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Injection-limited operation is identified in thin-film, a-NPD-based diodes. A detailed model for the
impedance of the injection process is provided which considers the kinetics of filling/releasing of interface
states as the key factor behind the injection mechanism. The injection model is able to simultane-
ously account for the steady-state, current-voltage (J-V) characteristics and impedance response, and
is based on the sequential injection of holes mediated by energetically distributed surface states at the
metal-organic interface. The model takes into account the vacuum level offset caused by the interface
dipole, along with the partial shift of the interface level distribution with bias voltage. This approach
connects the low-frequency (~1Hz) capacitance spectra, which exhibits a transition between positive
to negative values, to the change in the occupancy of interface states with voltage. Simulations based
on the model allow to derive the density of interface states effectively intervening in the carrier injec-
tion (~5 x 10'? cm~2), which exhibit a Gaussian-like distribution. A kinetically determined hole barrier is
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calculated at levels located ~0.4 eV below the contact work function.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

One of the most widely used hole-transporting materials (HTMs)
in small molecule-based organic light-emitting devices (OLEDs)
is the archetypical N,N’-diphenyl-N,N’-bis(1-naphthylphenyl)-1,1-
biphenyl-4,4’-diamine («-NPD) [1,2]. Thin films made up of such
molecules form hole-injection layers between the device anode,
and the electron-transporting and luminescent compound. o-NPD
has been largely investigated to build green-emission OLEDs in
combination with tris(8-hydroxyquinoline) aluminium (Alqs), and
alternatively to act as host material in which a luminescent dopant
is embedded [3]. As HTM, the key parameter to be determined
is the mobility exhibited by holes. Hole-mobility values reported
in the literature lie within the order of 104 cm? V-1s~1, either
determined from time-of-flight transients [4,5] or admittance spec-
troscopy [6]. It is also well-known that holes make up the dominant
carrier in «-NPD as their mobility is higher by several orders of mag-
nitude than that encountered for electrons. Moreover, it is assumed
that the transport of holes in @-NPD layers is governed by space-
charge limited conduction (SCLC) [6], similarly to that occurring

* Corresponding author. Tel.: +34 964 728040.
E-mail address: garciag@uiji.es (G. Garcia-Belmonte).

0379-6779/$ - see front matter © 2008 Elsevier B.V. All rights reserved.
doi:10.1016/j.synthmet.2008.11.004

in undoped (insulating) materials. This conduction model gives
rise to J-V characteristics which exhibit the behavior Joc V™ with
m> 2. The limiting case m=2 is expected for trap-free transport
mechanisms, while the case m> 2 is usually interpreted in terms of
trap-charge limited conduction with the parameterm — 1 = E;/kgT
being related to the characteristic energy of the exponential trap
tail E; [7,8]. The analysis of J-V characteristics also may include the
dependence of the mobility on temperature and electrical field F as
1 = o exp(BVF) [9,10], and charge carrier density [11].

In any case a good approximation of the current level expected
in a practical device, which is usually constructed by means of thin
(L=50-200nm) HTM layers, can be estimated by using the well-
known expression valid for trap-free SCLC [12]

9 V2
Jscie = gl T (1)

Here V corresponds to the operating voltage, and ¢ ~ 2 — 3 rep-
resents the dielectric constant of the organic material (&g is the
permittivity of the free space). A rough comparison between the
current level calculated by means of Eq. (1) and the experimental
J-V characteristics might be employed to assess the extent in the
Ohmic character of the contacts. An operational figure of merit for
the supply efficiency of the contact is then given by the ratio J/Jsc.c
[13]. In this sense, a contact is considered to be Ohmic if it is able
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to inject enough current so as to fulfill the current demand of the
organic bulk, J/Jscic=1. In case of J/Jscic <1 the device operation
is considered to be injection-limited. Following this procedure the
partial Ohmic character of the indium tin oxide (ITO)/a-NPD con-
tact was evidenced by direct measurement of the hole mobility and
comparison with the experimental J-V curves [5]. Hole injection
barriers at metal-a-NPD interfaces are generally larger than ~1 eV
even when high work function electrodes like Au and ITO are used,
leading to devices which operate under injection-limitation [14,15].

