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a b s t r a c t

This work presents post-fabrication electric field and heat treatment methods developed
for polymer light emitting diodes (PLEDs), which have degraded due to exposure to oxygen
and water vapors during low-cost fabrication performed in standard room conditions.
Investigated PLEDs have structures composed of indium tin oxide (ITO), poly(3,4-ethylene-
dioxythiophene), poly(styrenesulfonate), (PEDOT:PSS), poly[2-methoxy-5-(20-ethyl-hexyl-
oxy)-1,4-phenylene vinylene] (MEH-PPV), and aluminum (Al). Heat treatment restores
the light emitting function of dysfunctional PLEDs but also causes a high turn-on voltage
of 10 V. Electric field treatment utilizing �1 V reduces this high turn-on voltage to 3 V. This
procedure also improves open circuit voltages from 5 mV to 55 mV, and short circuit cur-
rents from 0.5 nA to 5 nA when PLEDs are operated as photovoltaic cells under a light
intensity of 500 mW/m2. Repeated I–V sweep measurements additionally show improved
stability and uniformity. The reasons for these improvements, the usage of an optimal
treatment temperature of 130 �C, and the usage of treatment voltages of 0 and �1 V are
discussed.

� 2008 Elsevier B.V. All rights reserved.
1. Introduction pid degradation of performance on exposure to oxygen and
Conjugated polymers are semiconductors used in fabri-
cating light emitting diodes [1], polymer transistors [2],
electronic circuits [3] and photovoltaic cells [4]. Their varied
capabilities make them attractive for monolithic integration
of electronic, optoelectronic, microelectromechanical, and
sensory devices [5,6] on a single substrate. In addition, poly-
mer based systems are flexible, light, easy to fabricate, low
in cost and are amenable to roll production [7]. However,
when compared to their inorganic counterparts, current
polymer semiconductor devices have lower performance,
are less reliable, and have shorter lifetimes [8–10] due to ra-
. All rights reserved.

x: +90 212 2872465.
evim), senol.mutlu@
water vapor under ambient atmosphere.
It has been shown by several groups that increased sta-

bility and performance characteristics of polymer light
emitting diodes [11–15] and solar cells [16] can be at-
tained by the use of treatment methodologies such as UV
ozone, oxygen plasma or chemical treatments applied to
ITO or conducting polymers [11–16]. High efficiencies
can be achieved if the fabrication is performed under an in-
ert atmosphere, such as nitrogen and argon, to prevent
contamination of the semiconductor devices and degrada-
tion of the polymers [17–19]. Although fabrication under
an inert atmosphere improves performance, it also in-
creases the complexity and cost of fabrication.

This paper presents a two-step post-fabrication heat
treatment and electric field treatment method, and its influ-
ences on the performance of PLEDs fabricated using
ITO/PEDOT:PSS/MEH-PPV/Al layers. Differing from typical
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fabrication process in literature; fabrication is performed in
standard room conditions without using glove-boxes.
Therefore, during each fabrication step, the polymer materi-
als are contaminated by humidity and oxygen in the envi-
ronment and the resulting devices do not emit light when
forward biased. However, the post-fabrication thermal
treatment restores the electroluminescent function of
PLEDs. The electric field treatment following the heat treat-
ment improves this function by lowering their turn-on volt-
ages. Furthermore, it improves their photovoltaic function
by increasing their open circuit voltages and short circuit
currents by an order of magnitude. This way fabrication is
made easier and the cost is lowered since the equipment
consisting of spin-coater, hotplate, stirrer, high vacuum thin
film evaporator, wiring tools, and packaging tools used in
the production of PLEDs does not have to be connected to-
gether inside a big glove-box to secure an inert atmosphere.

