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Abstract 

To keep up with the demands of power efficiency and broadened applicability, 
new lighting technologies must be invented. Organic light emitting varactors (OLEVs) 
represent a promising future in this regard and are explored here.  OLEVs are built 
similarly to OLEDs, with an added gate. Under AC driving, this gate allows control of 
current flow to yield a higher maximum efficiency than the OLED. Numerous factors must 
be studied before such efficiencies can be approached.    

Here, a simple capacitive model for the OLEV is introduced and a direct correlation 
between gate thickness, resonant frequency and brightness is demonstrated. Trends in 
brightness with the gate properties are in line with expectations from this model. 
Surprisingly, luminance with field strength measurements showed little variation with 
thin film morphology.  

This study also explored the gate-emitter paring of ZnO with a hybrid inorganic-
organic perovskite, MAPbBr3. Here, charge accumulation at the gate – emitter interface 
should be screened leading to lower barrier heights during the power cycle. This allowed 
for direct study of the effect of these heights in systems with high carrier mobility.  The 
ZnO/Perovskite OLEV did not produce light. However, the OLED counterparts light up, 
suggesting that leakage current is the primary source of failure. 
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1  Introduction 

 Though a simple subject, light production is essential in our modern society.  

According to the United States Department of Energy, lighting across the globe accounts 

for 15% of electricity consumption. As the world grows at an ever-increasing rate, the 

demand for lighting grows in kind. There are two solutions to the problem of increasing 

lighting demand: generate more electricity to power light fixtures or produce light with 

less energy input. Simply producing more energy is expensive and could pose more of a 

problem, especially for small, developing economies. The latter will increase the 

sustainability of global lighting demand increase.  However, achieving increased lighting 

efficiency requires exploration of new materials for light emitters. This journey began in 

1953. 

First observed and documented in 1953, electroluminescence in organic material 

has changed the way we think about light production. In that 1953 experiment, A. 

Bernanose observed luminance in organic films exposed to a high AC field in air.1-3 Ten 

years later in 1963, M. Pope achieved DC electroluminescence when he successfully 

injected current through anthracene.4 Later, in 1975, R. Partridge used an organic 

polymer film of poly(N-vinylcarbazole) [PVK] to attain electroluminescence.5 Organic 

light emitting diodes (OLEDs) were first constructed in 1987 by C.W. Tang and S. Van 

Slyke. In their OLED, they injected charge across a multi-layer device, incorporating 

tris(8-hydroxyquinolinato)aluminum [Alq3], producing light.6  A highly efficient OLED 
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was later reported by J.H. Burroughes; this design made use of poly(p-phenylene 

vinylene) [PPV] films.7 

OLEDs are revered for their many positive properties; these include: 

environmentally friendly components, inexpensive production cost, scalability, and color 

tunability. They are also an area-source light, as compared to pointed-source lights like 

traditional LEDs, and they are a planar source. Planar source lights can be fabricated on 

flexible substrates, as evident by the invention of the field-induced polymer 

electroluminescence device (FIPEL).8 

OLEDs are not perfect, however. The organic materials used in the emissive layer 

(EML) are highly sensitive to contamination, mainly in the presence of oxygen and 

moisture.9 Therefore, industrial manufacturing operations will require vacuum, or 

otherwise oxygen- and moisture-free, environments to realize success. OLEDs are also 

sensitive to defects in their organic films. There will inherently exist defects in organic, 

polymer films, and these facilitate arcing damage in the device, leading to decreased 

lifetime. However, the biggest problem facing the OLED is that it is a DC-driven device.  

DC driven, large, area, current driven devices can be mass produced.  However, it 

is difficult to repeat exact layer thickness from device to device within a few 

nanometers.  As such, homogeneity of light production cannot be guaranteed.  Also, 

due to this lack of homogeneity, current travels faster through some portions of the 

device than others which creates more heat in these places, and this heat accelerates 
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the destruction of the OLED. Both factors would be non-existent in an AC, field-driven 

device. 

Lastly, there are many applications for DC devices, but electricity travels to 

homes and businesses in AC form. Transforming current from AC to DC is easy, but it 

requires extra circuitry and limits the maximum attainable efficiency of devices. 

Therefore, to achieve the highest lighting efficiency, devices likely need to be designed 

to run directly on AC electricity.  Overall, using an AC field-driven device, instead of a DC 

current-driven device, would likely yield homogeneous light production, longer 

maximum device lifetime, and higher device efficiency. 

There have been attempts to construct organic, AC-driven devices. T. Tsutsui, S. 

B. Lee, and K. Fujita constructed devices that suggest charge carriers can be generated 

in the organic layers, thereby removing the need to inject charge from the external 

electrodes.10-11 Additionally, J. Xu fabricated an OLED-like device designed to run 

exclusively on AC electricity. Referred to as an organic light-emitting varactor (OLEV), 

this device made use of a gating layer, ZnO, to better manage charge flow across the 

organic components.12 In this case, the OLEV is a variable capacitor, or varactor, diode: it 

has a p-n junction, and when large negative bias is applied, essentially no DC current 

flows through the device. The ZnO layer is considered a gate because, as this study will 

explore, during the positive portion of the voltage cycle, charge can flow freely through 

the device (gate open), but during the negative portion, the device likely blocks charge 

and functions like a capacitor (gate closed). 
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When compared, a typical OLED and a typical OLEV are nearly identical in 

construction. Both contain a cathode (Indium Tin Oxide, ITO), a hole generation layer 

(HGL), an emissive layer (EML), an electron transport layer (ETL), and an anode 

(Aluminum). The only difference is that the OLEV has one extra layer: the gating layer.  

 

Figure 1: The basic anatomy of an OLEV. 

 

This study intends to construct and take data from many OLEVs, and, as such, it 

is important to understand the device’s basic structure and function.  Figure 1 shows the 

basic anatomy of an OLEV: two contacts (ITO and Aluminum), a gate dielectric (ZnO), 

and an emitter (EML) sandwiched between two dopants (HGL and ETL).  Figure 1 also 

suggests that the OLEV is one large capacitor made up of multiple smaller capacitors.  
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Approximating an OLEV as a capacitor allows one to create a simple, yet accurate 

effective circuit diagram of the device. 

 

Figure 2: The effective circuit diagram of an OLEV. 

