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The low molecular weight tris-(8-hydroxyquinoline) aluminum (Alqs) has been incorporated with
magnesium (Mg) that altered the nature of its opto-electronic characteristics. The lowering of the
highest occupied molecular orbital (HOMO) and lowest unoccupied molecular orbital (LUMO) in
Mg:Alqs, compared to pure Alqs, creates a stronger field (exceeding the exciton binding energy) at
the donor-acceptor junction to dissociate the photo-generated exciton and also provides a low
barrier for electron transport across the device. In an electron-only device (described in the text), a
current enhancement in excess of 10, with respect to pure Algs, could be observed at 10 V applied
bias. Optimized Mg:Alqs layer, when introduced in the photovoltaic device, improves the power
conversion efficiencies significantly to 0.15% compared to the pure Alqs device. The improvement
in the photovoltaic performance has been attributed to the superior exciton dissociation and carrier
transport. © 2011 American Institute of Physics. [doi:10.1063/1.3653259]

. INTRODUCTION

Exciton dissociation is one of the keys to the perform-
ance of organic photovoltaic devices (OPVDs) and is known
to occur at the organic semiconductor/metal interface or
between the electron and hole transport layers known as
acceptors (A) and donors (D), respectively.k8 Organic mate-
rials with sufficient separation, in energy, of the lowest unoc-
cupied molecular orbital (LUMO) offsets between donor and
acceptor are good junctions for exciton dissociation.'™ It
was found that not the open circuit voltage (V,.) but the
short circuit current density (J.) is the limiting factor for
obtaining high efficiency with the current state of technol-
ogy. Also an empirical threshold of 2.0eV was found
between the LUMOs of the donor and the acceptor, neces-
sary for the exciton dissociation." The observed lowering of
the driving force, or internal electric field, for exciton disso-
ciation effect at the donor/acceptor interface may be a limita-
tion to further enhancements in photocurrent generation.” In
addition to the separation of the highest occupied molecular
orbital (HOMOp) and LUMO,, it was favorable for deter-
mining Voo r® The quantity, HOMOp—LUMO,, controls
the performance of the OPVDs, through changes in the
open-circuit voltage (Voo).2

Tris-8-hydroxyquinolin aluminum (Alqsz) having a high
internal quantum yield and a stable electrical conductivity is
a state-of-the-art green emission and an electron transporting
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material in organic light-emitting diodes (OLEDs).'*!'> Sev-
eral alkaline metals, such as Li, Ca, and Mg (Ref. 16) have
been added to the acceptor material, Alqs, in the cathodes of
OLED:s to promote electron injection and to increase electri-
cal conductivity.'”* The interaction of the reactive metals
might be occurring within the quinoline ligand of Alqgs. In
Mg:Alqs; case, the N 1 s core shifts to a lower binding energy
indicating an Mg-induced charge-transfer component.?*~2
X-ray photoelectron spectroscopy (XPS) and ultraviolet pho-
toemission spectroscopy (UPS) revealed that the Mg clusters
can significantly affect the adjacent quinoline ligand, and the
charge in oxygen on the phenoxide side is pulled towards the
nitrogen on the pyridyl side of the quinoline ligand.?” In
those studies, the incorporation of Al, Ca, or Mg in Algs,
resulted in the formation of a gap state that modified the
Alg; HOMO and lowered the barrier for electron injection in
organic devices.

The present work takes up the challenge of designing an
inexpensive and stable organometallic compound, with a
high HOMO, using Mg modification of Alqs that can be
promising in photovoltaic (PV) applications. We present a
detailed opto-electronic description of the Mg:Alq; complex,
prepared by co-evaporation, which is different from the
reported bi-layer structure in OLEDs. The shifts of the
electronic energy levels in Mg:Alqs, as a function of the
Mg incorporation, were analyzed using UPS and optical
absorption measurement,”® and its effect on the open
circuit voltage of the ZnPc/Mg:Alqs; photovoltaic device was
carried out.

