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An interlayer of LiF in between a metal and an organic semiconductor is commonly used to

improve the electron injection. Here, we investigate the effect of moderate bias voltages on the

electrical properties of Al/LiF/poly(spirofluorene)/Ba/Al diodes by systematically varying the

thickness of the LiF layer (2-50 nm). Application of forward bias V below the bandgap of LiF

(V<Eg� 14 V) results in reversible formation of an electrical double layer at the LiF/

poly(spirofluorene) hetero-junction. Electrons are trapped on the poly(spirofluorene) side of the

junction, while positively charged defects accumulate in the LiF with number densities as high as

1025/m3. Optoelectronic measurements confirm the built-up of aggregated, ionized F centres in the

LiF as the positive trapped charges. The charged defects result in efficient transport of electrons

from the polymer across the LiF, with current densities that are practically independent of the

thickness of the LiF layer. VC 2015 Author(s). All article content, except where otherwise noted, is
licensed under a Creative Commons Attribution 3.0 Unported License.

[http://dx.doi.org/10.1063/1.4917461]

I. INTRODUCTION

Among the inorganic semiconductors, lithium fluoride has

the largest bandgap (�14 eV (Ref. 1)) and the largest known

negative electron affinity (�3 eV (Ref. 2)). Surprisingly, de-

spite its seemingly inaccessible conduction band, LiF is widely

used in light emitting diodes as interlayer between organic

semiconductors and metals to improve electron injection.3,4 In

addition, in organic solar cells, thin LiF layers are commonly

used to improve electron extraction.5

A thin layer of LiF (1–3 nm) on a metal electrode is

known to change the effective work function of the elec-

trode.6,7 The mechanism by which this change in work func-

tion occurs is still under debate.8–10 A thin LiF layer on a

metal electrode lowers the work function of the electrode.

Thicker layers of LiF (5–50 nm) show more complex

behaviour. In their pristine state, these layers are too thick to

transport charge carriers via tunnelling and the LiF layer

behaves as an insulator. However, the electrical transport

properties dramatically change when for a prolonged time a

bias voltage is applied. Here, we investigate in detail the

early stages of this electroforming process for LiF layers

with a thickness exceeding 10 nm. The structure of the

diodes under investigation is schematically depicted in Fig.

1(a). The diodes contain a bilayer of LiF and an organic

semiconductor, poly(spirofluorene). Application of moderate

bias voltage stress with potential differences smaller than the

band gap results in accumulation of trapped positive charge

in the LiF layer. The charges accumulate slowly, on the time

scale of seconds. In turn, the trapped positive charges induce

an efficient transport of electrons from the organic semicon-

ductor through the LiF layer into the metal electrode.

The electroforming process is schematically depicted in

Fig. 1. The flat band diagram of the pristine diode is shown

FIG. 1. (a) Diode structure Al/LiF/poly(spirofluorene)/Ba/Al. (b) Flat band

diagram illustrating the valence and conduction bands of poly(spirofluorene)

and LiF2,11 and the work functions of Al and Ba with respect to the vacuum

level, before exchange of charge between the materials. (c) Electron injec-

tion under low forward bias and (d) hole injection into LiF under moderate

forward bias and trapping, resulting in a charge transfer state.a)Email: s.c.j.meskers@tue.nl
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in Fig. 1(b). The poly(spirofluorene)/Ba/Al top contact has

quasi-ohmic properties for injection of electrons.12 Upon

biasing the top Ba/Al electrode negative with respect to the

bottom Al electrode, with a voltage exceeding the built-in

voltage of about 1.5 V, viz., the difference between the work

function of the bottom Al and the top Ba/Al electrode, we

expect injection of electrons into the polymeric semiconduc-

tor (Fig. 1(c)). The LiF/poly(spirofluorene) bilayer consti-

tutes a hetero-junction. Specific interface related electronic

states may be populated by applying a medium bias voltage

below the bandgap of the alkali halide. One of these interface

states is illustrated in Fig. 1(d) and involves a negative

charge on the organic semiconductor and a positive charge

in the LiF.