 

 In the circuit created by powering an OLEV, there are essentially three pieces: 

the function generator, which creates the signal wave, the piezo amplifier, which 

increases the amplitude of the function generator signal, and the OLEV which contains a 

ZnO gate, a capacitor which is the OLEV as a while, and an imaginary resistor that 

accounts for inherent resistive losses in the system.  The power source is merely the AC 

power outlet which feeds into the amplifier.  The amplifier is designed to have a large 

inductance output to prevent feedback signal from overloading the device. 

While the design of an OLED and an OLEV are similar, the overall function of the 

devices is quite different.  The OLED creates light through charge injection: holes are 

pulled from the cathode and electrons are pulled from the anode and they combine 
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within the EML to create light. In both organic devices, there exists at least one metal 

layer, usually the anode, among many organic layers. At each barrier between a metal 

and an organic layer, the Schottky Barrier increases the amount of energy needed to 

inject charge.13 Naturally, this limits the maximum attainable efficiency of an injection-

based device like an OLED. 

The OLEV, in comparison, relies on the electric field across the device instead of 

charge injection to luminesce. Excitons, which form from polaron interaction, draw 

power from this field, split into a hole and an electron, and recombine in the EML, 

emitting light in the process. In theory, the OLEV, as a field-driven device that can 

essentially ignore Schottky or ionization barriers, should be more efficient than the 

OLED, a current-based device since less energy will be lost due to current overcoming 

barriers.  

The displacement current, J can be written in terms of the electric field: 

𝐽 = 𝜀0
𝑑𝐸

𝑑𝑡
     (1) 

 To get the total number of photons created per unit area generated, one must 

know the total number of excitons that recombine. Therefore, it is important to know 

the proportionality of creation of excitons. This proportionality is represented by k, and 

it is a value between 0-1, representing the probability that a decaying exciton produces 

light. The intensity I, the number of photons per unit area, can therefore be written as: 

𝐼 = 𝑘 ∗ 𝜀0
𝑑𝐸

𝑑𝑡
     (2) 
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 Here, ε0 is the vacuum permittivity, and E is the field across the device. The field 

across device can be generally written: 

𝐸 =
𝑉0

𝑑
sin(𝜔𝑡)    (3) 

 In this case, d is the thickness of the device, V0 is the voltage, and ω is the 

frequency. This is the basic expectation of the devices to be constructed in this study. 

 

1.1 Objectives 

 The basic goal of this study is threefold: construct baseline devices from which to 

conduct reliable comparisons, alter a physical characteristic of the device to determine 

what functional characteristics change, and understand better the physical change that 

occurred. 

 Specifically, two different types of OLEVs will be built, followed by varying the 

gating layer thickness. Then, the gate’s morphology will be explored to determine 

whether any functional change can be attributed to morphological effects. Lastly, this 

study will explore a different, never-before used, material as an EML for an AC-driven 

device: a hybrid organic-inorganic perovskite, MAPbBr3. 

 

 



 

8 
 

2  Baseline OLEVs and Their Fabrication 

2.1  Fabrication of Devices 

 Constructing organic light emitting devices can be difficult for many reasons; 

however, being able to exactly replicate devices for research purposes is essential.  If 

the fabrication process results in devices that have variations of any kind, comparative 

results from testing these cannot be considered trustworthy.  As such, it is essential to 

carefully document and review the process of creating devices. 

 In this study, only one type of organic light emitter is created: the OLEV.  This 

type of device shares similar architectural traits with the OLED; however, a gate layer is 

added to increase efficiency.  The typical OLEV structure is shown in Figure 3. Batches of 

OLEVs, ranging from 2 to 16, are constructed in a class 1000 clean room environment, 

and this process starts with the substrate. 

 

Figure 3: The typical structure of an OLEV with typical layer thicknesses. 



 

9 
 

It is important to know the function of each component of the OLEV shown in 

Figure 3. The glass serves as the substrate, and the ITO and Al are the cathode and 

anode, respectively.  However, the gate, HGL, EML, and ETL each serve important, 

unique functions in the device which must be covered before continuing any further. 

The ETL, or electron transport layer, does just that: transports electrons.  The 

material should be n-type: it should have a high electron mobility and very low hole 

mobility to ensure no holes escape the EML and the maximum number of electrons 

occupy the EML.  Some examples of ETL materials include TPBi and Alq3. 

The HGL, or hole generation layer, is similar to the ETL: it generates (and 

transports) holes. The material should be p-type: it should have a high hole mobility and 

low electron mobility to ensure no electrons escape the EML and that the maximum 

number of holes occupy the EML. Some examples of HGL materials include PEDOT:PSS 

and Poly-TPD. 

The EML, or emissive layer, is where all the interesting events occur. This is 

where polarons meet in the device to become excitons and then subsequently 

luminesce: decay to a lower energy state, producing a photon in the process. The 

material should have energy levels such that, when an exciton decays, the emitted 

photon has a wavelength in the visible range. This can be tuned with dopants which also 

improve luminance response to increasing voltage. Some examples of EML materials 

include PVK and PFO. 
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Lastly, the gating layer acts as a diode. During the positive portion of the voltage 

cycle, the gate is open, allowing charge to freely flow through the device. This 

neutralizes the device and prevents charge build-up that would otherwise occur, 

discharge, and cause irreversible arcing damage, quickly leading to destruction of the 

device. During the negative portion of the cycle, the gate is closed, blocking charge, 

allowing polaron formation, and eventually facilitating exciton recombination in the 

EML. The gate material should be a semi-conductor that functions well as a diode. The 

only gate material to be used in this study is ZnO. 

OLEVs created in this study use 1” square optical grade glass with an ITO thin 

film, thickness of 100nm, as a substrate.  This ITO layer serves as the cathode of the 

capacitor.  The first step in this fabrication process is to clean the substrate.  Using 

substrates that are not cleaned increases the risk of unwanted defects, significantly 

lowering the lifetime of the device.  The most consistent way to clean these substrates is 

to use three consecutive ultrasonic baths of solvent: acetone, methanol, and 

isopropanol in that order.  Substrates are submerged for at least 30 minutes in each 

bath, and then transferred to a vacuum oven, set at approximately 100oC and 6.0 kPa, to 

remove any moisture left on the surface.  From the vacuum oven, they are moved to a 

Kurt J. Lesker sputtering machine. 