© 2011 American Institute of Physics
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FIG. 1. (Color online) (a) The energy diagram of the ITO/BCP (20 nm)/
Mg:Algz (100 nm)/BCP (20 nm)/LiF (1.2nm)/Al (100 nm) device with dif-
ferent Mg:Alq; ratio. The BCP is an electron injection layer and a hole
blocker. (b) I-V characteristics of the ITO/BCP/Mg:Alqs/BCP/LiF/Al
electron-only devices made with different Mg: Alqs ratio and the double-
logarithmic representation with fits to power lows J oc VIt (¥r)Mg;
(O)Mg:Alq; =10:1, I+ 1=2.0; (>)3:1, [+ 1=2.1; (<2.5:1, [+ 1=2.1;
(V)2:1, [+1=22; (MI1:1, I+1=2.3; (O)0.5:1, [+1=4.6; (O)Algs,
[+ 1=4.8. (c) The distribution of / parameter with Mg:Alqs ratio.
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Il. EXPERIMENTAL

We attempted different mixing ratio of Mg and Alqs in
depositing a film by a simple co-evaporation method. Thin
films with co-deposition ratio Mg:Alq; of 0:1, 0.5:1, 1:1,
2:1, 2.5:1, and 3:1 were defined by individual quartz-crystal
thickness monitors. The deposition rate of Alqs was fixed at
0.5A/s using a constant 300 °C temperature of the quartz
cell. The Mg deposition rate was varied from 0 to 1.5 Als,
using different temperatures to achieve different mixing
ratios. The actual PV devices with the organometallic com-
plex as n-type layer had the following structure: glass/ITO/
PEDOT:PSS/zinc-phthalocyanine (ZnPc) (50 nm)/Mg:Alq;
(90nm)/Al (150nm). The ITO-coated glass was cleaned
by the standard procedure (cleaning and sonication in deter-
gent solution followed by sonication in acetone and isopro-
pyl alcohol). A buffer layer of poly(ethylenedioxythiophene)
doped with poly(styrenesulfonate) (PEDOT:PSS), with a
thickness of about 30 nm, was obtained by coating an aque-
ous solution onto the ITO-coated glass substrates. Subse-
quent layers were fabricated via vacuum deposition with a
base pressure of around 8 x 107® Torr. The ZnPc were
adopted as electron donor and the Mg:Alqs acted as the elec-
tron acceptor in the device, respectively. The active area of
the solar cell was 0.04 cm”. The current-voltage (I-V) charac-
teristics of the solar cells were measured in the dark and illumi-
nated conditions using AM1.5G solar illumination at 100
mWem 2 (Thermal Oriel 500 W solar simulator). The valence
states were recorded using the He I (21.2eV) and He II
(40.8 V) radiation lines from a gas discharge lamp in the UPS
studies. The samples for UPS were prepared on Au substrates
and the first layer of Alqs (15 A) was used as a reference.”®

lll. RESULTS AND DISCUSSION

The electron-transport properties of organic materials,
such as Alqs, have been investigated intensively, by their
J-V characteristics, in the past due to their application in
OLEDs.?® To fabricate the electron-only devices, Alg3 and
Al were evaporated as the thin-film layer and top electrode,
respectively. We have utilised a structure consisting of ITO/
BCP (20nm)/Mg:Alqs (100nm)/BCP (20 nm)/LiF (1.2 nm)/
Al (100nm) with different Mg:Alq; ratio. The schematic
energy level diagram of the device is shown in Fig. 1(a). The
BCP was used as an electron injection layer and a hole
blocker.
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FIG. 2. Band diagram of ITO/ZnPc (50 nm)/Mg:Alqs (90 nm)/Ag (100 nm) photovoltaic devices with (a) pure Alqs (0:1), (b) 0.5:1, and (c) 2:1 of Mg:Alqgs.
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Fig. 1(b) shows the experimental current density (J) of
Mg:Alqs layers that were measured in electron-only device
for different Mg:Alq; ratios. The devices were built on a BCP
injection layer to avoid double-carrier injection. At lower
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FIG. 3. (Color online) (a) The I-V curves, measured with AM1.5G 100
mWem 2 solar illumination, for devices using different mixing ratios of
Mg:Alqs. (b) The incident IPCE of the device, under short circuit conditions,
for devices using different mixing ratios of Mg:Alq; thin films. (c) The
absorption spectrum of ZnPc and pure Alqs.
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bias, a remarkable enhancement in J could be observed with
increasing Mg incorporation in the organic thin film. Even at
10V, an enhancement of ~10° resulted in the J values for
Mg:Alqs =2.5:1 film with respect to the pure Alqs. For
the electron-only device, the trap-charge limited current
(TCLC)* is given by,