Because the LiF is a material with negative electron af-

finity, a surface bound, charge transfer state exists at the LiF-

vacuum interface, which has been detected experimentally at

energies above 9.7 eV.13 Now considering the LiF/poly(spir-

ofluorene) hetero-junction and taking into account that the

lowest unoccupied electron level in the semiconducting

polymer is roughly 2 eV below the vacuum level, it follows

that population of the charge transfer configuration should be

allowed energetically for bias voltages of 8 V. Coulombic

interactions between positive and negative charges and (self-)

trapping of the positive charges in the LiF will further lower

the voltage required for accumulation of a dipolar charge dis-

tribution across the LiF/polymer interface, consistent with the

intermediate voltages applied in this study.

LiF, and alkali halides in general, are known to be very

susceptible to radiation damage. Irradiation with quanta of

energy exceeding the bandgap leads to defect formation with

considerable efficiency. Excitons in LiF are unstable and

undergo self-trapping that can lead to defect formation.14

This is usually rationalized by the energy for formation of

Frenkel defects, consisting of an anion vacancy and a corre-

sponding halide interstitial, actually being lower than the

bandgap of the alkali halide,15 so that electronic excitation of

the alkali halide can result in defect formation with high

yield.

Here we focus on the very early stages of electroforming

of the complex electroforming process. We avoid extensive

defect formation associated with application of bias voltages

close to the bandgap, by restricting the bias voltage to

�15 V. Our hypothesis is that upon applying such intermedi-

ate bias voltages, a charge double layer should form at the

LiF/poly(spirofluorene) interface, as illustrated in Fig. 1(d).

We note that for Al2O3/polymer diodes experimental evi-

dence for such double layer formation exists.16

The detailed studies presented here into the very early

stages of the electroforming are motivated by the need to

understand the electrical stability of LiF interface layers in

organic electronics and the prospect of non-volatile elec-

tronic data storage in electroformed diodes as possible

replacement of NAND-flash circuitry.17

The organization of this paper is as follows. After

describing the experimental details, we first investigate the

LiF/poly(spirofluorene) hetero-junction using dc and ac elec-

trical methods. The thickness of the LiF layer is varied sys-

tematically. We then employ electro-optical methods to find

further evidence for accumulation of charges near the LiF/

poly(spirofluorene) interface and estimate the doping density

in the LiF layers.

II. MATERIALS AND METHODS

Diodes with an Al/LiF/poly(spirofluorene)/Ba/Al layout

as shown in Fig. 1(a) were fabricated under clean room con-

ditions on glass wafers. The Al bottom electrode was depos-

ited by vacuum sublimation using a patterned mask. The LiF

was deposited by thermal sublimation under high vacuum

onto the entire substrate area. The layer of poly(spirofluor-

ene) semiconducting polymer (CB01, Covion) was spin cast

in air from toluene. The top Ba/Al top electrode was ther-

mally sublimated under vacuum through a shadow mask. All

the diodes were encapsulated with stainless steel caps glued

onto the substrate. At the site where the glue is applied, the

semiconducting polymer was removed by laser ablation to

avoid the diffusion of water through the polymer. A getter

was placed into the stainless steel cap to exclude water. The

encapsulated diodes have active areas of 1 or 9 mm2. Due to

the encapsulation, the devices are stable for years. For refer-

ence measurements also, similar diodes with Al/Al2O3/poly

(spirofluorene)/Ba/Al layout were fabricated using RF sput-

tering to deposit the oxide.

To separately characterize the electron transport

though the polymer, electron-only diodes with an Al/poly

(spirofluorene)/Ba/Al structure, including a thin native oxide

layer on the bottom electrode, were fabricated as follows.

The bottom electrode, consisting of patterned vapor depos-

ited Al on glass, was oxidized in air. On top, a thin layer of

poly(spirofluorene) was spin cast from toluene in a glove

box.12 The top Ba/Al contact was thermally sublimated

under vacuum through a shadow mask.

For opto-electronic measurements, ITO/LiF/poly

(spirofluorene)/Ba/Al diodes were fabricated by thermal

sublimation of LiF under 10�6 mbar directly onto glass sub-

strates with patterned ITO. ITO substrates were cleaned,

using in order, acetone, soap scrubbing and isopropanol. The

poly (spirofluorene) was dissolved in toluene at a concentra-

tion of 5 mg/ml and spin-coated at a speed of 630 rpm.

Subsequently, Ba and Al were deposited by thermal sublima-

tion under vacuum. Diodes on ITO substrates were not

encapsulated but kept under inert atmosphere (N2; O2, H2O

< 1 ppm) at all times during fabrication and characterization.