 The gate layer of this OLEV is made entirely of sputtered ZnO.  Once the 

substrates are securely placed into the sputtering machine, it is placed under vacuum 

for around 30 minutes.  At this point, the turbo pump turns on, and the chamber’s 

pressure decreases to approximately 10-7 torr.  This pressure value is well within the 
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range of high vacuum, as sputtering can only successfully occur in a high vacuum 

environment.  Once high vacuum is achieved, the sputtering can begin.  Process gas, 

composed of 50% Argon and 50% O2, is run into the chamber at 20sccm and power is 

slowly ramped on the ZnO target, to a maximum of 120W, and this level persists for up 

to two hours.  Power is then ramped down slowly to avoid damaging the machine or 

target material, and the substrates are removed.  The amount of ZnO on the surface is 

measured by a piezo-based thickness monitor.  The substrates, now with a high-quality 

ZnO gate layer, must be coated with organic layers that will allow the resulting device to 

effectively transport charge, facilitate the recombination of excitons, and create long 

lasting light.  This is accomplished through spin-coating. 

 Spin-coating a film is an effective and fast method to create custom or small 

batch thin organic films.  The first step in spin coating is to create the solution.  Organic 

materials to use in solution include: Poly(3,4-ethylenedioxythiophene) polystyrene 

sulfonate [PEDOT:PSS], PVK, and Poly(9,9-di-n-octylfluorenyl-2,7-diyl) [PFO].  For 

PEDOT:PSS, mix 0.5mL NH3, 0.5mL de-ionized water, and 1.6mL of supplier-bought 

PEDOT:PSS into a 4mL test tube. Gently shake the tube to encourage uniformity of 

solution. PEDOT:PSS is very sensitive to temperature, and it must be used soon after 

mixing for the best results. 

 For the PVK solution, measure out approximately 40mg of PVK powder into a 

test tube.  If doping is desired, add up to 6mg of dopant.  This study used Tris[2-

phenylpyridinato-C2,N]iridium(III) [Ir(PPY)3] as a dopant.  The desired concentration of 

the overall solution is 20 mg/ml.  Add the required amount of chlorobenzene (CB) to 
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yield this concentration.  Place the test tube on a heated, magnetic stirring plate for at 

least one hour at 90oC and 400rpm.  The solution must be homogeneous before it can 

be deposited. 

 For the PFO solution, measure out approximately 30mg of PFO powder into a 

test tube.  Dopants can be added to enhance the performance of the PFO layer; 

however, no dopants are used in this study.  The desired concentration of the overall 

solution is 12
𝑚𝑔

𝑚𝐿
.  Add the required amount of CB to yield this concentration, and place 

the test tube on a heated stir plate for at least one hour at 100oC and 400rpm.  The 

solution must be homogeneous before it can be deposited. 

 After all the solutions are prepared, spin-coating commences.  The first layer 

deposited will act as the HGL, so PEDOT:PSS is used for its high hole mobility.  This 

material, however, does not stick well on sputtered ZnO, so the substrates are placed in 

an ozone oven to increase the polarity of, and clean, the surface.  The surface is treated 

with ozone for between 15-30mins, and then they are removed, ready for spin-coating.  

0.250mL is deposited onto the substrate and spun at 4000rpm for 30s.  After all 

substrates are coated with the HGL, they are transferred to a vacuum oven, 100oC and 

7torr, for at least 30min for annealing. 

 The next layer deposited will act as the EML.  Substrates must be taken out of 

the vacuum oven, but their surfaces do not require treatment with ozone.  Once the 

solution is ready, spin coating can begin.  The devices in this study use either a PVK 

solution or a PFO solution.  Either solution is deposited in the same manner, but the 
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focus will be on the PVK solution.  If the solution is not homogenous, it cannot be used.  

0.200mL of the solution is deposited on the surface of the substrate and spun at a 

maximum of 3000rpm for 30s.  After all substrates are coated, they are transferred to a 

vacuum oven, 100oC and 7torr, for at least 30min for annealing. 

 The last two layers are deposited using thermal evaporation.  Once the devices 

are properly annealed, they are transferred to an evaporator.  The proper amount of 

aluminum and TPBi are also loaded, and then the roughing pump is engaged.  To 

properly evaporate this material, the chamber must reach high vacuum, approximately 

10-7 torr.  Once high vacuum is achieved, the TPBi can be deposited.  TPBi will act as the 

ETL, and it is chosen for its decent electron mobility and its excellent ability to block 

holes.  Around 30nm of TPBi are evaporated onto the substrate before switching to 

aluminum.  For aluminum, a target of around 150nm was desired.  However, 

evaporating aluminum pellets is not easily reproducible, so the devices in this study 

contain anywhere from 100-300nm of aluminum. 

 Once the evaporation process is finished, the substrates are now complete 

devices.  The devices in this study were tested within two hours of removing them from 

vacuum, thereby avoiding the possibility of variation due to relative humidity and 

oxidation.   
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2.2  The Baseline Device 

 The most common device used in this study was an OLEV using either Ir(PPY)3 

doped PVK, or PFO as the EML.  PVK is a popular EML material because, when doped, it 

is a good producer of white light due to its triplet state resonant transfer with 

commonly used, heavy metal dyes. PFO was chosen since it is a good singlet emitter and 

since it also has good color tunability. 

The purpose of constructing this type of OLEV is to establish a comparable 

baseline and verify the devices perform as expected.  Expected outcomes include: 

consistent performance from device to device, consistent performance batch to batch, 

and capacitor-like frequency vs. voltage curves. 

 The basic structure represents a typical OLEV.  In the PVK device, ITO serves as 

the cathode, and ZnO gates the device.  PEDOT:PSS transports holes while blocking 

electrons. PVK:Ir(PPY)3 serves as the EML, facilitating the recombination of excitons and 

producing light.  TPBi transports electrons to the EML while blocking holes, and 

aluminum serves as the anode of the device. 

 To ensure consistency, many batches were constructed over a period of 10 

months.  Strict controls were put into place to avoid unnecessary and preventable 

variations in device construction before any meaningful data was taken.  Once 

approximately five batches in a row yielded consistent results, both comparing devices 

and comparing entire batches, data for this study was recorded.  Data this study was 
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focused on taking were: frequency vs. voltage, maximum luminance, and resonant 

frequency. 

