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Abstract—Organic light-emitting diodes (OLEDs) are a new
technology with great potential for lighting applications. They
have a large area providing a comfortable light and a good
thermal dissipation. Once the OLEDs applications in lighting
are recently, is necessary to create an electrical equivalent
model for their analysis, because this knowledge is requested to
improve the performance of the lighting systems. This paper will
show an analysis based on datasheet information and computer
simulation to approach OLED electrical performance including
the luminance behavior.

Index Terms—OLEDs, Dynamic Model, Dimming, Pulse fre-
quency modulation

I. INTRODUCTION

The energy consumption has been steadily rising, therefore
developing more efficient equipment are necessary. In USA,
the energy spent on lighting represent 10% of the residential
consumption [1]. OLEDs start to be a new technology in light
after the creation of the first white light OLED, by the mixing
of different colors emitters [2]. Once the OLEDs are thin,
could be mirror or transparent and have a large area, they start
to be a good choice for decorative and architecture application
[3].

OLED luminous efficacy still far in comparison to the other
light sources and will request more time to achieve a high
efficacy [4], is necessary improve the knowledge about this
light system to development drive circuits.

This paper will show a methodology that analyses the
dynamic of a photo-electric equivalent model and after that
analyze the frequency response and behavior of the voltage
and light when using a current source.

II. OLED DYNAMIC CHARACTERIZATION

The simple structure of an OLED composed by the de-
posit of organic layers between a transparent electrode and
a reflective metal, in order to create the anode and cathode,
respectively. When applied a DC signal, the OLED character-
istic I-V is similar to the inorganic LED (light-emitting diode).
Several electrical equivalent circuits were proposed in order to
represent the device behavior [5] [6], [7], but in this paper will
be used the model shown in Fig. 1-a [3]. This model represent
accuracy for frequencies lower than a decade below the light
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Fig. 1: (a) I-V curve for OLEDs
(b) Small-signal OLED equivalent circuit

cut-off frequency. The light cut-off frequency will be explained
later in this paper.

The I-V curve of OLEDs represented in Fig. 1-b can be
described for three regions. Region 1 , represents the leakage
current that flows throught the resistor R, and the resistor (R,)
created by an electrode. Region 2, represents when the current
increase but the OLED stay do not emitting light. During this
stage the current is limited by the R, and the built-in resistor
Rpi. The Region represent the static OLED model when the
device start to produce light, in this case, the current flows in
R, and then is divided between Rp; and the series resistor Ry
that act similar to inorganic LEDs. In the electrical equivalent
model for OLEDs the voltages V,, and V;; have the function
of enable or disable each stage, represented by each circuit
branch.

For a dynamic analysis is important to include the effect
of OLED capacitance created by the large area and staked
structure of the device, such capacitance is named geometrical
capacitance (C,) and the recombination of carriers in OLED
layers creates a diffusion capacitance Cy [8]. With all this
consideration, it is possible to create an electrical-dynamic
model for OLEDs, as show Fig. 2.

Analyzing the circuit of Fig. 2, it is possible to divide the
OLED operation in six stages when applied a current that will
be Iy during (0 < ¢ < dT) and OA for (dT <t < T) where d
is the duty cycle and T the period.
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Fig. 2: OLED dynamical electrical model

A. Initial charge stage

The initial charge on Fig. 3, is active during the period when
the OLED voltage (Vf(t)) is between (0 < Vy < Vi), once
Vsi2 represent the maximum voltage for this period (1). This
stage the current flow through the resistor R, and charge C,, a
small current circulates by R,. This stage can be represented
by (2) and (3).

Vo = Vi + 15 - Re (D
: @)
T =
"7 C, R,
Vf(l‘) = If - R, + If . Rp(l = e_t'Tl) 3)

Vo+If Rito

—

Vbi+If Rito Intermediary Charge Last Charge Steady-state

Voltage (V)

‘“«—— nitial Charge

Time Normalized (t/T)

Fig. 3: Charge Characteristics

Equation (3) shows that when applied a current square wave,
Vy do a step with the magnitude equals (I - R.) and after that
increase by a relation between current and the geometrical
capacitance. In this stage OLED do not produce light.

B. Intermediary charge stage

The intermediary charge represented on Fig. 3, during the
period when (Vy2 < Vp(t) < Vys3), as a result the current
flows trough R, and charge C, and Cy, a part of current flows
trough Rp; and R,,. Regarding the current that flows for Ry,
is larger than R, because R), is at list a thousand times large
than Rp;. The equations (1) and (4) represent the limit voltage
for this stage, additionally the equations (5) and (6) represent
the OLED behavior.

