grades down to less than 50 % of the initial
value, still tending to a final nonzero value.
The degradation kinetics of all parameters
except Voo could be described well by
stretched exponents as, e.g., presented by
Egs. 3, 4 for Igc with different parameters:

Igo=1Igo(t =0)exp H— ij } 3

t1 9 = t(In2)l/B, (4)

Here, 1 and B are parameters charac-
terizing the stretched exponent, and ¢;,5 is
the half-lifetime of the relaxation. The time
constants 1 for the different cell parameters
ranged from less than 900 h up to more
than 10000 h. For most of the devices, Vo
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Fig. 4. Variation of the characteristic pa-
rameters for the investigated structure in
time upon ageing (blue light, T = 37°C). MP
stands for the Maximum Power (MP). Points,
experimental data; dashed curves, fittings by
the stretched exponents.

used to increase slightly or did not change.
This behavior coincides with that of the po-
tential barrier height described below.

Thermally activated conductivity and po-
tential barriers. We had measured I-V de-
pendences at different temperatures, an ex-
ample is presented in Fig. 5. To analyse the
I-V characteristics, we evaluated the influ-
ence of several mechanisms that are usually
accounted for in organic devices. The neces-
sity of that approach is clearly evidenced by
the fact that the relative increase of the
reverse current in Fig. 5 exceeds that of the
forward current in the same temperature
region. In the forward direction, depend-
ence of the current is nearly exponential up
to the voltages of about 0.5 V, and then the
current increase becomes less expressed. In
reverse direction, the current increase is
much less pronounced and tends to saturate.
The exponential behavior of current I(U) on
applied voltage U and its saturation in re-
verse direction can be described by the
Schottky barrier model as in [10]. This gen-
eral diode equation describes the I-V charac-
teristics of both p-n junctions and Schottky
diodes:

Table 1. Characteristic values of the investigated cell prior to and after the ageing

Time (h) Voc (V) Ige (nA) Fill Factor (FF)| I(-1 V)/Ig, Maximum
Power (MP)
(mW/cm?)
0 0.47 232 0.402 1.29 0.069
1269 0.47 154 0.232 1.57 0.027
Functional materials, 17, 3, 2010 319
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Fig. 5. IV curves of the reference sample
measured in the dark at different tempera-
tures: 1 — 310°C, 2 — 300°C, 3 —290°C, 4 —
280°C, 5 — 270°C, 6 — 260°C, 7 — 250°C, 8 —
240°C, 9 — 230°C.

) =1, {exp[%(j,m@j - 1}. ©)

Here, I, is the saturation current; R,,
the serial resistance of the sample volume;
n, the ideality factor; T, temperature; e,
the elementary charge; k, Boltzmann con-
stant; n =1 in the Shockley theory for p-n
junctions in the absence of recombination as
well as for thermionic emission theory and
diffusion theory for Schottky diodes. The
ideality factor and the saturation current
can be obtained from the slope and the in-
tercept, respectively, obtained by extrapola-
tion of the linear part of the semilogarith-
mic plot of I vs U. The saturation current
density is given by:

ed

jo=A* T? exp (—k—TBJ 6

Here, A* is the Richardson constant and
®p is a contact potential barrier. Therefore,
using Eq. 6, the contact potential barrier
height can be evaluated from the tempera-
ture dependence of the reverse current. The
plots of the reverse and forward current
values are presented in Fig. 6 for the refer-
ence sample and the aged ones. The charac-
teristic contact barrier is seen to be about
0.55 eV in the reference sample, similar to
other evaluations, e.g., [6, 11]. After degra-
dation, it increases by about 0.08 eV (up to
0.63 eV). It is necessary to note that, as
pointed above, Vo, which is related with
the potential barrier height, also increases
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Fig. 6. Temperature dependences of the for-
ward and reverse current values measured at
—0.9 V (filled symbols) and +0.9 V (open sym-
bols), respectively, for two samples: the refer-
ence (squares) and the aged one (triangles).

slightly in the aged samples. Therefore, this
barrier difference can be supposed to in-
crease due to degradation.

The slow growth of the reverse current
with voltage could be due to the field-as-
sisted thermionic injection over the image
force barrier (Schottky effect) [12]:

. 3/4 ey (N
j=AF exp (2 BT j

Here, F is electric field; y = e2/167r880kT,
and A(F) = const. Unfortunately this model,
though explaining the field dependence of
the reverse current, does not give any nu-
merical values characterizing the barrier.