 

Figure 4: A typical Voltage vs. Frequency curve for OLEVs with a PVK EML. 

  

 The first step in establishing a comparable baseline is to show that the OLEVs 

created in this study function like capacitors.  Figure 4, seen above, shows a curve of 

frequency vs. voltage of a typical PVK device constructed for this experiment.  Note that 

the voltage is measured across the entire device, not across the EML nor supply.  This 

curve was acquired after conducting a frequency measurement: varying the driver 

frequency while keeping the power output constant.  The purpose of this measurement 

is to determine the resonant frequency.  The curve represents capacitor-like 

performance with a resonant frequency at approximately 15kHz.  Most of the devices 
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used in this study exhibited resonant frequencies between 12.5kHz and 20kHz.  

Resonant frequency can be expressed as: 

𝑓𝑟𝑒𝑠 =
1

2𝜋√𝐿𝐶
     (4) 

 In this case, fres is the resonant frequency, L is the inductance of the circuit, and C 

is the capacitance of the entire device.  Since the entire device can be approximated as a 

parallel plate capacitor, its capacitance can also be approximated as: 

             𝐶~
𝜀𝐴

𝑑
      (5) 

where ε is the dielectric constant, A is the cross-sectional area, and d is the overall 

thickness of the device.  We can substitute Equation 5 into Equation 4 to yield: 

𝑓𝑟𝑒𝑠~
√𝑑

2𝜋√𝜀𝐴𝐿
     (6) 

Everything in the denominator is constant, therefore fres can easily be rewritten, 

with k as a constant, as: 

𝑓𝑟𝑒𝑠~𝑘√𝑑     (7)  

Therefore, overall, the resonant frequency is directly proportional to the square 

root of the overall thickness of the device.  There will be a natural deviation in d due to 

the spin-coating process.  In turn, a small variation in resonant frequency from device-

to-device and batch-to-batch can be expected. 
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 After measuring the resonant frequency of each device, this study moved to 

measure each of the OLEV’s maximum light output, measured in 
𝑐𝑑

𝑚2.  Called the 

brightness test, it keeps the frequency constant at the resonant value and gradually 

increases the voltage across the entire device.  This test is conducted at the resonant 

frequency of each individual device to ensure comparable results.  For the brightness 

test, the power supply turns on 0.5s every 1s, and the detector records the average 

luminance as a single value.  This continues until the test is manually halted after 

noticing that the device no longer emits light, meaning the device has reached 

“burnout”. The typical PVK device in this test achieved maximum luminance around 

2500
𝑐𝑑

𝑚2.  As seen in Figure 5, some maximum luminance values achieved nearly 3000
𝑐𝑑

𝑚2. 

 

Figure 5: Typical curve of maximum luminance measurement for PVK device. 
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 Note that for the device tested, there are four different curves, each 

representing one individual pixel.  Each device in this experiment is constructed with 

four pixels to increase the amount of available data.  Figure 5 shows nearly identical 

curves for each pixel, suggesting that the data from the brightness tests of the OLEVs is 

reliable. Also, from Figure 5, the curves are slightly non-linear. In a perfect world, these 

curves would be exactly linear.  However, this is expected since increasing the voltage 

slightly bends the electron bands, thereby decreasing capacitance and altering the 

resonant frequency. 

In addition to the PVK OLEV described in the previous section, this study also 

took data from OLEVs constructed with a PFO EML.  The EML of these two devices 

represents the only difference; they are otherwise identical.  This device serves as a 

second check, to make sure all subsequent measurements and comparisons are reliable.  

Again, the only data this study was interested in taking were: frequency vs. voltage, 

maximum luminance, and resonant frequency. 

 The first measurement of the successfully constructed PFO devices is the 

frequency vs. voltage measurement to determine the resonant frequency of the device.  

As seen in Figure 6, the Frequency vs. Voltage curve of the PFO device is nearly identical 

to that of the PVK device.  Its resonant frequency sits slightly below 15kHz at around 

12.5kHz.  This curve, again, represents capacitor-like behavior. 
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Figure 6: Voltage vs. Frequency plot for a typical PFO device. 

 

Next, as done with the PVK device, the maximum luminance is determined for 

the PFO OLEV through the brightness test.  The method for this test is identical to that 

of the PVK device: using the resonant frequency, voltage is slowly increased, with 

luminance data taken at each step, until the device burns out. 

 As seen in Figure 7, the maximum luminance of the PFO device is less than that 

of the PVK device.  The main difference between the two devices, other than a different 

EML, is that the PVK device’s EML contained a dopant: Ir(PPY)3.  Using this dopant 

increases the likelihood of exciton recombination within the EML, leading to a greater 

luminance value.14 
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Figure 7: Voltage vs. luminance for a typical PFO device. 

 

2.3 Conclusions 

From studies conducted on the two different designs of OLEVs, it has been found 

that these device designs can facilitate exciton recombination and emit light, and that 

these devices can be approximated by a capacitor-like device.  From here, the study will 

vary physical aspects of the original device design in the hopes of achieving a better 

understanding of its mechanism.  The first adjustment is done to the gating layer: 

varying its thickness to determine its relation to OLEV performance. These results agree 

with the equivalent circuit presented by this study, and they allow it the freedom to vary 

physical attributes, specifically gate layer thickness, within the context of this model. 
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3  Gate Layer Variation 

 The gating layer of the OLEV could be considered the most important layer.  It 

controls charge flow in the device, and, if constructed correctly, it is the single biggest 

factor in creating an OLEV with extremely high efficiency.  This study conducted a small 

experiment, seeking to understand how gate layer thickness affected OLEV 

performance. 

 The device structure is like that of the PVK device as seen before: ITO cathode, 

ZnO gate, PEDOT:PSS HGL, PVK:Ir(PPY)3 EML, TPBi ETL, and Aluminum anode.  Four 

different types of devices are constructed for this experiment, with the gate layer 

thickness as the only variable.  The four thickness values are 50nm, 76nm, 175nm, and 

380nm as read from the thickness monitor.  All devices are constructed at the same 

time in each step, except the gate layer sputter deposition.  Once all the devices are 

constructed, tests for resonant frequency and maximum luminance are performed. 