Vsiz = Vo + If ‘R, 4

B Ry, - Rpi
" (Rp + Rpi) - (Ca + Cy)

(&)

Ly

Vf(t) = Vit

Voi \ [ Roi - Rp .
1 — =] = Wi |- (1 — ) (6
(f+Rbi)(Rbi+Rp bi|-(1—e"7™) (6)

This stage ends when the capacitor Cy, have a voltage equals
toV,.

C. Last charge stage

The last charge stage represents when the OLED start to
emit light. This period is active for (Vi;3 < V(¢)) and (0 <
t < dT). During this period the most part of current flows for
R, this current is a mirror of the light emitted by OLEDs [9].
This stage can be represent by (4), (7) and (8).

1
BT Cd+Cg @)
1 1 1
Rp Rs Rbi

Vi Vo,

Rpi R; / —t-T3
Vf(l) = Vs + 1 1 1 -V, (1 e ) (8)

Rs Rbi Rp

The equation (8) represent the last charge after a period of
time equals to 57 when the transient effect will be minimum.
Considering this case, it is possible to represent the OLED
steady-state (9).

ViV,
R—b’+R—0+1f

sttdy = V‘Yt3+1bll—sl_vo (9)
R, Rei R,

Using the equation (8), is possible to determinate (10), who
represent the current flowing throught Rs. For this stage, /g,
represent the light emitted by the OLED (11).

Vbi 4 Vo n
ot oty “tr
_ Rbi RS 1-e 3
e=\T—1 1% tﬁf_ (1o
Ry Rp; Rp
Irs = kg - doLED (11)

In (10) the constant kg create a correlation between the
light flux (¢porep) and the current Igg. At this point, all
the behavior characteristics of OLED when the current I is
applied was describe during this period (0 <t < dT).
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D. Initial discharge stage

This process starts when the current /y = 0A and continues
till the end of cycle dT < t < T. This stage can be represented
by (12). Regarding this equation V¢pqrge is the voltage on
OLED in the last moment before /y. If the OLED achieve
the steady-state voltage, Veparge Will be equal to Vi, dy The
discharge equations represent a summing of the all discharge
effects.

Vf(t) = (Vcharge_ st3)e_t.T3"'(Vo_vbi)'e_tq—z"'Vbi'g_t.‘rl (12)

i <+——=—1|nitial disharge Vf
<«——|ntermediary discharge
1

Last disharge Vbi
Time Normalized (t/T)

Voltage (V)

Steady-state

Fig. 4: Discharge characteristic

The equation (12) prove why the abrupt voltage fall appear
on Fig. 4. This happen because the current is reduced to zero
removing the drop voltage created by the current in R, and
after this point V; is equals Vc,. In the initial discharge the
OLED still emitting light, the equation (13) show Igg, that
could be related with the light equation (11).

_ (Vcharge - Vst3)e_t.73 + (VU - Vbi) et 4 Vi e’
R

IRS

(13)

This discharge ends when (Vy < V,,) and at this point the

OLED stop producing light, but the capacitors Cg and Cy still
charged and the OLED will discharging until the cycle end.

E. Intermediary discharge stage

This discharge occurs for (V,; < Vf(f) < V,), at the end of
the stage, the capacitor C; will be complete discharge over
Ryp; and just will rest C, with charge.

Vi(t) = (Vo — Vi) - €7 4 Vi - 7T (14)

During the intermediary discharge the OLED will not pro-
duce light, once there is no current Ig;.

F. Last discharge stage

This discharge will occur when just the capacitor C have
a voltage lower than Vj,;, and will discharge over R,. This
process will be shown by (15).

Vi(t) = Vi - €' (15)

This process will request a long time comparing to others
stages, once the resistance R, is at least a thousand times large
than others resistances.

2017-ILDC-0864

III. OLED RESPONSE FOR HIGH FREQUENCY

After this point is not necessary to observe the luminous flux
dynamic once the human eye will not notice the transitory
effects, so the analyse will just consider the average value
[10] [11]. The equations (16) and (17) represents the OLED
characteristics under frequencies a decade below the light cut-
off frequency (f.4). The f.4 is similar to the cut off frequency
in a high-pass filter, which represent a point from where the
luminous flux decrease tightly in according with frequency
decrease.

Req =Rs - Rp; - Rp (16)

R,-Ry+R, Ry +Rs-Ryi 1
(Cd+Cg)'(Rp'Rs'Rbi) 2.7

Jeo = a7
The OLED equivalent circuit under high frequencies still
the same, but at this moment, is important to consider that
the device will not discharge the capacitors, so the voltage
Veg will be at list V,,. Once the OLED still activated by the
current square wave, the ¢,,, can be represented by (18).