The formation of surface dipole layers at the metal/organic or
organic/organic interfaces is a well-established fact [16]. Interface
dipole offsets the vacuum levels of the metal and the organic semi-
conductor, and it is able to produce a lowering of the energy levels
in the first organic layers as large as 1 eV. The interface dipole may
be either positive (electron injection improved) or negative (hole
injection improved). Electronic states of organic layers neighbor-
ing the metallic contact are accessible by using ultraviolet (UPS)
and inverse (IPS) photoelectron spectroscopies [16-19]. Another,
related, effect is the formation of new metal-organic states by
chemical bonding of the organic molecules at the interface [20],
surface oxidation [21] or contamination [22].

Charge-carrier injection at metal-organic interfaces has been
analyzed in terms of the diffusion-limited thermionic emission
[23]. This approach has been improved by considering the injection
into an energetically disordered organic solid as a sequential pro-
cess in which carriers hop from the metal Fermi level to localized
states, exhibiting Gaussian energy disorder, close to the interface
[24,25]. Instead of considering the first hop from the metal Fermi
level into the organic film as the energetically costly event, injec-
tion models have been developed which consider the determining
role of intermediate states induced by interface dipoles [26,27].
More recent alternative approaches highlight the role of the fill-
ing/releasing kinetics of energetically distributed interface states
[28,29]. It is then a crucial issue to reveal which preparing con-
ditions or device structure determine particular current-limiting
mechanisms.

The sole analysis of steady-state J-V characteristics appears to
be non-definitive in most cases. Proper model selection for the
device operation (bulk- or injection-limitation) is simply unpracti-
cal. Therefore, the investigation of dynamic or transient properties
(i.e. impedance response) could be determinant by revealing exclu-
sive spectroscopic patterns. In this sense the work by Nguyen and
Schmeits [6] on ITO/x-NPD/AIl devices clearly demonstrated the
space-charge limited origin of the capacitance spectra. A minimum
is observed in ((w) (reduction of about 25%) which is related to
the hole transit time 7 and allows to determine the hole mobil-
ity i. For «-NPD samples with thickness 1340 nm, steady-state and
modulated experimental data were then consistent with a unique
device model: current was space-charge limited (including trap
states) by transport of holes. The negative values reached by the
low-frequency capacitance at forward voltages were attributed to
the additional injection of minority carriers (electrons) through the
Al cathode [6].

The aim of this work was to verify whether SCLC trends are
still observable in thin (<200 nm) «-NPD devices when frequency-
resolved techniques such as impedance spectroscopy are used. In
particular we observed that J «Jscic by several orders of magni-
tude for usual operating voltages. The low-frequency capacitance
exhibits positive values in excess of the geometrical capacitance at
low bias. At higher bias the response changes to an inductive behav-
ior, clearly visible as the negative values reached by the capacitance
at low frequencies. Such negative capacitance response has been
reported by many authors [28,30-32]. These two trends, namely
the absence of SCLC features (J «Jscic) and the negative values at
low frequencies in the capacitance spectra, have been interpreted
as strong indication of the injection-limited mechanism underlying

the device operation. The paper is structured as follows: in Sec-
tion 2 (J-V characteristics and capacitance spectra) are presented.
It is explained how purely bulk models have difficulty interpret-
ing the experimental results. Consequently, a hole-injection model
able to simultaneously account for both steady-state and dynamic
responses is described with high degree of generality in Section 3.
Finally, Section 4 is devoted to the comparison between the exper-
imental results in Section 2 and model simulations.

2. Experimental results

The devices used in this study had the following structure ITO/c-
NPD/Ag. The ITO glass (30 2/0) was cleaned in ultrasonic baths of
ethanol, acetone, soap and Milli-Q water. ®-NPD was purified by
gradient sublimation. A 176-nm-thick film was thermally evapo-
rated at a rate of 1.0 A/s at a base pressure of around 5 x 10~7 mbar.
Ag electrodes (100 nm) were deposited in another chamber at arate
of 11 A/s,at a pressure of around 2 x 10-¢ mbar, to form device active
areas of 4 mm?Z. For the measurements, devices were encapsulated
in nitrogen atmosphere inside quartz tubes. Impedance measure-
ments were performed using a Solartron 1260 frequency response
analyzer (FRA). A dielectric interface (SI 1296) was coupled to the
FRA in order to achieve higher sensitivity in the high impedance
dielectric range. Oscillating amplitude of 10 mV was added to the
dc bias voltage using frequencies within the range of 1 MHz down
to 0.1 Hz. Capacitance spectra were obtained from the impedance Z
as C = Re(1/iwZ), where i = /-1 and w is the angular frequency of
the ac perturbation.

