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Abstract – The interface formed between the ferromagnetic semiconductor GaMnAs and the
organic semiconductor N ,N ′-diphenyl-N ,N ′-bis(1-naphthyl)(1,1′-biphenyl)-4,4′-diamine (NPB)
was investigated using current transport measurement and ultraviolet photoemission spectroscopy
(UPS). The hole injection barrier at a GaMnAs and NPB interface was measured as 0.77 eV
by modelling the measured current density-voltage (J-V ) characteristics in a GaMnAs/NPB/Al
structured device. The vacuum level shift at a GaMnAs/NPB interface was deduced to be 0.54 eV,
indicating that a dipole layer exists at the interface. A UPS study gave a vacuum level shift of
0.53 eV and a band offset between the GaMnAs valence band and the highest occupied molecular
orbital of NPB of 0.79 eV, in good agreement with the results of J-V measurements. We attribute
the vacuum level shift to charge transfer across the interface.

Copyright c© EPLA, 2009

Introduction. – Organic semiconductors have been
investigated intensively for the past few decades due to
their applications in display technology, such as organic
light-emitting diodes [1] and organic thin-film transis-
tors [2]. In recent years, because of the weaker spin-orbit
coupling and hyperfine interaction, and the longer spin
lifetime and spin diffusion length in small molecular
organic materials than in inorganic materials, these
materials have attracted increasing attention for their
potential in spintronic applications [3]. Experimentally,
spin-valve devices based on tris(8-hydroxyquinoline)
aluminium (Alq3) luminescent material have been studied
and spin diffusion lengths up to hundreds of nanometres
at low temperature have been reported [4]. Theoretically,
the spin-dependent carrier injection and spin polarization
have been calculated for different contact resistances
at the metal/organic interface [5]. In order to inject
spin-polarized carriers into the organic semiconductor,
carriers in the electrode must be highly spin-polarized.
Ferromagnetic metals (such as Co [3,6,7] and NiFe [6])

and semimetals (such as lanthanum strontium manganese
oxide [3,7,8]) have been used in previous studies. For this
purpose, the ferromagnetic semiconductor GaMnAs is a
potential candidate for the spin-polarized carrier injection
electrode. Ferromagnetic GaMnAs has very high spin
polarization for holes in the valence band at temperatures
below the Curie temperature [9]. In addition, GaMnAs
may provide a better conductivity match at the elec-
trode/organic interface in comparison with ferromagnetic
metals and this in turn may lead to higher spin injec-
tion efficiency [10]. However, there is a lack of investiga-
tions on the interface properties between GaMnAs and
organic materials. In this paper, we have investigated the
interface formed between GaMnAs and N ,N ′-diphenyl-
N ,N ′-bis(1-naphthyl)(1,1′-biphenyl)-4,4′-diamine (NPB),
a prototypical organic hole transporting material. Hole-
only devices with a GaMnAs/NPB/Al sandwiched struc-
ture were fabricated. Current transport measurements
combined with simulation and ultraviolet photoemission
spectroscopy (UPS) were used to study the GaMnAs/NPB
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Fig. 1: (Color online) A schematic device structure for J-V
measurements. GaMnAs is the anode and Al is the cathode.

interface and to demonstrate that GaMnAs is an effective
hole injector in NPB-based organic devices.

Experiments. – Ferromagnetic GaMnAs thin films
with a nominal Mn concentration of 5% and a thickness
of 20 nm were grown at 250 ◦C in a Riber 32 MBE system
on (001) semi-insulating GaAs (Si-GaAs) substrates [11].
Post-growth annealing was performed in a nitrogen
atmosphere at 260 ◦C for 1 hour to enhance the hole
concentration and the ferromagnetism in GaMnAs [12,13].
The Curie temperature of the annealed GaMnAs was
103K.
The device structure for current-voltage (J-V ) measure-

ments is schematically shown in fig. 1. The GaMnAs
thin films were patterned into stripes by a standard
photolithography process. NPB films of 70 nm and Al films
of 60 nm were thermally evaporated onto the patterned
substrates using shadow masks in an Edwards Auto 306
system. The device active area was ∼400µm× 500µm.
After deposition, the devices were transferred into a
vacuum chamber where J-V characteristics were measured
at room temperature using a HP4155A semiconductor
parameter analyzer.
The UPS was performed on a clean GaMnAs surface