In the forward direction. The exponential
growth prevails up to about 0.5-0.6 V,
what coincides with the height of the con-
tact potential barrier. Above that point, an-
other current limiting mechanism starts
playing a role. To analyse the temperature
dependence of the forward current in this
mode, one has to take into account also the
exponential dependence of the sample vol-
ume resistance (due to either thermal gen-
eration of carriers or their mobility vari-
ation with temperature):

ek,
Rs = RsO exp ﬁ .

Here, E, is the effective thermal activa-
tion energy of the sample resistance. There-
fore, the lower activation energy values in
forward direction evaluated from Fig. 6
characterize just the thermal activation en-
ergy values of the sample conductivity.
Again, slightly lower wvalues of about

(8)
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Fig. 7. Carrier mobility dependences on ap-
plied electric field strength at different tem-
peratures: (I — 310°C, 2 — 300°C, 3 —290°C,
4 — 280°C, 5 — 270°C, 6 — 260°C, 7 — 250°C,
8 — 240°C) in the reference sample. Lines
represent fitting of the data by the Gaussian

0.28 eV are characteristic for the reference
sample, and they grow up to about 0.34 eV
after ageing.

We have fitted the experimental depend-
ences presented in Fig. 5 by Eqs. 5—8 and a
good agreement was achieved with the fit-
ting parameters similar to above, the ideal-
ity factor n approximating 3.1 and the sam-
ple resistance of about 1650Q at 300 K. The
ideality factor is relatively high, but in
many cases in organic structures even the
best reported values exceed 2-2.2 [10].
Moreover, it was found in [13] that n in
ZnPc devices linearly depends on reciprocal
temperature.

Charge carrier mobility. The carrier mo-
bility dependences in the reference sample
on electric field strength at different tem-
peratures are presented in Fig. 7. The com-
parison of mobility behavior at T = 300 K
in both sample types is presented in Fig. 8.
It is seen that in the investigated samples,
the usual mobility increase with electric
filed prevails, in contrast to the so-called
negative mobility behavior that could be ob-
served in highly spatially inhomogeneous
materials [14, 15]. To analyse the mobility
behavior, we have used the Gaussian Disor-
der Model (GDM). In the GDM, the charge
transport in disordered organic conductors
is supposed to proceed by means of hopping
in a Gaussian site-energy distribution. This
density of states (DOS) reflects the energy
spread in the charge transporting levels of
chain segments due to fluctuation in conju-
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Fig. 8. Carrier mobility dependences on ap-
plied electric field strength at 300 K in the
reference sample (open symbols) and the aged
structure (filled squares). Lines represent fit-
ting of the experimental data by the Gaussian
Disorder Model according to Eq. 9.

gation lengths and structural disorder.
Within the Gaussian disorder model, the
mobility is given by [16]:

WF,T) = 9)
2

vl (G el -+

This equation was derived from Monte-
Carlo simulations of the charge carrier hop-
ping processes in a material with energy (o)
and positional disorder (X) described by
Gaussian distribution functions. p is the
high temperature mobility limit and C is a
specific parameter that is obtained from the
simulations as C =2.910"* (cm/V)1/2.
Therefore, the GDM was used to fit the
experimental data as presented in Figs.7, 8
by solid lines. We have used the same fit-
ting parameters for the single samples, only
the temperature being varied. The fitting
values obtained for the pristine and the
aged samples are given in Table 2.

It can be seen that both energy and spa-
tial disorder parameters increase consider-
ably in the aged sample, similar to the en-
ergy parameters obtained from the I-V
measurements. Therefore, the hopping car-
rier transport can be supposed to become
aggravated upon ageing due to increasing of
both energetic and spatial disorder of the
hopping states. First of all, this results
logically in decrease of the sample conduc-
tivity as well as growth of its activation
energy. Indeed, to take part in conductivity,
carriers have to move in a greater energy
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Table 2. Fitting parameters of the GDM
model used to fit mobility the behavior in
the pristine and aged samples

Samples
Parametres Reference Aged
sample sample
5 0.2 0.7
o(eV) 0.0955 0.107
u, (cm?/Vs) 5.00-107° 7.00-107°
C (em/V)°*? 1.00-1073 1.00.1073

and spatial disorder, meaning that their
jumps between hopping states have to be
more energized. Moreover, the increasing
material disorder results also in the in-
crease of the mean potential barrier height
that governs the carrier flow over the bar-
rier providing the rectifying behavior.