The J-V characteristics of a L=176nm-thick ITO/a-NPD/Ag
device measured at room temperature is shown in Fig. 1. It is
usually found that J-V characteristics in OLEDs in reverse and for-
ward bias direction up to approximately the built-in potential Vj;
exhibits Ohmic response. This behavior is believed to be caused
by additional leakage currents (shunt resistance) flowing in paral-
lel with useful currents responsible for the device operation. V}; is
influenced not only by the work function offset between the con-
tacting materials but also by possible interface dipole layers which
are formed during the device fabrication [16]. For voltages more
positive than Vi,;~1.8V a current increase starts indicating the
voltage-driven enhancement in charge carrier injection. By examin-
ing Fig. 1(b), which results after calculating the operating voltage as
V = Vpias — Vi, One can realize that the J-V characteristics approx-
imately follows a power-law relation (J oc V™) with exponent m~ 7
at V>2V. Interestingly, the comparison between the experimental
curve and that resulting from simple SCLC models (Eq. (1)) using
mobility values typical for «-NPD, alert us about the extremely
reduced Ohmic character of the ITO/a-NPD contact. At V=2V, SCLC
models predict current levels which exceed experimental data in
more than four orders of magnitude. This fact leads us to consider
that injection mechanisms are responsible for the measured -V
characteristics.

Capacitance response under variation of the applied bias is
shown in Fig. 2. One can realize that the capacitance is con-
stant and bias-independent at high-frequencies (>10° Hz). This flat
response of Cy = 0.45 nF corresponds to the geometrical capacitance
of the device and yields a permittivity of ¢ =2.24, typical for amor-
phous organic semiconductors. For bias voltages (1V) below the
injection voltage the capacitance is almost constant within the
measuring frequency range. At Vyj;s > Vj,; the capacitance grows
monotonously toward lower frequencies (2 V). This feature has been
usually interpreted in terms of trapping [33]. At higher bias (3 V) the
capacitance values reach a maximum at intermediate frequencies
(~10Hz) and develop an inductive behavior in the low-frequency
limit. This last feature has been linked with the injection of minor-
ity carriers [6,34], or alternatively with the injection kinetics at the
interfaces [28,29,35].
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Fig. 1. J-V characteristics of a L=176 nm-thick ITO/a-NPD/Ag device measured at
room temperature. (a) Complete response indicating the current injection, built-in
potential (arrow). (b) Comparison between experiment (dots) and hole-injection
model prediction (solid line) in a log-log representation. Model parameters:
Ni=4.2 x10% cm=2, Ny =10%° cm—3, Egp=0.0eV, E} = —4 eV, kgTp=0.5¢eV, E} = 0eV,
op=0.1eV,1=1,02=0.1,k12=15"", k3N =0.06 s, 1 =0.1,and y» = 0. Upper solid
lines correspond to SCLC derived from mobility values within the range of 9 x 104
to3x 1074 cm?V-1s1,
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Fig. 2. Capacitance spectra of a L =176 nm-thick ITO/«-NPD/Ag device measured at
room temperature measured at three different bias voltages indicated. In the inset:
high-frequency detail near the geometrical capacitance value.

One might try to interpret the measured capacitance spectra
in terms of SCLC ac models [6]. The hole mobility of @-NPD at
room temperature [4-6] is known to be within the range of 9 to
3 x 10~*cm? V-1s~1 what would imply transit frequencies >10% Hz
for operating voltages near 1V assuming relations like . = 4L/371:F
[12]. Unfortunately the frequency range for the expected t; lies
near the upper limit of the measuring frequency as observed in
the experimental capacitance spectra (inset of Fig. 2). Conversely
if the measured J-V characteristics in Fig. 1 are considered to be
originated by purely bulk mechanisms like SCLC, the hole mobility
would lie within the range of 108 cm? V-! s~ and corresponding
transit frequencies around 100 Hz. However, there is no feature at
such frequencies signaling the occurrence of SCLC ac patterns in
the inset of Fig. 2 (like the reduction of C towards lower frequency
values).