Previously, similar post-fabrication treatment have
been shown to work on polymer solar cells [20,21], organic
light emitting diodes (OLED) based on dendrimers [22],
double layer OLEDs [23] and PLEDs [24]. In [20], the solar
cell structure is ITO/PEDOT:PSS/poly(3-hexylthiophene)
(P3HT) : [6,6]-phenylC61-butyric acid methyl ester
(PCBM)/lithium fluoride (LiF)/Al. A thermal treatment at
75 �C and a forward biased voltage treatment at 2.7 V in-
crease the short circuit current and the efficiency of the so-
lar cells. In [21], the solar cell structure is ITO/PEDOT:PSS/
MEH-PPV:Fullerene (C60)/Al. In this case, thermal anneal
under reverse bias of �6 V increases the short circuit cur-
rent and the efficiency of the solar cells. In [22], the OLED
structure is ITO/PEDOT/Dendrimer:2-(4-biphenylyl)-5-(4-
tert-butylphenyl)-1,3,4-oxadiazole (PBD)/Calcium(Ca)/Al.
Electrical annealing with a forward bias of 12.4 V without
any thermal treatment reduces turn-on voltages of the de-
vices and increases their brightness and efficiency. In [23],
the OLED structure is ITO/N,N0-diphenyl-N,N0-(3-methyl-
phenyl)-1,10-biphenyl-4,40-diamine (TPD)/tris(8-hydroxy-
quinonate)aluminum (Alq3)/magnesium (Mg):silver (Ag).
Short-circuit electrical treatment at atmospheric pressure
for 10 min or reverse bias treatment at �5 V for 10 min
without a thermal treatment decreases the driving voltage
and recovers the drop in luminance that occurs during the
device operation. In [24], the PLED structure is ITO/MEH-
PPV/Al. The devices are electrically treated at forward bias
of 15 V after being thermally treated. As a result, turn-on
voltages of the devices are reduced significantly to 3 V
and their efficiency are enhanced dramatically.

The usage of forward bias or reverse bias electric field
treatment on polymer solar cells, OLEDs and PLEDs for per-
formance improvement changes from device to device in
the literature. Improvement due to forward bias treatment
is typically attributed to enhanced charge injection facili-
tated by an ionic dipole moment or space charge field near
the electrodes formed by the ionic diffusion induced by the
applied electric field [22,24]. Reverse bias treatment, on
the other hand, is suggested to improve the performance
by enhancing charge mobility through the modification
and reorientation of the polymer chains along the direction
of the applied electric field [21]. To date, thermal treat-
ment with reverse bias electrical treatment has been
shown to work only on solar cells [21]. Furthermore, none
of the related works have studied the effects of the electri-
cal treatments on the electroluminescent and photovoltaic
properties of PLEDs at the same time. This work shows, for
the first time, that post-fabrication treatments to PLEDs
based on MEH-PPV with the PEDOT:PSS layer must start
with a thermal treatment and must be followed with an
electrical treatment under reverse bias.

In this paper, the fabrication steps used to produce
PLEDs are presented in detail. They are followed by an
explanation of the details used in the post-fabrication ther-
mal and electric field treatments. The effects of the heat
treatment alone, and the effects of the electric field treat-
ment following the heat treatment on the turn-on voltages
and photovoltaic properties of PLEDs are presented, ana-
lyzed and discussed.
2. Experiment

2.1. Fabrication

All fabrication steps are performed in standard room
conditions, with a relative humidity level of 40–50% and
a temperature of 21–26 �C. The substrate material chosen
for fabrication is ITO coated PET sheets with a sheet resis-
tivity of 35 ohm/square, purchased from Aldrich. The
sheets are cut into circular, wafer-shaped segments with
diameters of 40 0 and attached to 1 mm thick glass wafers
with silicone gel. They are cleaned in acetone, isopropyl
alcohol, and deionized water consecutively for 3 min using
an ultrasonic cleaner. To eliminate the hydrophobic nature
of the PET surface against PEDOT:PSS, which is an aqueous
solution, and to cleanse the surface of ITO from organic
residuals, an oxygen plasma with a power of 1.3 W is used
for 15 min in a 300 mTorr vacuum. In addition, oxygen
plasma treatment of ITO improves the performance of
the device as it decreases surface roughness [25] and in-
creases the work function of ITO [26]. PEDOT:PSS is pur-
chased from Sigma as an aqueous solution. After the
filtration of PEDOT:PSS with a 0.25 lm syringe filter, a film
approximately 80 nm in thickness is obtained on the wafer
by spin-coating the solution at 1200 rpm for 30 s. To in-
crease the conductivity of the PEDOT:PSS film, the sample
is baked at 110 �C under nitrogen atmosphere for one hour
and then baked in a vacuum of 150 Torr for 1 h. To mini-
mize thermal stress, temperature is increased and de-
creased gradually. Next, a 4 mg/ml MEH-PPV/toluene
solution is stirred at 50 �C on a hot plate for at least 4 h un-
til the polymer is fully dissolved. After filtering the mixture
with a 0.25 lm Teflon syringe filter, the MEH-PPV solution
is spin coated onto the wafer at 1000 rpm. Then, the film is
baked at 65 �C for 1 h. This obtains a film thickness of
approximately 100 nm. For the deposition of the alumi-
num electrodes, a shadow mask is prepared from a
50 lm thick copper foil. A vacuum chamber with a base
pressure of 10�6 Torr is then used to evaporate a 120 nm
aluminum layer. The shadow mask with 3 mm wide holes
is aligned perpendicular to the patterned ITO and forms
3 � 3 mm2 square test cells. Drawings of the cross-sec-
tional and the top view of the test samples are shown in
Fig. 1.