and NPB thin films of 0.5 nm, 2 nm and 7 nm thickness
deposited on GaMnAs. After deposition, the NPB-on-
GaMnAs samples were transferred from the Edwards Auto
306 to a UPS measurement chamber immediately, with an
air exposure time less than 2 minutes. The light source
for the UPS was He I with a photon energy of 21.22 eV.
The resolution (±80meV) and the position of the Fermi
energy EF in a UPS spectrum were determined from thick,
freshly deposited Au films. To distinguish between the
secondary electron cut-offs from the sample and detector,
a bias of −7.54V was applied to the sample during the
measurement.
In both the J-V and UPS experiments, the GaMnAs

samples were etched in diluted HCl solution prior to

NPB deposition and for direct UPS measurement. The
treatment produces a Ga-Cl terminated surface [14] which
is stable in air for at least 1 hour, long enough for the
sample transfer [15].

Numerical model. – Numerical simulations of the
J-V curves have been carried out to extract the hole
injection barrier between the GaMnAs and NPB interface.
The theoretical models used include the injection limited
current (ILC) model [16–19], and the space charge limited
current (SCLC) model [20,21].
In the injection limited current model, the current conti-

nuity equation, Poisson’s equation, and the drift-diffusion
equation are used to describe the charge transport in a
GaMnAs/NPB/Al device. Although the electron mobil-
ity of NPB can be of the same order of magnitude as
the hole mobility [22], the electron injection barrier at
the cathode interface (Al/NPB) is as high as 1.75 eV,
which is too large for effective electron injection via the
Al/NPB interface within the bias range studied [23]. As a
result, the device current is conducted almost solely by
holes injected from the GaMnAs anode. At the anode
interface (GaMnAs/NPB), thermionic emission, interface
recombination, and tunnelling injection are all considered
to contribute to the total injection current. Neglecting
electron-hole recombination, the hole current density is
conserved inside the NPB layer:

dJp(x)

dx
= 0, (1)

where Jp(x) is the hole current density inside the NPB
layer, x is the position inside NPB starting from the
GaMnAs/NPB interface. Neglecting the electron density
inside NPB, Poisson’s equation is simplified to

−d
2V (x)

dx2
=
q

εrε0
p(x) (2)

where V (x) is the electrostatic potential in the NPB layer,
p(x) is the hole density, ε0 is the vacuum permittivity, εr is
the dielectric constant of NPB normally taken as 3.0 [24],
and q is the electron charge. The boundary condition for
Poisson’s equation is [17]

Va−Vbi =
∫ L
0

E(x)dx, (3)

where Vbi is the built-in potential in the NPB layer, and
Va is the applied voltage on the device, L is the thick-
ness of the NPB layer, and E(x) is the electric field
within the NPB layer. For a device with the vacuum level
aligned, the built-in potential is just the difference between
the work function of the two electrodes. However, the
vacuum level alignment rule does not generally apply at
organic/metal [25–32] and organic/inorganic semiconduc-
tor [33–35] interfaces. Taking the vacuum level shift into
account, the built-in potential in the device is expressed
as

Vbi = (W1−∆1)− (W2−∆2) , (4)
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where W1 and W2 are the work functions of GaMnAs
and Al, respectively, and ∆1 and ∆2 are the vacuum
level shifts at the GaMnAs/NPB interface and NPB/Al
interface, respectively. The work function of Al, W2,
is 4.22 eV and the vacuum level shift at the NPB/Al
interface, ∆2, is 0.45 eV [23]. The ionization energy of
GaMnAs, IGaMnAs, is 5.27 eV, after taking into account
the broadening of the Mn impurity band and merging it
with the GaMnAs valence band [36]. The Fermi energy
of metallic GaMnAs is assumed to be aligned with the
valence band edge at high doping level. That is, the work
function of GaMnAs,W1, is taken as 5.27 eV. The vacuum
level shift at the GaMnAs/NPB interface is unknown prior
to the simulation, however it is related to the hole injection
barrier φb (at zero bias) by