The more distinctive feature of the capacitance spectra in Fig. 2
is the transition between positive to negative capacitance between
Vhias = 1-2 V. For double-carrier injection devices, negative capaci-
tance has been understood as originated from transport of minority
carriers [34,36] or related to the electron-hole recombination [37].
In the structures analyzed in this study the injection of electrons
is strongly blocked by effect of the large energy offset between Ag
cathode work function (~4.5 eV) and the lowest unoccupied molec-
ular orbital (LUMO) level of «-NPD (~2.4eV). We can then discard
recombination after electron injection as the origin for the negative
capacitance observed.

3. Hole-injection model

Following our recent derivation of kinetic models for electron-
injection at metal-organic interfaces [29], we describe here the
model for hole-injection as sketched in Fig. 3. The injection from the
ITO Fermi level to the organic conductor highest occupied molec-
ular orbital (HOMO) E3; occurs sequentially, via interface states
with energy E;. We considered energetically distributed interface
states and demonstrated [28] that the low-frequency (equilibrium)
capacitance is proportional to the variation of the interfacial state
occupancy with the bias voltage Cc = gN; A6/AV (q denotes the
positive elementary charge, and 6 is the occupancy of the interface
states). The interface states are filled at low bias voltages giving
increasing positive values of the low-frequency limit of the capaci-
tance, since the interfacial density of states (IDOS) increases in the
direction of variation of the Fermi level at increasing bias voltage. At
some point an increment in the applied bias promotes the depop-
ulation (A6 <0) of the IDOS by a net flux of holes injected into the
HOMO of the bulk organic layer. The low-frequency limit of the
capacitance then changes sign and becomes negative. Following
this view the negative capacitance is originated by an exclusively
interfacial mechanism. In the following, we present the derivation
of the model using a distribution of states both in the dipole layer
and in bulk levels of the organic material.

The operating positive potential V=V, — Vp; is:

_ Ep1 —Epo
q

which moves the ITO Fermi level from the equilibrium Egg down to
a more negative position Eg;. One can define the potential at the
cathode:

V= (2)

Ep1 — E
Vo= _CF1L—ER (3)
q
and the potential in the bulk:
Eps — E
Vp = _% (4)

so that V=V, + V.
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(a) dipole organic d, where the interface levels are located. In general, intermediate
metal layer material states are associated with the presence of interfacial dipoles. The
€ 2< £ :r : gap states provide the charge required to establish thermodynamic
EVAC equilibrium between the metal and the organic material, and it can
A be considered that the interfacial levels lie within the dipole layer
Evm:?' d [38,39]. In Fig. 3(b), we assume that the interfacial levels lie a dis-
4 tance x <d from the metal surface. In equilibrium, the net effect
E caused by the change of dipole energy at the interface is Ag (thevac-
FO o ] ‘L},qu uum level discontinuity). A positive operating voltage V. increases
C|V & oy W, EF3 Ag = Ag + qV. and reduces the injection barrier Ay, = —(E3 — Ep1),
e U RN \L E3 as shown in Fig. 3(b). The variation of A4 induces a shift of the inter-
= E v.qV. fac.ial levels. As indicated in Fig. 3(b), the change of any energy level
2 E, is:
d—x
E; =Ey-q——Vc (7)
(b) et f:;’glre ‘rﬁgtir;;gl We denote y; =1 —x/d. If y1 ~1 the energy level E; accompanies
< >< ¢ > the variations of Egq, and on the other hand, if y; ~ 0, the interfacial
A $A o) g level is pinned at the organic surface and remains stationary. From
d L g VAG Eq. (7) we have:
etal
VAC 0 E; = E30 —qni(1 - y2)V (8)
ER YAV, . o _ .
As we will next explain simulations match with capacitance and
EF0 E \V steady-state characteristics by assuming an exponential distribu-
v l Wi 20 L J,qu E $Aib tion for the IDOS [29]. The density at the interfacial energy level E;
23 Y == =R S
Vv N /V 3 is:
E 1AV E_py_ M E,-E
F1 E gi(Ey —Ex) = kaTo P | kT (9)
with respect to the reference level E}. Here Nq corresponds to the
é total interface state density, and kg Ty is the characteristic energy of
d the exponential tail. This distribution, shifts with the potential as
<—>