eeol \'(20+ 1\ v

Jrere = NCM(N,q(H— 1)> (H— 1 ) 21 (1)
where N, is the density of states in the conduction band, N, is
the total trap density, p is the carrier mobility, ¢, is the free
space permittivity, € is the relative permittivity of the mate-
rial, and d is the thickness of the active layer. The parameter
| = E,/kpT, where E, is the trap depth and kT is the thermal
energy. A double-logarithmic plot yields a power law behav-
iour of the current density J oc V/*! with different exponents
(I41). A sharp decrease of /, and hence E,, was observed
with Mg introduction (Fig. 4(c)). The trap depth E, decreases
from 49 to 15 meV, with increasing Mg incorporation from 0
to 2:1 wt. % (Fig. 1(c)).

The Mg incorporation in Alqgz thin films are shown to
reduce the trap depth to enhance the carrier hopping motion.
The J-V behaviour evolves from TCLC (for the devices with
pure Alqs) to space charge limited current (SCLC) regime in
Mg:Alq;. The electron-only devices exhibits enhanced
electron-conducting property of the Mg modified Alq; thin
films and its potential advantage in PV cells.

a) 38 F T T T T T T T T T
I . 109
93.7 L Hos
a6l _m—A__, Jo7
Hos6
2 1] >
| Hos g
- 34 404 >
30 2= Jo03
a2l ./ A J02
I ./% loa
31t
[ A Jo0
1 L 1 1 1 1
0 1 2 3 4
Mg.Alq3
0.4 [ T T T T T ] 1
b) . 10
03}
410°
02} o
(]
410" %
01} E
2
00 | {10 5
A
-0.1 - 1o —
02 F
ol 410"
0.4 L 10°

FIG. 4. (Color online) (a) The distribution of LUMO and V. and (b) the
offset of the LUMO (AE}) and J,. as a function of Mg:Alq; mixing ratios.
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The PV devices are now fabricated with zinc phthalo-
cyanine (ZnPc) and Alq; junctions with ITO/PEDOT:PSS
and silver (Ag) electrodes. Representative schematics of the
energy diagram of the PV device with (and without) Mg is
shown in Fig. 2. The shifts of electronic energy levels
(HOMO, LUMO) in Mg:Algs, as a function of the Mg incor-
poration, were analyzed using UPS and optical absorption
measurements,”® while the HOMO and LUMO of pure Alqs
was taken as— 5.83 and —3.12 eV, respectively. The shift of
the LUMO in Mg:Alqs; towards the Ag Fermi level indicates
a lowered barrier for electron injection in the device.
Fig. 3(a) shows the J-V characteristic of the OPVDs fabri-
cated with the Mg:Alqz as an electron transport layer under
100 mW/cm? AM1.5G illumination. The device perform-
ance for pure Alqs is extremely poor with no detectable
power conversion efficiency (). By incorporating Mg, the
J-V characteristic of the OPVDs can be significantly
improved, with n value achieving 0.15%, optimized short-
circuit current densities (/) of 0.66 mA/cm?, open-circuit
voltage (V,.) of 0.70V, and a fill factor (FF) of 33.1%, for
the device with Mg:Alq; (2.5:1) n-type layer (Table I). The
Rs of the OPV devices are in accordance with the E, result of
the electron-only devices shown in Table I. The J,. and FF
are rather low for the OPV device. This may due to the low
absorption in the visible region of Alqs and the high series
resistance, suggesting that the thickness optimization of the
active layer is necessary for further improvement.