Current density-voltage characteristics were obtained

using an Agilent semiconductor parameter analyzer 4155C.

Throughout this study, positive (forward) bias is defined as

the Ba/Al top electrode being negative. Small-signal imped-

ance spectroscopy was performed with a Solartron 1260 im-

pedance analyzer. The conductance Gp was obtained from

the real part of the admittance and the loss was calculated as

Gp /x with x the radial frequency. The parallel capacitance

Cp was obtained from the imaginary component of the ad-

mittance (or susceptance Bp) by taking Bp /x. Reflection

experiments were performed using a Perkin Elmer k900

UV-Vis-NIR absorbance spectrometer with a module for

specular reflection measurements.
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III. ELECTRICAL CHARACTERIZATION

Pristine Al/alkali halide/poly(spirofluorene)/Ba/Al

diodes were submitted to sequential cyclic current-voltage

(J-V) scans with the bias starting at 0 V, going to a maximum

and then back to zero bias, see Fig. 2(a). For negative bias

voltages, very low current densities are observed that are

consistent with the displacement current expected for the

LiF/poly(spirofluorene) dielectric. For positive bias voltage,

the current densities are much higher and the diode shows

considerable rectification. For positive bias voltages, the cur-

rent measured depends on the history of the diode. In the first

scan from 0 V! þ2 V ! 0 V, we observe hysteresis.

Moreover, in the second scan from 0 V! þ4 V !0 V the

current density in the voltage range 0 V! þ2 V is much

lower than in the first sweep up to þ2 V. Interestingly, when

the bias voltage is swept of the range þ2 V!þ4 V, the cur-

rent density is high again. The curve continues the first

0 V! þ2 V sweep. Similar history dependent features and

hysteresis have been observed for Al/Al2O3/poly(spirofluor-

ene)/Ba/Al diodes.18 The hysteresis can be interpreted in

terms of trapping of electrons at the LiF/polymer interface.

The trapping of electrons is confirmed by quasi-static

capacitance voltage (QSCV) measurements, see Fig. 2(b).

The voltage-step QSCV method is very well suited to inves-

tigate traps that fill quickly but empty slowly.19,20 The

method involves stepping the applied bias with 0.1 V incre-

ment and determining the capacitance via integration of the

transient displacement current after each bias increment.

When stepping the bias over the negative range, the quasi

static capacitance is around 35 nF/cm2, consistent with the ge-

ometrical capacitance Cgeo¼ (CLiF
–1þCpolyumer

�1)�1 of

30 nF/cm2 as expected for a bilayer dielectric composed

of 30 nm LiF (er¼ 921) and 80 nm of poly(spirofluorene) poly-

mer (er¼ 3 (Refs. 22 and 23)). When scanning the bias over

the positive range from 0 to þ0.5 V, the capacitance measured

is still close to the geometrical capacitance Cgeo� 30 nF/cm2,

indicating that no charge is injected or extracted from

the dielectric. When the bias exceeds þ0.6 V, the capaci-

tance measured exceeds Cgeo in the part of the cyclic scan

with dV/dt> 0. In the return part of the voltage sweep, with

dV/dt< 0, Cgeo is recovered. This behavior is consistent

with injection of electrons into the organic semiconductor

and trapping of the electrons at the LiF/polymer interface.18

To further characterize the electrical transport in the Al/

LiF/poly(spirofluorene)/Ba/Al diodes, we have employed

small-signal impedance measurements. The changes occur-

ring in the frequency-dependence of the admittance as func-

tion of the applied dc bias is shown in Fig. 3(a). For zero

applied dc bias, the parallel capacitance of the diodes, Cp,

has a magnitude 30.4 nF/cm2, which equals the total geomet-

rical capacitance. At zero dc bias, the loss is negligible at all

frequencies. This indicates that at zero bias, no charge car-

riers are injected or transported. Upon increasing the dc bias,

both the capacitance and the loss at low frequency start to

rise. The frequency response of the admittance shows that

the device undergoes a change from a pure, capacitor-like

behavior into a double-layer structure behavior. This is

FIG. 2. (a) J-V characteristics of a pristine Al/LiF (30 nm)/poly(spirofluorene)

(80 nm)/Ba/Al diode during subsequent cyclic voltage sweeps (0 V ! Vmax

!0 V) where the maximum voltage Vmax is raised in steps of 2 V. (b) Quasi-

static capacitance per unit area of an Al/LiF (30 nm)/poly (spirofluorene)/

Ba/Al diode during subsequent cyclic voltage sweeps (0 V!Vmax ! 0 V).