Fig. 1. (a) Cross sectional view of PLED and (b) top view of the wire bonded samples.
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2.2. Post processing treatments

The post-fabrication treatments utilized in this work
consist of two stages: heat treatment and electric field
treatment immediately following it under the same envi-
ronmental conditions. Heat treatment is performed on a
hotplate inside a vacuum chamber with in-situ packaging
capability. Open atmospheric fabrication of these devices
inevitably lead to absorption of water vapor and oxygen
in the thin film layers of these devices, which are detri-
mental to their performance. This treatment removes most
of the oxygen and water vapors absorbed inside the
devices.
Fig. 2. Temperatures of th
In the heat treatment process, different temperatures
are experimented with to determine an optimum value.
Square PLED cells with an area of 3 � 3 mm2 are chosen
from the wafer with close proximity to one another. This
reduces the effect of process variations between batches,
allowing the treatment to be tested on similar samples.
Temperature annealing is proposed to take place for one
hour. At the end of the experimental trials, no significant
further improvement was observed by heat treating the
PLEDs for more than an hour as also reported in a similar
work [27]. Temperature is changed gradually in stages to
minimize the thermal stress between the layers. Treat-
ment is performed in a vacuum of 150 Torr in a dark
e treatment stages.
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environment. Following the heat treatment, the devices are
electrically reversed-biased at voltages varying from 0 to
�8 V. Finally, encapsulation and cooling stages are exe-
Fig. 3. Biasing steps involved in the electric field treatment.

Fig. 4. (a) Depiction of the experiment setup for heat and ele
cuted. The phases of treatments, their durations and tem-
peratures are given in Fig. 2. In the electric field
treatment phase, the magnitude of the negative bias volt-
age of each sample is increased in steps of 1 V/5 min, as
shown in Fig. 3. In addition to a reference cell which is
not connected to a certain bias supply, 0, �1, �2, �5 and
�8 V potential levels are used in this phase. Different mag-
nitudes are used to determine the effects of potential mag-
nitude on device performance. The reference cell in this
case is a device that receives only heat treatment.

At the end of treatment processes, samples are pack-
aged immediately without breaking vacuum. The experi-
mental setup used to apply heat, electrical field
treatment, and the packaging under vacuum conditions is
shown in Fig. 4. A layer of hot melted silicone approxi-
mately 2 mm thick purchased from Henkel is used to
encapsulate the devices. The silicone is melted above
90 �C by turning on a separate custom-made heater, which
holds solid silicone pieces. This heater is located on the
surface of the primary hot plate. It is thermally isolated
from the hot plate using glass supports. The whole setup
is inside the vacuum chamber. The electrical controls for
this custom-made heater and the primary heater are out-
side the chamber. The encapsulating silicone is intention-
ctric field treatment (b) Photograph of the real setup.



Fig. 5. Voltage–current characteristics of PLEDs heat treated at different
temperatures.
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ally deposited in a thick layer to eliminate water and oxy-
gen diffusion to the semiconductor polymers. After encap-
sulation, the samples are cooled to room temperature
without breaking vacuum so that the silicone layer solidi-
fies and acts as a diffusion barrier. This encapsulation addi-
tionally makes the devices robust against mechanical
disturbances.