The incident photon-to-current collection efficiency
(IPCE) for devices with different Mg incorporation layers
has been compared in Fig. 3(b). The best IPCE resulted from
the device with Mg:Alqs (2.5:1) n-type layer. An excellent
p-n junction with HOMOp-LUMO, = 1.57 eV for Mg-Alq;
(2:1) layer is responsible for the gain in the Jgc. The best V.
of 0.70V is very close to the theoretical value’® of 0.72V
calculated from

Voc S (|LUM0A _HOMOD‘ - AE)/‘]? (2)

where HOMOp, (~5.2eV) is the HOMO of donor layer,
LUMO, (~3.63¢eV) is the LUMO of acceptor layer, AE
(~0.85¢eV) is sum of the difference between cathode Fermi
level and acceptor LUMO (4.28 —3.63 =0.65¢V) and the
anode Fermi level and donor HOMO (5.2 —5.0=0.2¢eV),
and ¢ is the elementary charge. Compared to the absorption
spectra in Fig. 3(c), the IPCE spectrum, however, is domi-
nated by the optical absorption spectrum of ZnPc. With ex-

TABLE 1. Parameters for the organic photovoltaic cells measured from the
1-V result at room temperature for devices using different Mg:Alq; films. E,
is from the electron-only device measurement.

MgAlgs Voo (V) Jo (mAfem®) FF(%) (%)  RskQO) E,

0:1 0.02 22%x107° 27 — 2.6x10*  0.49
0.5:1 019 56x107° 24 26x107* 50 0.47
1:1 0.41 6x1073 243 59x107* 16 0.17
2:1 0.70 0.40 33.1 0.09 0.07 0.16
2.5:1 0.70 0.66 33.1 0.15 0.02 0.14
3:1 0.68 0.20 29 0.04 0.12 0.14

J. Appl. Phys. 110, 083104 (2011)

TABLE II. The electronic energy parameters (in unit of eV) for the doped
Alqgs samples.

Mg: Algs HOMO LUMO AE,
0:1 —5.83 —3.12 —0.28
1:8 —5.94 -3.23 —0.17
1:4 —6.12 —3.41 0.01
0.5:1 —6.24 —3.53 0.13
2:1 —6.41 -3.63 0.23
4:1 —6.54 —3.76 0.36

cessive Mg in the n-type layer, the device performance was
poor which may be due to severe clustering or agglomeration
of the metal. Interestingly, with lower Mg incorporation ratio
(1:1) also the device did not perform well indicating a nar-
row and critical window for Mg fraction in the modified
organometallic layer. The distribution of the LUMO due to
Mg incorporation clearly reflects in the variation of the V¢
as shown in Fig. 4(a) and Table II.

To assist in an efficient charge separation and free-
carrier generation across the donor-acceptor interface, a cer-
tain offset of the LUMO and HOMO, i.e., AEy (Fig. 2), is
required.®® This offset is often required to be higher than
the exciton binding energy, Eg, in organic materials, but
just sufficient to dissociate the exciton.’’ The exciton
binding energy, Ey of ZnPc is measured to be 0.1eV.>
Hence, the condition for a favourable exciton dissociation
would be

AE > Eg. 3

The Mg:Alqs can provide a AEp of 0.23 eV to overcome
the ZnPc Eg of 0.1eV for a Mg incorporation ratio exceed-
ing 1:1. The LUMO level is ~3.63 eV, which corresponds to
a LUMOL-LUMOp offset of 0.23eV, to ensure efficient
electron transfer from the ZnPc to Mg:Alqs. This expectation
again is found to be true experimentally from the enhance-
ment of the short-circuit current (Fig. 4(b)). Generally, this
technique of metal modification of raw organic layers, such
as Alqs, offers a powerful pathway to tune the HOMO and
LUMO levels, and to enhance charge separation and electron
transport as a whole. Although the device parameters, such
as efficiency, do not speak highly of the new device, but the
percentage of improvement is impressive which can be
attributed to this new Mg modification of the Alqs.

IV. CONCLUSIONS

Tuning energy levels of molecular orbitals (HOMO,
LUMO) in Algs has been made possible by magnesium
incorporation. Optimized Mg incorporation, ~2.5:1 wt. %,
results in better electron transport properties compared to the
pure Alqs. In a standard organic photovoltaic device struc-
ture, such a Mg modified layer assist in achieving a near
theoretical open circuit voltage of 0.72'V and a power con-
version efficiency of 0.15% due to ideal band tuning. This
technique of band alignment in organic molecules by metal
incorporation, in general, may yield even better photovoltaic
devices in the future.
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