Integration time: 4 s. The inset shows the capacitance region around

the expected geometrical capacitance of the complete bilayer dielectric

(30 nF/cm2).

FIG. 3. (a) Small-signal impedance of an Al/LiF (30 nm)/poly(spirofluorene)/

Ba/Al diode. The parallel capacitance per unit area (Cp) and Loss (dashed

lines) are plotted as a function of the frequency for different dc bias voltages.

(b) Parallel conductance per unit area (Gp) of Al/LiF/poly(spirofluorene)/Ba/

Al diodes as a function of the thickness of the LiF layer, measured at an ac

frequency of 10 Hz applying dc bias voltages in the range of 0 to þ5 V.
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because under bias the carrier injection causes a significant

reduction in the polymer resistance. The corresponding poly-

mer capacitance is effectively short-circuited and the high

capacitive LiF layer starts to contribute to the device capaci-

tance at low frequency. The capacitance shows a dispersion

moving to higher frequency with increasing bias. This

behavior is an indication that electrons accumulate at the ha-

lide interface layer.18,24 At high frequency the geometric ca-

pacitance is retained.

The ac transport characteristics have been determined as

a function of the LiF layer thickness and are presented in Fig.

3(b). The capacitance at �5 V bias varies with the LiF thick-

ness as expected for a bilayer dielectric (see supplementary

material) and the conductance at zero bias is small. These

observations confirm the integrity of the LiF layer and the ab-

sence of metallic shorts. Upon increasing the bias, the parallel

conductance of the diodes, Gp, increases. Surprisingly, at low

frequency (10 Hz) and at high bias (þ5 V), the parallel con-

ductance Gp of the diodes varies only very little with the

thickness of the alkali halide layer (see Fig. 3(b)). While

naively one might expect an exponential decrease of the con-

ductance with thickness, the experiments show that for thick-

nesses above 10 nm, the ac conductances are essentially

independent of the thickness of the LiF layer.

To further investigate the remarkable thickness depend-

ence, we have performed time-dependent current measure-

ments. This method is sensitive to the slow accumulation of

charges as suggested by the quasi-static and low frequency

capacitance measurements (Figs. 2(b) and 3(a)). The time

evolution of the current density through the diode induced

by a voltage step is presented in Fig. 4. The height of the

voltage step (þ1 to þ6 V) and the thickness of the LiF layer

in the diodes (2 to 50 nm) are varied systematically. For

comparison we also provide current densities for diodes with

similar structure but with Al2O3 as an inorganic dielectric

(Fig. 4(g)).

For small voltage steps (1–2 V), we observe a transient

current density that decays with time with very low current

densities as asymptotic limit. This behavior is also

observed for the Al2O3/polymer diodes. The transient cur-

rent is independent of the LiF thickness and due to charg-
ing of trap states at the insulator/poly(spirofluorene)

interface by electrons injected via the Ba/Al top electrode

(see Fig. 1(c)).

However, the current density measured immediately af-

ter a large bias voltage step, Jini, is inversely proportional to

the thickness of the LiF layer (see Fig. 5). At high bias, the

polymer is effectively short-circuited and the current is due

to the displacement current expected for polarizing an insu-

lating LiF layer by accumulation of electrons at the LiF/

polymer interface. A quantitative interpretation is presented

in more detail in Sec. 4 of the supplementary material.

Interestingly, for diodes with LiF layer exceeding 10 nm

in thickness and bias voltages �þ4 V, we notice that the ini-

tial decay of the current density due to charging and polar-

ization is followed by an increase in current density over

time at times t> 1 s. This increase is most clearly visible in

the data for the 50 nm thick film (Fig. 4(a)) and is not

observed for Al2O3/polymer diodes (Fig. 4(g)). The increase

in current density in the LiF diodes does not persist indefi-

nitely: eventually the current density reaches a quasi-steady

state level that increases with increasing applied bias. We

note that the current transients are fully reversible, provided

that in between the measurements the diode is exposed to

light from a fluorescent light tube for 10 min, in order to

optically detrap all accumulated charge carriers,25 or left

to equilibrate for at least several hours. Experiments on

FIG. 4. Current density as a function

of time for metal/insulator/poly(spiro-

fluorene)/metal diodes in pristine state

with LiF or Al2O3 as ionic semicon-

ductor and insulator respectively. The

thickness of the LiF layer is varied (a)

50 nm, (b) 40 nm, (c) 30 nm, (d) 20 nm,

(e) 10 nm, and (f) 2 nm under positive

bias voltage that is stepped from 0 V

for t< 0 to constant positive voltage

for t> 0, ranging from þ 1 V to þ 6 V.