The optical characteristics of PLEDs are determined
with an optical setup composed of equipment purchased
from Ocean Optics. For relative measurements, a bare fiber
optic probe with a 200 lm radius is used. The same fiber
optic probe is also used to determine the light spectra of
the PLEDs. The luminance observed by the fiber optic probe
is measured with a fiber optic spectrometer (Ocean Optics
USB 4000). For absolute measurements, a fiber optic inte-
grating sphere (FOIS-1) is used to capture the total lumi-
nous emitted from the device. One side of the fiber optic
probe is attached to integrating sphere (IS) and other side
is connected to the fiber optic spectrometer. Calibrations
are performed with a calibrated light source (LS-1-CAL-
INT). Electrical measurements of the device parameters
are performed using a Keithley 4200 Semiconductor Char-
acterization System, an Agilent 34410A Digital Multimeter,
and adjustable DC power supplies.

3. Results and discussion

It has been proven that heat treatment, also referred to
as thermal annealing of polymer junctions, after fabrica-
tion is an effective tool for improving device performance.
It decreases contact resistance, improves morphology, and
enhances junction characteristics. The temperature of
annealing must be higher than the glass transition temper-
ature of the polymers [27].

Heat treatment under partial vacuum followed by pack-
aging under the same conditions restores the light emitting
characteristics of PLEDs. However, this result in devices
with high turn-on voltages, around 10 V, compared to
2.1 V, which is the turn-on voltage of an ideal PLED based
on MEH-PPV [28]. Furthermore, photovoltaic properties of
the devices are hardly measurable.

Four different temperature levels, 90, 110, 130 and
150 �C are tested in the heat treatment stage. I–V curves
of the devices in Fig. 5 show that the most effective tem-
perature for heat treatment is 150 �C. These results also
indicate that temperatures higher than 150 �C may im-
prove the I–V curves even further, similar to the results
of [27], which show further improvement in the device
performance with a thermal treatment at 170 �C. However,
due to increased thermal stress and operation difficulties
encountered with PET substrates at temperatures greater
than 130 �C, 130 �C is selected as optimal value and used
in the remainder of the treatments.

The effect of electric field treatments is tested on both
light emitting and photovoltaic properties of PLEDs. Fig. 6
shows the pictures of PLED samples, which are electrically
treated with different voltages, taken at the given test volt-
ages. For the devices that have been heat treated but not
electric field treated, shown as unbiased cell on the column
named NC (not connected), the turn-on voltage is rela-
tively high and the uniformity is very poor. By treating de-
vices with negative electric fields after fabrication, the
turn-on voltages of the PLEDs drop to lower voltages.
Turn-on voltages increase slowly with the magnitude of
the negative voltage treatment. For example, a device that
experienced only heat treatment (NC column in Fig. 6) has
a turn-on voltage of around 10 V. However, a device that
experiences both heat treatment and an electric field treat-
ment with �1 V (�1 column in Fig. 6), has a turn-on volt-
age of around 3 V. A device that is treated with �5 V (�5
column in Fig. 6), has a turn-on voltage of around 4 V. This
is also true for the voltage levels at which PLEDs are most
luminous. These results can be better understood in Fig. 7.
This figure shows how the relative illuminance of PLEDs
that are electrically treated with different negative volt-
ages are altered upon applying test voltages. Electrical field
treatments with 0 and �1 V give the lowest turn-on volt-
ages and produce wide operating regions with better
uniformity.

Another important advantage of the electric field treat-
ment is that the turn-on and maximum illumination volt-
age levels of the devices, which in electrically untreated
cells are unstable and vary over the lifetime of operation,
are stabilized to certain values that are determined by
the magnitudes of the treatment voltages. This is clearly
shown in Fig. 8b where thermal (130 �C) and electrical
(�1 V) treatment in combination produces a stable, uni-
form and repeatable I–V characteristics measured using a
Keithley 4200 Semiconductor Characterization System
with sweeping drive voltages in upward and downward
directions. However, samples that are thermally treated
(130 �C) but not electrically treated have non-uniform
and unstable response with large hysteresis in the I–V
sweeps. They typically fail after several sweeps, as shown
in Fig. 8a. The electric field treatment additionally im-
proves the uniformity of the light emitting surface.

Another point which should be addressed concerning
the electric field treatment process is that if the voltage
bias applied during the treatment stage is not removed be-
fore cooling, the performance of the polymer light emitting
devices significantly degrades. Therefore, the wire connec-
tion between the voltage supply and the polymer junctions



Fig. 7. Electroluminescence responses of the devices treated with various
voltage levels.