Fig. 3. Scheme of the injection model for a generic metal-organic interface, showing
the changes under applied positive potential qV. Ego is the equilibrium Fermi level
and Ep; the Fermi level. Eg3 corresponds to he Fermi level in the bulk of the organic
material. E; accounts for an interfacial level, and E5 for level of the bulk LUMO in the
organic conductor. y1qV. and y,qVrepresent the corresponding shift under potential
application. vy, is the rate of transfer from metal to interfacial level, and v3 the rate of
transfer from interfacial to bulk levels. A4 represents the vacuum level discontinuity
at the interface caused by the dipole layer, and Aj, is the injection barrier. (a) Shift
of the interfacial distribution. (b) Modification of the vacuum level discontinuity.

The occupation of the bulk levels at energy E3 follows the Boltz-
mann function as:

Es — EF3]
kBT

Here Ep3 accounts for the bulk organic hole Fermi level, and kgT
denotes the thermal energy. Therefore, the potential V}, determines
the carrier density in the transport levels in proximity of the dipole
layer. The change of occupation will have an effect on the injec-
tion model only at high carrier density, since it induces a return
of injected charge from the bulk levels to the interfacial levels. For
simplicity, we assume that the increase of carrier density in the bulk
is determined by the parameter y, according to the relationship:

Ep3 = Epo + v2(Er1 — Ero) (6)

Therefore, we obtain V. =(1—y,)V, and V, =y, V.

In general, the increase of charge density in bulk levels will
depend on the rapidity of evacuation of the carriers, i.e. the trans-
port model, and also on the presence of opposite sign charge
carriers. Therefore, this effect will be more significant in two-carrier
devices, while in single carrier devices the density remains low and
we can assume ¥ ~ 0.

More significant for the injection model are the modifications
under an operating potential occurring at the dipole layer, of width

F(E3. Er3) = exp [ (5)

indicated in Eq. (8) and depicted in Fig. 3(a). For the energy levels
of the bulk organic material, we adopt a Gaussian DOS around E}:

Ng (Ef — E3)
Ef —E3) = e -_— 10
gs(E3 — E3) oo XP{ 207 (10)

being Ng the bulk total density of states, and op the energetic
disorder parameter usually assumed as a consequence of fluctua-
tions in polarization and dipole energies [40]. In most cases a value
og~0.1eVis found [41].

The rate of charge transfer per site between the metal and inter-
facial states at the energy E- is given by the expression [28]:

v12(Ez) = k12 {(1 - 0)A — 6B} (1)

where 0 represents the occupancy of the interface state, k1, the rate
constant for transfer from ITO to interfacial level and:

(aq — 1)(Ep1 — E2)

A = exp [T} (12)
a1(Ep; — E2)

B =exp [T} (13)

Similarly, the rate of charge transfer per site between the interface
level and the bulk organic material is:

v23(Ez, E3) = ko3 {6C — f(1 - 6)D} (14)

where k3 stands for the rate constant for transfer from interfacial
to bulk levels, and:

aa(E3 — Ep)

C=exp {T] (15)
(ap = 1)(E3 — E3)

D = exp [—kBT } (16)

In these expressions o1 and o, denote the asymmetry factors of the
corresponding charge transfer processes.
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The expression for the current density is obtained by integration
of v, over the IDOS:

+00
Jv)= Q/gI(Ez,Ezo)vu(Ez)dEz (17)
The rate of charge transfer from a E, level to bulk organic levels is:
+o0
vo3(E2) = "23/gB(E37E30){9C—f(1 - 6)D} dE; (18)

Therefore, we can write:
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2.0
8 -
@ exponential
B sl distribution
@ /
o
o
8 1 0 I
£
2 occupied
= levels at 3V
ﬁ o5l operating voltage
(0]
g /
o
v3(Ez) = ka3 {6F — (1-60)G} (19) z
0'0 1 1
where
+00
F= /gB(E3,an)CdE3 (20)
—00
+00
G= /gB(E3» E30)fDdE3 (21)
—00

The change of the occupancy of the intermediate levels at the energy
E, is given by:

dO(E
B v 1a(E2) — vasE2) (22)
At steady state, we can solve:
v12(E2) — v3(E2) =0 (23)
and one readily obtains the occupancy of the level E;:

1
O(Ez) = (24)

"~ 14+ ((B+bF)/(A+bG))

where b= k23/k12.