(g) The diode with 40 nm Al2O3 is sub-

jected to bias voltage steps from þ2 to

þ14 V.

FIG. 5. Initial current densities Jini for the Al/LiF/poly(spirofluorene)/Ba/Al

diodes of Fig. 4, recorded at 0.56 ms after stepping the bias voltage from 0

to þ5 V. Black squares: experimental data from Fig. 4, dashed line, predic-

tion based on the bias dependent electron current in the semiconductor and

the geometric capacitance of the pristine LiF layer (see Ref. 25 and Eq. (S8)

in supplementary material).
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LiF/polymer diodes at reduced temperature indicate that the

time interval between the onset of bias application and the

moment at which the current density through the diode

reaches its minimum becomes larger at lower temperatures.

Also the magnitude of the saturation current density is

reduced at lower temperature. The temperature dependence

indicates that the current is partially controlled by hopping

transport in the poly(spirofluorene) layer.

Further insight into the remarkable current transients for

the metal/LiF/polymer/metal diodes can be obtained by plot-

ting the saturation level of the current density as a function

of the applied stepped bias voltage (see Fig. 6). The steady

state saturation current, Jsat, we define as the current density

reached 100 s after application of the bias voltage step to the

diode as shown in Fig. 4. The saturation current densities for

diodes with LiF layers exceeding 10 nm in thickness are

found to be very similar. At bias voltages �þ3 V, the current

density through the LiF/polymer diodes is virtually inde-
pendent of the thickness of the LiF layer (see Fig. 6), which

confirms the independence of the parallel conductance Gp of

LiF thickness as obtained from the impedance measurements

under constant dc bias (Fig. 3(b)).

We note that Fig. 6(a) also shows the current density in

an electron-only diode with an Al/poly(spirofluorene)/Ba/Al

structure. The current density shows a J / V6.5 dependence

on voltage, which is consistent with earlier measurements on

electron-only current in poly(spirofluorene) diodes and char-

acteristic for trap limited charge transport.12 The current

density in the LiF diodes, however, is significantly lower

than the current in the electron-only diode, which indicates

the presence of an additional barrier.

As shown in Fig. 6(a), to estimate the potential over the

barrier, Vbarrier, we take make the simplifying assumption

that the potential difference over the poly(spirofluorene)

layer required for transport of electrons with a specific cur-

rent density in a LiF/polymer diode, equals the potential dif-

ference needed to sustain a same current density in the

electron-only diode. The potential drop over the bulk LiF

layer can be disregarded as the current density in the LiF

diodes does not depend on LiF thickness. The current density

can then be presented as a function of Vbarrier. As shown by

the solid black line in Fig. 6(b), the transport could be

described by Fowler-Nordheim tunneling, yielding a barrier

of about 1 nm.23 The use of Simmon’s relation for the tunnel-

ing current,26 gives a similar estimate for the effective width

of the barrier. The barrier might be at the polymer/LiF

interface.

In summary, the charge transport through the combined

alkalihalide/polymer layer is attributed to electrons. Electron

transport through the polymer occurs via hopping type

motion and is trap limited. Alkali halides are known to ex-

hibit high electron mobilities but poor hole transport.27,28 In

principle also ionic conductivity in the alkali halide layer

might contribute to the ac transport. However, the strong de-

pendence of the loss on dc bias and the absence of any sig-

nificant loss under reverse bias conditions rule out a

significant contribution of bulk ionic conductivity to the ac

admittance. Because the polymer does not support ionic

transport, also no direct contribution of ion motion to the

(quasi-)dc characteristics is expected.