Fig. 8. (a) I–V sweep measurement of a heat treated (130 �C) but not
electrically treated sample and (b) I–V sweep measurement of a heat
treated (130 �C) and electrically treated (�1 V) sample.

Fig. 6. Pictures of PLED samples, which are electrically treated with
different voltages, taken at the given test voltages.
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must be opened before the cooling stage begins. Although
the reason for this behavior is still under investigation, we
believe that the molecular arrangement of the polymeric
chains may be disturbed by the applied electric field when
the temperature is under the Tg (65 �C) of MEH-PPV
(Mn = 400,000, Mw = 626,000) [27] but is above the Tg

(40 �C) of PEDOT:PSS [29].
The photovoltaic responses of PLEDs are tested by mea-

suring open circuit voltages and short circuit currents in a
dark environment, as well as under the light of a solar sim-
ulator with a light intensity of 500 W/m2. Figs. 9 and 10
show the transient responses of the devices in the dark
environment when exposed to the light under the solar
simulator. The measured open circuit voltage of the heat
treated but not electrically treated PLED is noisy and its
average value when the device is exposed to the light is
indistinguishable. However, the output voltage of the poly-
mer device that is treated with both the heat and electric
field treatments is stabilized at a certain level and its aver-
age value (55 mV for �1 V treatment) is an order of magni-
tude higher than the electrically untreated (heat treated
but not electric field treated) ones (5 mV) as shown in
Fig. 9. Similar to the open circuit voltage characteristics,
short circuit currents are enhanced significantly after the
electric field treatment (Fig. 10). Without electric field
treatment, the short circuit response of the devices when
exposed to the light can not be distinguished from the dark
response. Unstable output fluctuates between 1 and �1 nA
with a rough average estimate of 0.5 nA. However, for the
devices treated with an electric field, the intensity of the



Fig. 10. Transient photovoltaic responses of PLEDs in the dark when they
are exposed to a light with an intensity of 500 mW/m2, showing the effect
of electric field treatment on the short circuit currents.

Fig. 11. Average values and standard deviations of (a) short circuit
currents and (b) open circuit voltages of the photovoltaic responses of
PLEDs under light intensity of 500 mW/m2 after different treatments.

Fig. 9. Transient photovoltaic responses of PLEDs in the dark when they
are exposed to a light with an intensity of 500 mW/m2, showing the effect
of electric field treatment on the open circuit voltages.
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light on the devices can be easily detected from their short
circuit response (5 nA for �1 V treatment).

The average open circuit voltages and average short cir-
cuit currents obtained from electric field treated samples
are strongly dependent on the treatment voltages. More-
over, the heat treatment alone is not sufficient to allow
PLEDs work as photovoltaic cells. Therefore, the average
and standard deviation of the photovoltaic responses of
the devices, which were treated at different voltage levels,
are measured as shown in Fig. 11. The responses of the de-
vices that were not treated with electric fields when ex-
posed to light are not detectable. Furthermore, the
results from devices in different batches vary significantly.
On the other hand samples treated with �1 V or �2 V are
very stable, and their electrical responses are easily mea-
surable. It is worth mentioning that electric field treat-
ment, which improves the light emitting operation of
PLEDs as shown previously in Figs. 6 and 7, improves their
photovoltaic operation as well. These results are significant
as they show that when the correct electric field treatment
is applied to PLEDs after fabrication, they can also be used
as photovoltaic cells.
The light emitting property of a PLED can be restored by
the use of a heat treatment step alone because the heat
treatment removes most of oxygen and water vapors ab-
sorbed by the PLED during fabrication. Further improve-
ment of both the light emitting and photovoltaic functions
of a PLED by the electric field treatment after heat treatment
can be explained by the diode like molecular reorientation
caused by the applied electric field as discussed in [30]. Elec-
tric field treatment above the glass transition temperatures
of the polymers orients the polar molecules, improving
molecular order. In this way, the barrier height between
the polymers and electrodes is reduced for charge injection
or extraction. This treatment also enhances charge mobility.
Molecular order improvement, barrier height reduction,
and charge mobility improvement after the application of
an electric field treatment are shown to occur in [30]. In this
case, the field is applied to a single polymer layer sand-
wiched between two aluminum layers at a temperature
above the glass transition temperature. The improvement
in the performance of polymer solar cells of ITO/PED-
OT:PSS/MEH-PPV:C60/Al discussed in [21] due to the ther-
mal treatment under reverse bias electric field treatment
is also explained by the modified and ordered orientation
of the active polymer chains due to the applied electric field.
The work in [21] also claims that the treatment increases
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the mobility of charge carriers. Similarly, above the glass
transition temperatures, the polymer chains in the polymer
layers of our devices become mobile. They are reoriented by
the applied electric field resulting in more uniform struc-
tures. This new arrangement improves the chemical bonds
between interfacial junctions and lowers the contact resis-
tances and voltage barriers. Since the newly oriented poly-
mer devices are cooled and packaged in these conditions,
the molecules remain oriented. As evident from the sweep
experiments shown in Fig. 8, this orientation remains stable
during device operation.