Inserting Eq. (24) in Eq. (11) we obtain the dc current from Eq.
(17). Note that the term in G in Eq. (24) corresponds to the return
of charge from bulk levels to interfacial levels, and can normally be
neglected.

Let us denote ac modulation of quantity y by Ay and the Laplace
variable by s=iw. The ac current is:

+o0

a1=a [[ates - (E);éz(’fz)Ae-l- aa"‘}z(Ez)AV) dE  (25)

—00

We obtain the admittance:

+00
_ A] _ r 8\)12 A 81)12
Y= AV Q/gI(Ez - Ep) <80(E2)AV(E2)+ BV(EZ)> dE;

(26)

Detailed expression of the terms in parenthesis has been given in
the previous work [29]. The capacitance then is defined as C=Y/s.

4. Discussion

In the following we discuss on the parameters used in the sim-
ulation based on the described hole-injection model. We should
emphasize that the model has to account for both steady-state and
frequency-dependent characteristics with a single set of parame-
ters giving a complete description of the charge injection process.
By examining Fig. 1(b) one can realize that the J-V characteris-
tics resulting from the above outlined model [Eq. (17)] is able

0 2 4 6
Interface level -E, [eV]

Fig. 4. Interface density-of-states IDOS following an exponential distribution and
portion of such states intervening in the injection process at 3 V of operating voltage.
Same set of parameters as in Fig. 1.

to reproduce with a good approximation the Jo V™ response for
bias larger than 1V. In this simulation the total IDOS has been
Ni=3.2x 1029 cm2, and total bulk density of Ng =102 cm—3 with
og=0.1eV. The interface state shift used in the simulation corre-
sponds to y1 =0.1, indicating that the intermediate levels are almost
pinned at the organic surface. The effective density of occupied
interface states can be calculated after considering the occupancy
of each state and integration of Eq. (24). For operating voltage of
3V the effective IDOS intervening in the injection process results
~5 x 10'2 cm~2, as obtained by integration of the occupied levels in
Fig. 4. It should be noted here that the order of magnitude obtained
lies within typical values reported in the literature [26]. The inter-
mediate state occupation reaches a maximum for levels located
~0.4eV below the ITO work function in equilibrium, and exhibit
a Gaussian-like distribution. These levels can be then interpreted
as forming an effective hole energy barrier, which is highly deter-
mined by the injection kinetics. The IDOS shown in Fig. 4 exhibit
features different from those proposed to account for steady-state,
J-V characteristics [26]. In such analysis the interface Gaussian DOS
is located within the organic band gap, and undergoes the influ-
ence of the interfacial dipoles which induce a broadening of 3-4
times the values encountered for bulk Gaussian DOS (o5 ~ 0.1 eV).In
our analysis the IDOS characteristic energy kgTg = 0.5 eV used in the
simulation appears also larger than the value deduced from purely
bulk SCLC models (~0.1eV). However, in Ref. [26] the interface
states are postulated to be in equilibrium with the metal contact,
in opposition to our assumptions. Moreover, one can observe in
Fig. 4 that the IDOS spreads below the HOMO of the organic bulk
forming an effective barrier. The energy difference between the
anode Fermi level and the HOMO levels used in the simulation was
E} — Epo »~ 0eV, which informs on the interfacial dipole effect on
improving hole injection [21].

It is worth noting that the IDOS proposed here differs from
that resulting from theoretical studies of ‘ideal’, weakly interact-
ing metal-organic junctions [42]. In such non-reactive interfaces
induced DOS appears by effect of the metallic contact, which forces
the charge neutrality level to align the metal Fermi level [43].
We consider that the interfaces analyzed here do not belong to
such category. It has been recognized that metal-organic interfaces
form structurally and chemically complex structures. Diffusion and
chemical reaction can lead to the formation of new complexes with
a different electronic structure than that observed in the bulk of
the organic film [20]. We are then inclined to believe that the
IDOS resulting from our analysis reflects the characteristics of ‘real’
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interfaces in which chemical reaction or metal diffusion play a
determining role.