IV. ELECTRO-OPTICAL CHARACTERIZATION

In order to account for the surprisingly efficient trans-

port of electrons through the relatively thick LiF layers, we

now propose that positively charged defects accumulate in

the LiF layer and assist in the tunneling of electrons across

the potential barrier at the LiF/polymer interface. Direct ex-

perimental evidence for accumulation of charged defects is

obtained from electro-optical reflection measurements on

ITO/LiF/poly(spirofluorene)/Ba/Al diodes where a transpar-

ent bottom ITO contact is employed for optical access to the

active layers. The Ba/Al top contact is highly reflective,

allowing for measurements of the specular reflection on the

complete diodes at small angles of incidence as a function of

wavelength. In the visible and NIR spectral ranges, the poly-

meric semiconductor is transparent so that one can probe for

sub-gap optical transitions associated with defects induced

by the application of bias voltage stress.

Fig. 7(a) shows the relative differential change in reflec-

tion of light (-DR/R) as a function of photon energy induced

by application of þ15 V bias. Only a positive bias voltage

results in a reduction of the reflectivity; a negative bias volt-

age gives no significant change. We notice in the differential

reflectance a broad band centered around 700 nm. We attrib-

ute this band to sub-band gap absorption in the LiF layer

induced by the bias stress. The spectrum does not show any

FIG. 6. (a) J-V characteristics of an electron-only diode and saturation cur-

rent, Jsat, of diodes incorporating LiF and Al2O3 interlayers with thicknesses

from 2 to 50 nm. (b) Difference in the applied voltage, Vbarrier, needed to

maintain the same current density in an Al/poly(spirofluorene)(80 nm)/Ba/Al

electron-only diode and in an Al/LiF/poly(spirofluorene)(80 nm)/Ba/Al

diode as extracted from Fig. 4. The thickness of the LiF is varied from 2 to

50 nm. Black solid line prediction for the Fowler-Nordheim tunneling cur-

rent using a barrier of about 1 nm.23

155502-5 Bory et al. J. Appl. Phys. 117, 155502 (2015)



significant bleaching of the absorption band of the neutral

poly(spirofluorene) absorption band below 400 nm. This

indicates that the induced absorption is not due to negatively

charged polarons in the polymer. The position of the band

may be tentatively assigned to absorption by two adjacent

anion vacancies in the LiF accommodating a single electron,

i.e., an F2
þ defect center. This defect center can also be

observed in bulk LiF crystals with radiation defects.29,30

Upon application of a stepped bias voltage (Fig. 7(b))

going from zero to 15 V, we have monitored the temporal in-

tensity of the defect band (see Fig. 7(c)). The intensity

increases slowly with time indicating a slow built-up of the

defects. Importantly, upon removing the applied bias, the

reflectivity reverts spontaneously and slowly approaches its

original level, see Fig. 7(c). The recovery can be accelerated

by application of reverse bias.

By measuring the current density through the diode

simultaneously with the change in reflectivity during the bias

stress and subsequent recovery, we can correlate the changes

in optical properties to the building up of charge density in

the diode (Figs. 7(d) and 7(e)). During recovery under short

circuit conditions, we observe a spontaneous decharging cur-

rent with sign opposite to that of the current during bias volt-

age stress. The decay of the decharging current takes place

on the same timescale as the decay of the differential reflec-

tivity, compare Figs. 7(c) and 7(e). We note that application

of a reverse bias does not to introduce the charged defect in

the LiF. Furthermore, diodes incorporating a 30 nm Al2O3

layer instead of LiF, do not show any appreciable change in

reflection of light in the wavelength range from 350 to

2000 nm. No defects are formed in Al2O3; it behaves as a

normal dielectric.

Upon integrating the discharge transient we find that the

areal number density of elementary charges is 3� 1019 m�2.

This number is two orders of magnitude larger than the

polarization surface charge density expected for a 100 nm

LiF thick dielectric at a bias of þ15 V. This indicates that

besides electrons at the LiF/polymer interface, trapped posi-

tive charges must be present inside the LiF layer.

Considering also the thickness of the LiF layer (100 nm), it

follows from the areal density listed above that the bulk of

the LiF layer is doped with a maximum local number density

of positive charges equal to or exceeding 1025 m�3 at þ15 V.

These high doping levels explain why the current density in

the LiF/poly(spirofluorene) diodes is independent of the LiF

layer thickness.

V. DISCUSSION AND CONCLUSION

In summary, our experimental data indicate that under

prolonged bias voltage stress of Al/LiF/poly(spirofluorene)/

Ba/Al diodes first electrons are accumulated at the polymer

side of LiF/poly(spirofluorene) interface. With time under

bias stress, the positive charge builds up in the LiF layer.