 All devices in this experiment, apart from the 380nm gate layer OLEV, emitted 

significant visible light.  The 380nm device likely had leakage current, preventing it from 

emitting measurable visible light. It should be noted that leakage current results in a 

shift of these curves along the voltage axis, but it does not change the resonant 

frequency. All the devices showed capacitor-like behavior based on Figure 8, the plot of 

their frequency vs. voltage.  It seems that as the thickness of the gating layer increases, 

the resonant frequency also increases.  Approximating the devices as a capacitor, this 
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result makes sense because the equation dictating resonant frequency is expressed by 

Equation 7. 

 

 

Figure 8: Frequency vs. voltage of devices with varied gate layer thickness. 

 

The inductance is the same for all devices, and it comes as an output from the 

amplifier. The amplifier outputs an inductance to prevent feedback signal from 

overloading the device.  Capacitance is inversely proportional to the thickness of a given 

capacitor, leading to the conclusion: as the thickness increases, the resonant frequency 
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with Equation 7, the 50nm and the 76nm devices seem to suggest otherwise.  However, 

the difference in the thickness, d in Equation 7, is small enough that a large difference in 

resonant frequency is not expected. 

 The luminance of the devices in this study can be found in Figure 9.  The 380nm 

device did not light up during this test, and, as such, its data is not reported.  The 

devices that emitted light displayed behavior similar to that of the baseline OLEVs.  

From the data, as the thickness of the gating layer increases, the maximum luminance 

decreases and the turn-on voltage increases.  The OLEV with a gate layer thickness of 

76nm reached a slightly higher maximum luminance value than the one with a 50nm 

thick gating layer; however, these are treated as essentially equal values. 

 

 

Figure 9: Luminance vs. Voltage of devices with varied gate layer thickness. 
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Like the frequency vs. voltage results, the 50nm and the 76nm devices perform 

nearly identically and the 175nm device showed a lower maximum luminance value and 

higher turn-on voltage.  The turn-on voltage is the voltage at which the device first emits 

measurable light.  However, this data does not tell the whole story: voltage is an 

extrinsic property and product of the entire circuit.  It is also important to note that 

luminescence occurs as a direct result of field across the EML, not voltage. Up until now, 

luminance results have been presented as a function of RMS voltage.  Reporting 

maximum luminance as a function of RMS voltage is the most convenient way to do so 

though essentially meaningless.  As such, Figure 10 is shown below: it is Figure 9 as 

electric field vs. luminance. 

 

 

Figure 10: Plot of Luminance of the device vs. Electric field across the EML. 
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From Figure 10, the curves of all the devices are essentially the same.  This 

suggests that luminance is directly related to the electric field across the organic layers.  

Figure 10 also suggests that, after sufficient “turn-on” of the device, the luminance is 

linearly proportional to the electric field across the organic layers.  This observation is in 

agreeance with Equations 2 and 3. 

The transformation from voltage to electric field was done as follows.  The entire 

OLEV was approximated as a capacitor comprised of two capacitors: the gate and 

organic layers (HGL, EML, and ETL).  The dielectric constants are unique for each layer, 

but they are constant. Therefore, their actual values are not used.  If the ZnO capacitor 

is labeled as C1 and the organic layers are labeled as C2, then the equivalent capacitance, 

Ct, is: 

𝐶𝑡 =
1

1

𝐶1
+

1

𝐶2

     (8) 

For a visual reference, refer to Figure 1 and set C3 and C4 to 0.  It is also true in 

general for any parallel plate capacitor, or equivalent, that: 

𝑞𝑖 = 𝐶𝑖𝑉𝑖     (9) 

𝐶𝑖 =
𝜀𝑖𝐴𝑖

𝑑𝑖
     (10) 

𝐸𝑖 = 𝑉𝑖𝑑𝑖     (11) 

Here, qi is the charge on the capacitor, Ei is the field across any general capacitor, 

and Vi is the voltage across the capacitor.  The voltage of the power supply can be 

written as: 



 

26 
 

𝑉𝑠

𝑞
=

𝑉1

𝑞
+

𝑉2

𝑞
     (12) 

 This can be rewritten as: 

𝑉2 = 𝑉𝑠 −
𝑞𝑑1

𝐴𝜀1
     (13) 

 Dividing Equation 13 by d2 yields: 

𝐸2 =
𝑉𝑠

𝑑2
−

𝑞𝑑1

𝐴𝑑2𝜀1
    (14) 

Here, E2 is the field across the organic layers. q can be replaced by CV, where V is 

the supply’s voltage. The equivalent capacitance can then be represented by Equation 8. 

This then yields: 

𝐸2 =
𝑉𝑠

𝑑2
−

𝑉𝑠𝑑1

𝐴𝑑2𝜀1(
1

𝐶1
+

1

𝐶2
)
   (15) 

Both capacitances of this equation can be replaced by Equation 10: 

𝐸2 =
𝑉𝑠

𝑑2
−

𝑉𝑠𝑑1

𝐴𝑑2𝜀1(
𝑑1
𝜀1𝐴

+
𝑑2
𝜀2𝐴

)
   (16) 

Simplification yields: 

𝐸2 =
𝑉𝑠

𝑑2
−

𝑉𝑠𝑑1

𝑑1𝑑2+
𝜀1𝑑2

2

𝜀2

    (17) 

 In this case, ε1 is 8.5 
𝐹

𝑚
 and ε2 is approximately 2.75 

𝐹

𝑚
.15,16 Also, d2 is constant in 

all cases, and it is taken as approximately 100nm. Dividing each term in the second 

fraction in Equation 17 by d1 yields: 
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𝐸2 =
𝑉𝑠

𝑑2
−

𝑉𝑠

𝑑2+
𝜀1𝑑2

2

𝜀2𝑑1

    (18) 

 Plugging in the numbers leaves: 

𝐸2 = 107𝑉𝑠 −
𝑉𝑠

10−7+
3.09𝑥10−14

𝑑1

   (19) 

 An example of the electric field as a function of total potential, using 175nm as 

the thickness of the ZnO gate, is shown in Equation 20: 

𝐸2 = (6.296𝑥106)𝑉𝑠    (20) 

  

The last analysis done with this set of devices included a look at the voltage vs. 

current curves of each OLEV, including the one with a 380nm gate layer thickness.  The 

175nm and the 380nm devices show essentially linear curves, while the 50nm and the 

76nm devices show non-linear curves after 15V. The “kink” seen in Figure 11 can be 

explained through field emission. While there is not enough data to determine the field 

emission model, electrons are most likely tunneling through the thin ZnO layers and 

creating a higher current.  The higher the voltage applied to the device, the more energy 

electrons have, and, thus, more electrons will tunnel through the ZnO.  This will create a 

non-linear curve as embodied by the “kink” in the 50nm and 76nm curves in Figure 11.17 

For further reading on field emission, a good source is S. Bhattacharya and K.P. Ghatak’s 

text on Fowler-Nordheim field emission effects.18 
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Figure 11: Voltage vs. current of devices with varied gate layer thickness. 