The asymmetry factors (transfer coefficients) [44] for electron
transfer were chosen as @7 =1 and «; =0.1.In case of Egy <E; the first
asymmetry factor reproduces transitions of the Miller—-Abrahams
type [45]. When Eg; >E, the back transition from intermediate
states down to the metal is energetically favoured due to the pos-
itive overpotential as derived from Eqs. (12) and (13). Since a3 ~0
the second transitions (2 <> 3) are also governed by a mechanism
similar to that encountered for 1 < 2, as one can see from Egs. (15)
and (16). It should be noted here that strict Miller-Abrahams-type
transitions derive from hydrogen-like wave functions with spher-
ical symmetry. It is then not surprising that hopping transition at
the interface deviate from this simple form.

Influence of the hopping rates is observed in the simulated
capacitance spectra of Fig. 5, which result from the capacitance
derived from Eq. (26) plus the geometrical capacitance. A net rate
constant k), for the second transitions from interfacial to bulk levels
can be defined by integration of Eqs. (20) and (21). The total DOS of
the bulk HOMO modifies the net rate as k), = ka3Np.Since ki > ki,
(k12=1s71, ki3 = 0.06571) the effect of the interface state depop-
ulation appears at lower frequencies, which allows the increment
in the capacitance at intermediate frequencies (curves correspond-
ing to V>1V in Fig. 5) related to the transient filling of interface
states. Note here that the simulation captures the essential fea-
tures of the experimental curves in Fig. 2. For both experimental
(Fig. 2) and simulated spectra (Fig. 5), low-frequency capacitance
exhibits a transition between positive to negative values within
a voltage change as low as 1V. There are, however, differences
between experimental and simulation curves that we tentatively
attribute to possible dependences of the transition rate constants
on the operating voltage.

Positive values of the excess capacitance have been previously
proposed to derive from filling of bulk trap states [6,31]. There-
fore, bulk models point to two different types of charge carriers to
interpret the capacitance measurements. Whereas AC=C—-Cy<0
occurs as a consequence of reducing the amount of minority free
carriers (electrons), AC>0 is believed to be related to the occu-
pancy of traps. On the contrary, our approach simplifies the picture
by seeing the evolution in the occupancy of interface states as
responsible for the whole capacitance spectra change with oper-
ating voltage. It must be stressed that some aspects remain unclear
and need further work. Particularly, the observed slow kinetics of
the filling/releasing process of interface states governing the carrier
injection. This observation suggests us that not only the interface

20 0.5
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-

-10
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-
(4]

102 107 100 10 10? 108
Frequency [Hz]

Fig. 5. Simulated capacitance spectra using the same set of parameters as in Fig. 1
for different values of the operating voltage as indicated (in V).

energetics plays a determining role in the injection process but also
the kinetics of occupancy may have great influence for device oper-
ation.

5. Conclusions

We have obtained a coherent picture about the injection pro-
cesses governing thin (<200 nm) ITO/«x-NPD/Ag hole-only devices.
A detailed model for the impedance of the carrier injection is
provided that highlights the role of the filling/releasing kinetics
of energetically distributed interface states. The injection-model
proposed is able to account for both steady-state (J-V characteris-
tics), and alternating current response (capacitance spectra). Values
exhibited by the capacitance at low frequencies are in agreement
with the kinetic of occupation of interface states. The effec-
tive density of occupied interface states results ~5 x 1012 cm~2.
The intermediate state occupation reaches a maximum for levels
located ~0.4 eV below the ITO work function in equilibrium, and
exhibits a Gaussian-like distribution. These levels can be then inter-
preted as forming an effective hole energy barrier, which is highly
determined by the injection kinetics. As a final conclusion we can
say that deeper knowledge of the physico-chemical characteristics
of such interface states and their relation to and influence of the
dipole layer appears to be crucial for tailoring properties of thin-film
organic devices.
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