∆1 = IGaMnAs+φb− INPB , (5)

where IGaMnAs and INPB are the ionization energies of
GaMnAs and NPB, respectively. The ionization energy
of NPB was reported to be in the range of 5.4–5.6 eV
[33,37,38]. In our simulation, INPB = 5.5 eV is used. The
zero-bias hole injection barrier, φb, is the fitting parameter
in our simulation.
The total current density within NPB is composed of

both drift and diffusion components [17]:

Jp(x) = qµp(E)

(
−p(x)dV (x)

dx
− kBT
q

dp(x)

dx

)
, (6)

where kB is Boltzmann’s constant, T is the temperature,
and µp(E) is the electric field E-dependent hole mobility
of NPB. Based on the hopping transport mechanism for
organic materials, the field-dependent mobility is of the
Poole-Frenkel form [39,40]:

µ(E) = µ0 exp

(√
E

E0

)
, (7)

where µ0 is the zero-field hole mobility and E0 is a
parameter related to material disorder. The hole mobil-
ity was reported to be 3.0–6.0× 10−4 cm2/V s [22,24,41],
depending on the local electric field using time-of-flight
measurements. In our simulation, we choose µ0 = 3.0×
10−4 cm2/V s [22] and E0 = 3.90× 105V/cm [42].
The boundary condition for the total current density
Jp consists of the thermionic emission current density
Jth, the interface recombination current density Jre, and
the Fowler-Nordheim tunnelling current density Jtu, i.e.
[17–19]

Jp = Jth−Jre+Jtu. (8)

The thermionic emission current density is given as [17]

Jth =A
∗T 2exp

(
− qφ

∗
b

kBT

)
, (9)

where A∗ is Richardson’s constant. A∗ of 1.2× 105mA/
cm2K2 is used [17]. φ∗b is the effective injection barrier

at the GaMnAs/NPB interface. When the lowering of
the interface barrier due to the image force is taken into
account, it is expressed as

φ∗b = φb−
√
qE(0)

4πε0εr
, (10)

where E(0) is the electric field at the boundary and φb
is the injection barrier under zero-bias conditions. In the
simulation, E(0) and φ∗b are calculated self-consistently.
The interface recombination current density is propor-
tional to the hole density [17]:

Jre = pbνrp, (11)

where pb is the hole density at the GaMnAs and NPB
interface and νrp is a kinetic coefficient at the interface
given by νrp =A

∗T 2/p0 with p0 being the effective hole
density of states in NPB’s highest occupied molecular
orbital (HOMO). Considering every single molecule as
a state, the density of states in the HOMO can be
approximated as p0 = d

−3
M ≈ 1021 cm−3, where dM is the

dimension of the NPB molecule [43]. The tunnelling
current density is of the Fowler-Nordheim form [44]:

Jtu =

(
q2E2(0)

8πhφb

)
exp


−8π

√
2qm∗pφ3b
3hE(0)


 , (12)

where h is Planck’s constant,m∗p is the hole effective mass.
Here, m∗ = 9.1× 10−31 kg is used [17].
In the space charge limited current model, the current

continuity equation, Poisson’s equation and the drift-
diffusion equation are the same as those in the injection
limited current model. However, with an Ohmic contact,
the boundary condition for the current density (i.e.
eqs. (8)–(12)) is replaced by [21]

p(0) = p0, (13)

where p(0) is the hole carrier density at the GaMnAs/NPB
interface, and p0 is the effective hole density of states in
NPB HOMO.

Results and discussion. – The forward biased
J-V characteristic of a typical GaMnAs/NPB/Al
device measured at room temperature with GaMnAs
as the anode is shown in fig. 2 (open circles) on a
semi-logarithmic scale. The blue solid line and red
dash–double-dotted line in the figure are the fitting
curves calculated according to the injection limited
current model with 0.77 eV hole injection barrier and the
space charge limited current model, respectively. In addi-
tion, three injection current components in the injection
limited model are also shown with the blue dash-dotted
line being the thermionic emission component, the green
dashed line being the interface recombination component,
and the red dotted line being the tunnelling injection
component.
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Fig. 2: (Color online) The experimental room temperature J-V
curve measured from a typical GaMnAs/NPB/Al device (black
open circles) is shown together with the calculated J-V curve
using φb = 0.77 eV (blue solid line). The calculated thermionic
emission current component (blue dash-dotted line), the inter-
face recombination current component (green dashed line), and
the tunneling current component (red dotted line) are shown
for comparison. The calculated space charge limited current
density (red dash–double-dotted line) is also shown as an upper
limit.