 

3.1 Conclusions 

From the data, while not all the devices in this study emitted light, all of them 

did behave like capacitors.  This suggests that regardless of the gate layer thickness, one 

can expect their OLEV to exhibit capacitor-like properties.  Resonant frequency also 

seems to increase as the gating layer of ZnO is increased.  This observation is supported 

by Equation 7. 

Figure 10 shows that despite changes to the physical characteristics of the 

device, luminance is a function of electric field across the organic layers. This is in 

agreement with Equations 2 and 3.  Also, from the data, it seems as if the maximum 

luminance for gated devices decreases as the thickness of ZnO increases.  This is almost 
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assuredly due to more electric field being dropped across the gate layer, and less across 

the organic layers, as the ZnO thickness increases.  

Lastly, Figure 11 shows that current through an OLEV is essentially a linear 

function of voltage across the device. However, there is a non-linearity in each graph; 

this can be attributed to field emission electrons tunneling through the gate layer. These 

are “hot” charge carriers that do extensive damage to the organic layers of the device, 

thereby shortening the lifetime of OLEVs. The non-linearities in Figure 11 are large in 

devices with thin gate layers and they are small in devices with thick gate layers. 

Therefore, it is likely the case that a thicker gating layer will yield an OLEV with longer 

lifetime due to less field emission electrons. 
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4  ZnO Morphology 

 The last portion of this study on OLEVs relates to the morphology of ZnO, the 

gating layer.  This study has already shown that OLEVs behave similarly to capacitors, 

and that varying the gate layer seems to have a non-negligible effect on device 

performance.  ZnO morphology may change as its thickness varies, so it must be 

measured to ensure proper understanding of the OLEVs constructed. While the ZnO can 

grow via columnar growth, it is not expected to do so in this study’s case since the gate 

layer thicknesses are relatively small. 

 Columnar growth is shown in Figure 12. It would occur in this case if the 

sputtered atoms had low surface mobility and growth anisotropy. As seen in the figure, 

the growth shows columns forming instead of a solid layer, and this would lead to 

leakage current which would render the device useless. 

 Polycrystalline growth is shown in Figure 13. In this case, the film grows with a 

regular crystal structure. An example of amorphous growth is given in Figure 14. This is 

when a thin film forms with local crystal structures but without any long-range crystal 

structure. Polymer films most commonly form as amorphous films. Figure 14 shows the 

ZnO gate layer used in this study, and this study expects all the ZnO films to have 

amorphous films regardless of thickness. 
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Figure 12: An SEM image of columnar growth (left)19, and a drawing of how columnar 

films grow (right). 
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Figure 13: Three images of polycrystalline growth (top)20 and a drawing of a typical 

crystal structure in this case. 
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Figure 14: Typical sputtered ZnO morphology. 

 

The gating layer is deposited using AC driven, magnetron, reactive sputtering.  

Reactive sputtering is highly reproducible, so only a handful of measurements are made. 

AC magnetron sputtering is a process of creating a plasma over the surface of a target 

which liberates target atoms, allowing them to condense onto a substrate. The use of 

AC allows for sputtering targets to have relatively low conductivity while still avoiding 

charging which would be detrimental to the process. 

This study deposited films of ZnO through reactive sputtering using purely 

stoichiometric 99.999% ZnO targets purchased through Kurt J. Lesker Company. A purely 

stoichiometric ZnO target was chosen since, in combination with the correct process gas 

ratio, it will create a transparent, semi-conducting film when sputtered.21,22  Since ZnO 
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has a relatively low conductivity23, this study determined AC driven reactive sputtering 

as the superior method of deposition compared to DC reactive magnetron sputtering 

where it was assumed charging would be an issue. 

The process gas and operating pressures are also important parameters when 

undergoing AC driven reactive magnetron sputtering. A high vacuum, around 10-7 torr is 

required before starting the process to make sure few, if any, contaminants remain in 

the chamber. Process gas must next be run into the chamber. The gases used were Ar 

and O2 with a composition ratio of 1:1, which has been shown to yield a good Schottky 

Diode22. The operating pressure was around 30mtorr during film deposition. Figure 15 

shows images of the sputtering machine and target used in this study.  
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Figure 15: Close-up of the ZnO target used in this study (top left), an image of 

the inside of the sputtering chamber (top right), and this study’s sputtering machine 

(bottom). 
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Using an atomic force microscope (AFM), a JEOL JSPM 5200, images of the ZnO 

layer are acquired. Atomic force microscopy was chosen to image ZnO films since it 

gives an excellent representation of surface roughness. For this imaging method, there 

are multiple modes, two of the most common being direct contact, and intermittent 

contact/tapping. These names refer to the way the AFM cantilever interacts with the 

substrate.  

For contact mode, a sharp SiC AFM tip is brought into direct contact with the 

substrate. This is then scanned over the area of interest while the height of the 

cantilever is maintained by means of a feedback system.  This generates the image; 

however, if the substrate is contaminated with water due to high hydrophilicity, this 

mode of imaging can be problematic in that water in the junction can significantly 

increase the size of the contact patch.  This means, for materials with sharp features, 

such as this study’s ZnO films, image convolution between substrate and tip becomes 

severe and problematic. 