4. Summary and conclusions

We have presented the ageing properties
investigation of ZnPc/C60 solar cells as
those are influenced by the variation of en-
ergy parameters characterizing material
conductivity, potential barrier height, and
charge carrier mobility. The simple test de-
vice structure shows a reasonable conver-
sion efficiency of about 1.5 %.

The devices aged under illumination
show a strong and fast degradation of the
short circuit current and fill factor after
several hours followed by an almost con-
stant behavior of these values. The refer-
ence samples kept in the dark at the room
temperature show only very small changes
in the I-V curves. The parameters charac-
terizing the potential barrier height provid-
ing the diode-like behavior and the activa-
tion energy value of material conductivity
were evaluated from I-V dependences at dif-
ferent temperatures. It was found that the
potential barrier of about 0.55 eV evaluated
in the reference sample, increased after
degradation up to 0.63 eV. Meanwhile,
thermal activation energy of the electrical
conductivity grows from about 0.28 eV
prior to degradation up to about 0.34 eV
after ageing.

Carrier mobility dependences on electric
field strength at different temperatures
were measured by the Charge Extraction by
Linearly Increasing Voltage (CELIV)
method. It was demonstrated that the mo-
bility decreases during degradation as com-
pared to the reference samples. These
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changes result from the increase of both
energy (o) and positional disorder (X) pa-
rameters within the Gaussian Disorder
Model. Therefore, the hopping carrier
transport becomes aggravated, resulting in
decrease of the sample conductivity as well
as in growth of its activation energy. This
means that the jumps of the carriers be-
tween hopping states have to be energized
more to move in a greater energetic and
spatial disorder in order to take part in
conductivity. Moreover, increasing material
disorder also causes growth of the mean po-
tential barrier height that governs carrier
flow over the barrier providing the diode-
like behaviour.
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3aJjieskHIiCTh BIACTHBOCTEH (POoTOraJbBaHIYHHX
eaxementiB ZnPc/C60 Big crapimna

B.Kaxyraycrkac, A.Apnaycxkac, M.Ilpanaimic,
P.Jecemann, M.Pide, K./leo

IOocaimeno consuni eixementu ZnPc/C60 3 3am0BiibHOI ePEKTUBHICTIO IE€PETBOPEHH
emeprii ~1,5 %. 3pasku migmamo crapimHio mporarom 1629 rog mIAXOM ONPOMiHEHHS
CBiTJIOM CHMHBOI'O CBiTJIOZiOZA 3 MOBMKHHOIO XBUJII Y MAaKCHMyMi BuIpoMmiHoBaHHA 475 uM. Y
mpoiieci crapiHHsA 3pasKiB BUSBJIEHO IIBHUAKE Ta 3HAUYHE MOripliIeHHA e(pPeKTHUBHOCTI cTpyMy
KOPOTKOI'0 3aMHUKAaHHA Ta KoedilieHTa 3alOBHEHHS HPOTATrOM KIiJIBKOX IOAMH 3 HACTYIIHUM
3HAYHO MOBLIBHINIMM 3MEHIIEHHAM IuX napamerpiB. Meromom 3HATTSA 3apALy JiHilIHO 3poc-
TAOUYOI0 HAIPYIro BUMIPSHO 3aJ€KHOCTI PyXOMOCTI HOCiiB Bij HAIIPYKEHOCTi €JIeKTPUUYHOIO
moJisi HpU pisHMX Temmeparypax. BusiBiieHe cHagaHHS CTPYMy eJeMeHTa He MOKe OyTu
HOSCHEHO TiJIbKM BHIMKEHHAM pPyXoMocTi. ¥ B3paskax Micias crapiHusa crocrepiramocs
30inpiiennsa ederkTuBHOI BucoTu Gap’epy mnpubamsuo Ha 0,1 eB (8ig 0,55 mo 0,65 eB).
OxgHouacHO 3HAUeHHA eHeprii Tepmiuxol akTHBaIil eIeKTPONPOBiZHOCTI 3pocTasu Bijg mpu-
6ausuo 0,28 eB (nepex crapinmsim) mo npubausuo 0,34 eB (micast HBOrO).
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