It is clear that the current transport in the
GaMnAs/NPB/Al device is limited by interface injection
as the measured current density is much less than that
predicted by the space charge limited current model.
The tunnelling current is several orders of magnitude
lower than the total current in the measurement voltage
range. This means that thermionic emission injection
is predominant at room temperature up to 14V in the
GaMnAs/NPB/Al device. However, the strong interface
recombination current results in the total current being
much less than the thermionic emission current. The
discrepancy between the measured and calculated J-V
curve in the lower voltage range (0 to 6V) is possibly
due to Ohmic conduction before effective injection
starts [18].
From the 0.77 eV hole injection barrier used in the J-V

curve fitting, the vacuum level shift at the GaMnAs/NPB
interface is deduced from eq. (5) to be 0.54 eV, indicating
that a dipole layer exists across the GaMnAs/NPB inter-
face. The possible origin of the dipole is discussed later.
UPS spectra for GaMnAs and NPB samples near the

secondary cut-off and valence band edge are shown in
figs. 3(a) and (b), respectively. The lowest spectrum (black
open squares) is from the clean GaMnAs surface, and the
spectra above are from NPB on GaMnAs with NPB film
thicknesses of 0.5 nm (red open circles), 2 nm (green open
triangles), and 7 nm (blue open diamonds). As can be seen,
upon deposition of 0.5 nm of NPB, the UPS spectrum has

Fig. 3: (Color online) Ultraviolet photoemission spectra
(a) near the secondary cut-off and (b) near valence band edge
of GaMnAs and NPB on GaMnAs with different NPB film
thicknesses as indicated. The spectra are offset for clarity.

changed dramatically in comparison with that from clean
GaMnAs, indicating effective surface coverage of NPB on
GaMnAs. For NPB on GaMnAs, both the spectra onset
and the secondary cut-off positions are shifted towards
higher binding energies independent of the NPB layer
thickness. As the NPB layer thickness increases, the new
features at 1.60 eV, 2.10 eV and 2.90 eV (see arrows in
fig. 3(b) become more and more clear, indicating that
these features are characteristics of NPB molecular levels.
The fact that the features observed in this study are
the same as those reported previously [33,37] for NPB
films deposited on other substrates suggests that the NPB
layer does not undergo noticeable dissociation on the HCl-
passivated GaMnAs surface. It is also noticed that no
observable shifts of these NPB associated features occur
with increasing NPB film thickness, implying that band
bending in thin NPB film is negligible due to its low
intrinsic carrier density.
In UPS studies, the ionization energy (I ) in semicon-

ductors, defined as the energy separation between the
valence band edge (or HOMO edge) and the vacuum level,
can be determined by subtracting the photon energy (hν)
from the spectrum width. Denoting the secondary cut-off
energy as Esec and the valence band onset energy as Eons,
the ionization energy I is then given as hν− (Eons−Esec).
As a result, the ionization energy of GaMnAs is deduced to
be 5.24 eV from the spectrum in figs. 3(a) and (b), which
is in good agreement with the value of 5.27 eV reported
elsewhere [36]. The NPB ionization energy of 5.50 eV is
obtained in the same way, which is also in good agree-
ment with the reported value of 5.4–5.6 eV [33,37,38].
The valence band onset of the GaMnAs UPS spectrum

in fig. 3(b) is 0.43 eV. This implies that the Fermi energy
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at the GaMnAs surface is within the band gap. For a
GaMnAs thin film with a Mn concentration of 5%, the
Fermi energy lies within the valence band in the bulk
region, the energy band is therefore bent downwards at the
surface of GaMnAs due to surface depletion effects. The
HOMO onset of NPB on GaMnAs is shifted to 1.22 eV
(see fig. 3(b)). Consequently, the band offset between the
GaMnAs valence band edge and the NPB HOMO at
the interface is determined to be 0.79 eV as indicated in
fig. 3(b).
Furthermore, the work function can also be determined

from the UPS spectrum by subtracting the photon energy
hν from the secondary cut-off energy Esec. As a result,
the GaMnAs work function of 4.81 eV and NPB work
function of 4.28 eV are obtained from the spectra in
fig. 3(a). The work function difference between NPB and
GaMnAs reflects a sudden shift of vacuum level across the
GaMnAs/NPB interface indicating the formation of an
interface dipole. This shift is equal to 0.53 eV, almost the
same as that obtained in the J-V study discussed above.
As shown in fig. 3(a), this shift does not change with NPB
film thickness.
Based on the above analysis, the band diagram of the