In the intermittent contact mode of imaging, the SiC tip is oscillated at some 

resonant frequency. Damping between the tip and a proximal surface feature reduces 

the amplitude of oscillation which is monitored by a feedback loop. In this case, the 

contact patch with the tip is expected to be significantly smaller than in the case of 

direct contact. For substrates with sub-micron features and large contrast (hill to valley), 

like this study’s ZnO films, this is advantageous. Thus, tapping mode was used for all the 

images made and shown below. 
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Substrate preparation is essential to yielding a good image. First, an ITO coated, 

optical grade glass substrate is acquired, and cleaned as in section 2.1.  Deposition of 

the ZnO thin film occurs next, with thicknesses ranging from 50-380nm.  Next, each 

sample is cut to approximately 1cm2 to allow for proper measurement in the AFM.  

Compressed nitrogen removes debris from the surface of the sample, and all samples 

are transported to the AFM for measurement. 

Daily calibration of the AFM cantilever’s resonant frequency must be completed 

before measurement to ensure all images are accurate. Its value is typically around 

2.7kHz. The sample is then carefully loaded into the AFM and raised to the proper, 

calibrated height for measurement.  The scan speed used was 333.33us, and it was 

chosen to yield the highest resolution in a reasonable amount of time. Measurements 

ensued. Figure 16 shows the AFM used in this study. 

 

    

Figure 16: A close-up of the AFM working area (left), and the AFM setup (right). 
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4.1 Conclusions 

All substrates showed nearly identical morphologies.  Figure 17 shows examples 

of ZnO gating layer morphology.  They all seem to show amorphous growth. The size of 

the images in Figure 17 is 4.5um by 4.5um with a height of around 0.25um.  Since all 

morphologies are essentially the same for sputtered ZnO regardless of thickness, it 

seems that the data reported earlier in the study was due entirely to thickness variation 

with no morphological variation. 
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Figure 17: Morphologies of 50nm, 76nm, and 175nm ZnO films, respectively. The 

size of these images is 4.5um by 4.5um with a ~0.25um height. 
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5  Hybrid Organic-Inorganic Perovskite Study 

    

  

Figure 18: Basic perovskite structure (left)24 and structure of MAPbI3 (right).25 MAPbBr3 

has same structure as MAPbI3. 

Upon completing the experimentation of OLEV devices, this study wanted to 

explore a new material’s viability as a light emitter.  That material is a certain type of 

hybrid organic-inorganic perovskite (perovskite): Methylammonium Lead Tribromide 

(MAPbBr3). This is an interesting material since it can be solutions-processed, it contains 

an organic component, and it is color tunable like conjugated polymers. MAPbBr3 has 

been shown in this study to emit green light when exposed to UV, and its precursor 

materials are much less expensive than organic conjugated polymers.  As such, this 

material could be a viable, cost-effective replacement for organic light emitters. 

 MAPbBr3 is not an easy material to synthesize.  Due to this difficulty, perovskites 

are not easily reproducible; this may be the main challenge when considering 
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perovskites as a replacement for organic light emitters.  However, for this study, two 

steps will be taken: show that MAPbBr3 can be synthesized to facilitate exciton 

recombination, and then construct a light emitting device with MAPbBr3 as the EML to 

show perovskites can replace organic light emitters. 

 The first step in creating the perovskite is mixing the solution. MAPbBr3 has two 

precursors: methylammonium bromide (MABr, powdered) and lead (II) bromide (PbBr2, 

powdered) dissolved in a 1:1 DMF:DMSO solution. Multiple different concentrations are 

selected to determine the ideal molar ratio.  These range from 1:1 to 2:1 (MABr:PbBr2). 

A small amount of PbBr2 is measured on a calibrated scale and placed into a clean, glass 

vile; then the proper amount of MABr is deposited into the same container to achieve 

the desired concentration.  All solutions are mixed on a heated magnetic stir plate, 70oC 

at 400rpm for one hour, to ensure solution uniformity. The solution must be 

homogeneous or else the perovskite will not form correctly. 

 Once ready, the solution is deposited on a pre-cleaned optical grade glass 

substrate.  Prior to deposition, the substrate is treated in an ozone oven for 20min to 

increase wetting of the solution. Deposition occurs by a special method of spin-coating. 

 A clean substrate is placed on the spin coater, and 200uL of solution is deposited 

on the surface.  Spinning starts, and the total spin time is 60s. However, after a certain 

amount of time, the substrate must be washed with a solvent to remove any extraneous 

material. This ensures a purer crystal, and it also stimulates faster crystal growth. This 
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study uses toluene, but other possible washing solvents could be used when 

synthesizing perovskites. 

  After spinning 30s, 100uL of toluene is deposited over 5s onto the substrate 

surface, washing the sample and stimulating perovskite crystal formation. Once all 

samples are coated, they are annealed on a hot plate at 150oC for 5min. Following 

annealing, the samples are considered complete, and, if the perovskite lattice structure 

is “correct”, exposing the substrates to UV light will result in visible light emission, as 

seen in Figure 19. 

 

 

Figure 19: Perovskite luminescing after being exposed to 355nm UV light. 

 

 The perovskite crystals seen luminescing in Figure 19, whose crystal structure is 

shown via a TEM image in Figure 20, were synthesized using a 1.4:1 molar ratio of 

precursors (MABr:PbBr2), then deposited using the above method. It was then exposed 
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to 355nm UV light in a dark room. As evident from the image, the crystal seems to be 

high quality, emitting easily visible green light. Therefore, this material is an excellent 

contender for use as an EML in an organic light emitter. The simplest way to test 

MAPbBr3 as an EML in an organic light emitter is to construct a new device with it.  

 

  

 

 

 Figure 20: TEM image of MAPbBr3. Image courtesy of Wenxiao Huang. 

Others have successfully constructed Perovskite Light Emitting Diodes (PeLEDs). 

These are DC-driven devices, similar to OLEDs, that use perovskites as the EML.  Yun 

Cheol Kim et. all created a PeLED using MAPbBr3 using gas-assisted crystallization.26 The 

device showed excellent performance, achieving 6800 
𝑐𝑑

𝑚2 and a current efficiency of 

1.12 
𝑐𝑑

𝐴
.  However, this device’s maximum efficiency is still limited by the Schottky 
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Barrier due to its reliance on injection from the cathode/anode.  As such, this study 

continues to focus on AC-driven devices. 