Based on this explanation, it may be assumed that
applying a zero bias voltage treatment does not form an
electric field inside the polymer devices, and thus it should
not improve the performace of the devices, contradicting
our results. However, when a zero external bias voltage
is applied to these devices, any diode, or any LED, a built-
in electric field is formed across the junctions resulting in
a built-in or junction potential. This built-in (intrinsic)
electric field under zero bias orients polar molecules dur-
ing electric field treatment, improving junction properties.
This also explains why reverse bias treatments improve the
device performance whereas the forward bias treatments
do not. Applied reverse biases contribute to this built-in
electric field, creating higher electric fields in the junction
and orienting the molecules more effectively. However,
forward biases reduce this built-in electric field. Thus, they
do not improve the junction properties.

The results also show that reverse bias treatments up to
certain voltages (0 and �1 V) work more effectively than
higher bias voltages. Above these voltages, even though
the electric field treatment still improves the device per-
formance, the rate of improvement decreases. This can be
explained by the diffusion of anodic and cathodic materials
into the polymers due to heat and the increase of their
penetration thicknesses due to electric fields, which has
been previously reported in [31]. Elevated electric fields in-
crease the electrochemical reactions (oxidation–reduction)
of the electrodes. Accelerated oxidation of electrodes,
resulting from the high electric fields under reverse bias,
and the diffusion of this oxide into the polymer layers
can create barrier layers inside polymers. As a result, these
barrier layers increase turn-on voltages and deteriorate the
uniformity of the light emitting surfaces of the devices.
Therefore, treatment voltages up to a threshold produce
an obvious and long term improvement in both electrolu-
minescent and photovoltaic response of PLEDs.
4. Conclusions

In this work, the effect of post-fabrication heat treat-
ment alone and heat treatment coupled with an electric
field treatment on the performance of PLEDs has been
investigated. PLEDs have been completely fabricated under
ambient atmosphere without taking any preventive mea-
sures against exposure to oxygen and water vapors. This
way, the fabrication is simplified and the cost is reduced.
Heat treatment is performed at 130 �C, which is above
the glass transition temperatures (Tg) of MEH-PPV and
PEDOT:PSS, for one hour and electric field treatment is per-
formed afterwards with voltage levels from 0 to �8 V. Heat
treatment after fabrication, followed by packaging under
the same conditions, restores the light emitting properties
of otherwise dysfunctional PLEDs. It removes the absorbed
oxygen and water vapors inside the devices, restoring their
functionality.

Reverse biased electric field treatment after heat treat-
ment is applied to PLEDs based on MEH-PPV and PED-
OT:PSS for the first time in this work. Electric field
treatment performed after heat treatment lowers the
turn-on voltage levels and the voltage levels at which PLEDs
reach their maximum luminescence, when used as light
emitting devices. The turn-on voltage of a PLED drops to
3 V when treated with a reverse bias voltage of �1 V in
comparison to 10 V when treated with heat and no bias
voltage. Reverse biased electric field treatment increases
the average short circuit current and open circuit voltage
of the photovoltaic response of PLEDs by an order of magni-
tude compared to devices treated with heat only. Using a
light intensity of 500 mW/m2 in the photovoltaic measure-
ments, a 5 mV open circuit voltage and a 0.5 nA short circuit
current after heat treatment improve to 55 mV and 5 nA,
respectively after an electric field treatment with�1 V. Fur-
thermore, the uniformity and stability of the light emitting
surface increases significantly after electric field treatment,
as evident from repeated I–V sweep measurements.
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