GaMnAs/NPB structure is summarized in fig. 4. The
sign of the interface dipole is marked in red. The band
bending on the GaMnAs side and the lowest unoccupied
molecular orbital (LUMO) of NPB are shown schemat-
ically. It has been generally observed that the vacuum
level alignment rule does not hold at organic/metal [25–32]
and organic/inorganic semiconductor interfaces [33–35],
suggesting the formation of a dipole layer across the
interface. For non-polar molecular organics, the possible
origins of the dipole layer include charge transfer across
the interface and chemical reactions [45]. Chemical reac-
tion typically takes place in structures where metal is
deposited on the organic layer, possibly due to the high
reactivity of the vaporized hot metal atoms or the diffu-
sion of metal atoms into the organic layer [4,46]. Organic-
on-metal structures are usually more stable, except for
some active chemical reactions, e.g. Alq3-metal complexes
[47,48]. In this study, the GaMnAs substrate is etched in
dilute HCl solution to produce a stable surface prior to
NPB deposition, the chemical reaction is therefore unlikely
to occur at the GaMnAs/NPB interface. On the other
hand, direct charge transfer is expected only at interfaces
formed between strong acceptor organics and low work
function metals, or between strong donor organics and
high work function metals [28,29]. The measured charge
injection barrier of 0.79 eV implies that direct transfer of
holes from the GaMnAs valence band to NPB HOMO
is unlikely to happen in our structure. In addition to
direct charge transfer, however, metal-induced gap states
have recently been proposed to explain metal/organic
interface dipole formation [27,30–32]. These gap states
can be either donor-like (close to the valence band)
or acceptor-like (close to the conduction band). Charge
neutrality is then defined as the point separating the

Fig. 4: (Color online) The energy band alignment diagram of
the GaMnAs/NPB interface deduced from UPS analysis. Ev
and Ec are the valence and conduction band edge of GaMnAs,
respectively. EV ac and E

′
V ac are the vacuum level on the

GaMnAs side and NPB side, respectively. EF is the Fermi
energy, ∆ is the vacuum level shift at the GaMnAs and NPB
interface, and φb is the band edge offset between the GaMnAs
valence band edge and NPB HOMO. The red marker indicates
the charges forming the interface dipole.

donor-like and acceptor-like levels. The charge neutrality
level tends to align with the Fermi energy of the elec-
trode as a result of charge transfer between the elec-
trode and the induced gap states, forming an interface
dipole. Based on this mechanism, GaMnAs with a very
high hole concentration (∼1020/cm3) induces gap states
at the GaMnAs/NPB interface. As the charge neutral-
ity level of NPB (4.1–4.2 eV [30–32]) is much smaller than
the work function of GaMnAs (4.81 eV), it is believed that
charge transfer occurs between GaMnAs and NPB inter-
face gap states, and an interface dipole pointing from NPB
to GaMnAs is formed, as shown in fig. 4.

Conclusions. – An interface formed between GaMnAs
and NPB is studied by J-V and UPS measurements. The
hole injection barrier and the vacuum level shift at the
GaMnAs and NPB interfaces is estimated to be 0.77 eV
and 0.54 eV, respectively, by fitting the measured room
temperature J-V characteristics. The band offset between
the GaMnAs valence band edge and NPB HOMO and
the vacuum level shift at the interface are measured to
be 0.79 eV and 0.53 eV, respectively, in a UPS study. The
barrier height (or band offset) and the vacuum level shift
obtained in the current transport study and UPS analy-
sis are in good agreement. The formation of an interface
dipole is probably due to charge transfer between GaMnAs
and NPB interface gap states. This study indicates that
measuring and fitting the J-V curve with known material
parameters provides us with an alternative way of esti-
mating band alignment at an inorganic/organic interface.
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