For the AC-driven, perovskite light emitting varactor capacitor (PeLEV) 

construction, MAPbBr3 is used as an EML in an otherwise typical OLEV. The PeLEV used 

in this study contained ZnO as the gate, PEDOT:PSS as the HGL, MAPbBr3 as the EML, 

TPBi as the ETL, and Aluminum as the anode.  The MAPbBr3 solution was created as 

previously discussed, except this time deposited onto a thin film of PEDOT:PSS instead 

of optical grade glass.  Upon construction of the devices, testing is conducted.  Testing 

these PeLEVs follows that of the OLEVs:  Frequency test to determine the resonant 

frequency, and then the brightness test to determine maximum luminance. 

 

 

  Figure 21: Frequency vs. voltage plot for an OLEV and a PeLEV. 
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 As seen in Figure 21, the PeLEV did not exhibit capacitor-like behavior.  From 

Figure 21, very little voltage is dropped across the device, meaning there is very little 

charge blockage.  As such, the semiconducting HGL and ETL materials are not a good 

match for this perovskite EML. This was difficult to foresee since the vacuum work 

functions of MAPbBr3 are not well understood. While the device could have been built 

poorly, it is most likely the case that the device was built with an incorrect design.   

When constructing the PeLEV, the MAPbBr3 solution did not wet well on the 

PEDOT:PSS film when compared to wetting the perovskite solution on ozone treated 

optical glass.  This could have led to poor crystal formation.  Also, the relative humidity 

during the construction of these devices was around 40%, nearly double the value 

during the UV emission test.  As such, the increased presence of moisture could have 

forced the MAPbBr3 crystals to collapse after completing construction.  However, OLEVs 

are not much easier to construct, and nearly all of them worked in this study. As such, it 

is assumed that quality devices were constructed and that device design is the blame for 

the lack of luminescence. 

To create light, excitons must recombine in the EML during the negative portion 

of the voltage cycle.  During the positive portion of the voltage cycle, charge is in 

accumulation.  If the charge mobility of the material used is too high, these polarons 

could migrate out of the EML, thereby preventing exciton recombination in the EML.  

This is a reasonable explanation since the charge mobilities of MAPbBr3 are massive: 8.6 

𝑐𝑚2

𝑉𝑠
 for electrons and 9.0 

𝑐𝑚2

𝑉𝑠
 for holes.27 
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There are a few ways to explore constructing a fully functional PeLEV.  Given the 

massive mobility values of the EML, this theoretical device would likely need an HGL and 

an ETL that essentially have zero electron and hole mobilities: insulators. Insulators 

would ensure holes and electrons would remain in the perovskite EML, but it may prove 

difficult to achieve a high enough electric field across the MAPbBr3 to be commercially 

competitive. 

 

5.1 Conclusions 

While this study was unsuccessful in creating a fully functional PeLEV, important 

characteristics of perovskites were observed. First, creating perovskite crystals via 

solutions processing is a difficult and not easily reproducible process.  It can be done, 

but the results will undoubtedly vary with each device.  This means that, without tight 

controls on crystal formation, it will be difficult to meaningfully compare any perovskite 

devices constructed in this manner.  Also, assuming this study’s devices were 

constructed reasonably well, it can be argued that MAPbBr3’s charge mobility is simply 

too high, and the HGL and ETL layers’ charge blocking ability too low, to be used as an 

economically superior alternative to conjugated polymers in AC-driven light emitting 

devices.  It may still be possible for perovskite-like materials to replace organic materials 

in this manner, but the results from this study determine that insulators must be used to 

effectively avoid exciton quenching. 
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6  Discussion 

 While a simple subject, lighting is an essential part of our society, and highly 

efficient lighting is one important key to energy sustainability.  As such, this study set 

out to learn more about AC-driven organic light emitting varactor capacitors (OLEV). 

Specifically, it wanted to construct a baseline device to serve as a good comparison, 

then vary a physical feature of the device to determine how it influences performance 

characteristics, then verify that no morphological effects were taking place, and lastly, 

to explore a different material as a possible alternative to conjugated polymers as an 

EML. 

 OLEVs with both PVK and PFO as their EML were constructed as baseline devices 

from which to compare all subsequent devices. These showed that all devices perform 

like capacitors, that all devices have a certain resonant frequency determined essentially 

by the overall thickness of the device, and that their luminance varies nearly linearly 

with respect to potential across the entire device. The gating layer, ZnO, is likely the 

most important layer in this device, and it was the physical characteristic that this study 

chose to vary. 

 Four types of OLEVs were created for the gate layer variation study, and their 

thicknesses were 50nm, 76nm, 175nm, and 380nm. To ensure maximum accuracy and 

reproducibility, all were constructed at the same time except during the sputtering of 

ZnO. Their resonant frequency was measured first, then their luminance vs. potential, 

then lastly their current vs. potential. The results showed that resonant frequency 
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increases with increasing gate layer thickness and that maximum luminance decreases 

with increased gate layer thickness. This agrees with the proposed model that device 

resonant frequency is directly proportional to the square root of total device thickness 

and that increasing gating layer thickness yields lower electric field (and thus less 

luminance) across the organic layers, Equations 7 and 19, respectively. The results also 

show that luminance seems to depend only on the field across the organic layers, and 

that field emission electrons could be greatly decreasing the lifetime of the devices by 

destroying the organic layers of the device. 

 Morphological effects could justify the results seen in the gate layer thickness 

variation experiment. However, ZnO layers were investigated with an AFM to determine 

if sputtered ZnO’s morphology changes as it gets thicker. While columnar growth can 

occur with thick layers of sputtered ZnO, it was not observed in this experiment. All 

layers were observed to have similar, amorphous, morphologies leading this study to 

conclude that morphological effects were likely not to blame for the performance 

characteristic changes. 

 Lastly, this study conducted an experiment that tested MAPbBr3, a hybrid 

organic-inorganic perovskite, as an EML in an OLEV. While this study seemed to be 

successful in synthesizing good perovskite crystals and films, the PeLEV did not 

luminesce. While PeLEVs are difficult to construct, it seems as if the perovskite film has 

charge mobilities that are far too high to facilitate exciton recombination in the kHz 

frequency range. Perovskites, however, could be viable in an AC driven device if 
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insulators were used as the HGL and ETL layers for blocking electrons and holes, 

respectively. 
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