The layer gets bulk doped with a charge density exceeding

1025 m�3, presumably with charged Frenkel F2
þ defect cen-

ters, The built-up of charge at the inorganic/organic semi-

conductor internal interface promotes band-to-band

tunneling of electrons form the lowest unoccupied level in

the polymer into the conduction band of the LiF.23 The

doped LiF layers are highly conductive, which explains that

the current density in the diodes is independent of the LiF

layer thickness.

The doping of the relatively thick LiF layers is not per-

manent when the bias voltage does not exceed the band gap

of LiF. The charged double layer at the LiF/polymer inter-

face is metastable for LiF layers exceeding 10 nm in thick-

ness and the double layer decays on a timescale exceeding

seconds. The diode returns to its pristine state upon exposure

to UV light in order to optically detrap the accumulated

charge carriers or when the diode is left to equilibrate for a

few hours. The recovery can be accelerated by applying a

reverse bias.

The accumulation of the positive defects depends on the

nature of the inorganic semiconductor and occurs to a much

lesser extent in Al2O3/polymer diodes. This is evidenced by

the lower tunneling current densities in the Al2O3 diodes and

the absence of any detectable optical signal from defects in

this insulator. These variations in the defect generation for

the oxide and halide insulators are in line with earlier

research showing differences between electroforming of

Al2O3 which is predominantly field driven31 an in LiF where

the electroforming is voltage driven.32 The accumulation of

positive charge in the LiF represents a first, reversible stage

in the electroforming process for bias voltages below the

bandgap.

FIG. 7. (a) Relative change in reflectivity (-DR/R) for a ITO/LiF(100 nm)/

poly(spirofluorene)(80 nm)/Ba/Al diode as a function of wavelength. (b-e)

Time dependence of �DR/R probed at a wavelength of 800 nm induced a

bias voltage step from 0 to þ15 V as shown in (b). (d) Positive part of the

transient current density measured simultaneously with the change in reflec-

tivity (c) indicating charging. (e) Negative part of the current density indicat-

ing decharging.
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Our conclusion that injection of electrons from the semi-

conducting polymer into LiF is made possible by the pres-

ence of charge defects is supported by previous research on

metal-insulator-metal (MIM) structures with only alkali ha-

lide as insulator. Based on photoconductivity measurements

on additively colored alkali halide crystals, Von Hippel et al.
argued that field emission from a metal electrode into the al-

kali halide is possible due to built-up of space charge in the

alkali halide as the result of ionization of the chemically

induced color centers.33–35

Electrically induced defect formation in alkali halide

MIM diodes is well known from extensive studies on dielec-

tric breakdown in these structures. Breakdown in alkali ha-

lide results in filamentous conduction, exhibiting voltage

controlled negative differential resistance and memory

effects36,37 similar to the alkalihalide/polymer MIM diodes

studied here.38 The critical field strength for alkali halide

MIM diodes corresponding to breakdown increases with

decreasing alkalihalide thickness39,40 and it has been sug-

gested that a specific voltage threshold exists for electro-

forming that scales with the bandgap of the alkalihalide.41

Similarly in alkalihalide/polymer diodes, the electroforming

voltage also scales with the bandgap of the alkalihalide. A

major difference between alkalihalide and alkalihalide/poly-

mer diodes is, however, that in the case of just alkali halide

insulating layers, there is no evidence for reversible enhance-

ment of electrical conduction prior to breakdown.42 Thus a

major variation in the electrical behavior of MIM diodes

with only LiF and with LiF/semiconducting polymer as insu-

lator seems to be that the in the case of the LiF/polymer

diodes, the defects required for reversible pre-breakdown

conduction can be induced electrically without causing im-

mediate breakdown. We attribute this to the presence of the

alkali halide/polymer interface.

In conclusion, the efficient transport of electrons through

thick LiF layers in the early stage of electroforming of LiF/

semiconducting polymer MIM diodes observed here is attrib-

uted to electrically induced defects in the alkali halide. The

electron transport is consistent with the selectivity for elec-

trons of thin LiF charge injection layers commonly used in

organic light emitting diodes and solar cells. The operation

of light emitting diodes with thin LiF electron injection layer

at the cathode, suggests that for thin layers, the electroform-

ing of the LiF can be arrested in the early stage, at least

temporarily.
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