2-(Vo+Vpi)-Cq-Cq s |
Vo (CatCeP  5+2 7 fug
(18)

The equation (18) is like the amplitude of the /¢, and Icq.
This characteristic shows that the luminous flux has a behavior
similar to a high pass filter with a minimum value determined

by the duty cycle of the current applied in OLED.

¢avg(s) =D-

IV. EXPERIMENTAL RESULTS

After the process to modeling the dynamic characteristics
of OLEDs, was created an algorithmic to reproduce the
OLED response to a current square wave. For this analysis
was utilized the OLED Philips GL-30, and the equivalent
parameters are showing Table I [12].

TABLE I: OLEDs Parameters

Parameters ~ GL-30
Re(Q) 1.523
Rpi(Q) 5.032
R;(Q) 1.79
Rp,(MQ) 10.6
C4(uF) 1.329
Cg (uF) 0.494
Vo (V) 6.765
Vpi(V) 5.769

Using these parameters is possible to reproduce the response
for the OLED in the first cycle and the response of the OLED
in steady-state after many cycles. To confirm the steady-state
in the algorithm was included a control loop that compare the
voltage in different periods for errors lower than 0.1%. The
step time using in the algorithm was 1ns for all frequencies.
Fig. 5 and 6 represent the dynamic behavior in the first cycle
(when the voltage starts in zero) for the OLED GL-30.
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Fig. 5: OLED GL-30 voltage model behavior
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The voltage response for the first cycle of a square wave
current applied OLED GL-30 is represented in Fig. 5. This fig-
ure represent all stages previously explained and the different
behaviors in relation to the frequency.
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Fig. 6: OLED GL-30 light model behavior

Fig. 6 demonstrates that, once the frequency increase, the
light decrease. This fact is wrong, because the OLED light
intensity increase with high frequencies, so is important to
use a high-frequency analyses for higher frequencies.

During the test was applied a square wave current Iy =
350mA with an average value of 175mA and frequencies be-
tween 1kHz to 500kHz. With this configuration a photodiode
was used to perform the light measurement . The experimental
results are shown in fig 7, 8, 9, for 1kHz, 20kHz and 500kHz,
respectively.

Tek stop —

Noise Filter Off
T T

L} 1 ¥ 1 !

. Current

I : f2!]4m:A
i i i |@DFreq 1,000kHz Mear
J@DHish  3520ma
Fig. 7: OLED Response on 1kHz
CHI - OLED light Output, 5V/div, 200 wus/div
CH2 - Current, 100mA/div, 200 us/div

500y

The Fig 7 show the light response for low frequency. Fig. 8
demonstrate that the low frequency equation not represent cor-
rectly, so is important use the analyses for the high frequency.
The high-frequency method just return the average luminous

Noise Filter Off
T T

<0H) :

IO 7 204ma

(@ s00v i 5 ,.i ||

Fig. 8: OLED Response on 20kHz
CH1 - OLED light Output, 5V/div, 10 us/div
CH2 - Current, 100mA/div, 10 us/div
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500V wmh__ )| |
Fig. 9: OLED Response on 500kHz
CH1 - OLED light Output, 5V/div, 400ns/div
CH2 - Current, 100mA/div, 400ns/div

flux, but not the dynamic behavior. Fig. 9 demonstrate that the
luminous flux is constant.
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Fig. 10: Comparison between theoretical model, simulation
and experimental results

After the experimental test, the data collected was analyzed
to compare with a simulation and theoretical model (Fig. 10).
Is important to observe that the experimental average OLED
luminous flux have a high pass filter characteristic and can be
represented by (18). The absolute error is demonstrate on fig
(11), with the maximum error of 10.5% and an average error
of 3.95%.
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Fig. 11: Comparative error between experimental and theoric
results

V. CONCLUSION

In this paper was shown the dynamic characteristic, creating
a knowledge to project drive circuits for OLEDs application.
The analysis shows each step for charge and discharge for
low frequency, creating link with the voltage and the luminous
flux. For high frequency, this paper show the behavior of the
average luminous flux and way to reproduce on simulation this
behavior.

The developed algorithm reproduces the response of simu-
lator, with the purpose to compare the OLED luminous flux
response in different frequencies with normalize time. In order
to confirm the algorithm accuracy and validity, the response
was compare with the simulator results.

Considering the light cut-off frequency location and the light
characteristic response, is possible to project drive circuit to
supply OLEDs without the output capacitor with the advantage
to dimming the light and increase the efficiency of the OLED
[4].
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