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A B S T R A C T   

Acetone and ammonia are the gases in human breath with relatively high concentrations of 1–200 ppm and 
0.5–2 ppm respectively. Gas sensors with vertical current channels covered with organic polymer semiconductors 
have been proved to have high sensitivity and reliability in breath ammonia detection. But the polymers have a 
large current drift in air and poor sensitivity to acetone. Here, the polymer is replaced by the iridium metal 
complex tris[2-(p-tolyl)pyridine]iridium(III), (Ir(mppy)3), a common emitter in organic light-emitting diode 
(OLED). The vertical gas sensor now has good sensitivity to acetone in the important range of 0.5–100 ppm. The 
current of Ir(mppy)3 sensor has a smaller drift in air during the measurement. In 800 s, the current drift of Ir 
(mppy)3 device is only 3.2% percent, whereas the drift of PTB7 polymer device is 35% and P3HT polymer device 
is 29%. The good resolution of 0.5 ppm acetone is related to the stability of the current of Ir(mppy)3 device.   

1. Introduction 

Breath detection has attracted a great interest recently for medical 
applications. It has the advantages of non-invasion and rapid outcome. 
For example, nitric oxide detection has been used for asthma [1–3], 
ammonia detection for kidney diseases [4,5], acetone detection for 
diabetes, and the combination of volatile organic compounds (VOC) 
detection is used for lung cancer [6]. Among all the components in 
breath asides from moisture and carbon dioxide, ammonia and acetone 
have by far the highest concentrations. The range of ammonia is from 
0.5 ppm to 2 ppm [7], whereas the range of acetone is from 1 ppm to 
200 ppm [8–10]. High level of breath ammonia concentration is a sign of 
kidney problems [11]. On the other hand, high breath acetone con
centration may result from diabetes [12], fasting [9], and ketogenic diet 

[13]. Even though the medical diagnosis using breath acetone is still 
under study, it is widely accepted that acetone concentration is a key 
parameter in breath detection. The convenient acetone detector 
covering the important breath range of 1–100 ppm is desired. For high 
acetone concentrations over 20 ppm, gas detector tube can be used. For 
lower concentrations, electrochemical detectors are popular [14]. 
Electrochemical sensors have a long history and are commercially 
available, but they are relatively expensive and their lowest detection 
limit may not be enough for breath diagnosis. 

There are many reports on acetone sensors using metal-oxide semi
conductors [15,16]. The reported detection limit is 0.8–50 ppm at 
200 ◦C [17]; 0.4–20 ppm at 200 ◦C [18]; 0.1 ppm at 220 ◦C [15] and 0.1 
ppm at 365 ◦C [16]. One of the problems of metal oxide sensors is that 
the detection often requires a high temperature of over 200 ◦C for 
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reaction [15,16]. The heating system consumes power and raises the 
cost. In addition, the sol-gel fabrication of oxide semiconductors re
quires annealing at 200–400 ◦C. Such annealing temperature makes it 
difficult for fabrication on the convenient plastic substrate. Organic 
semiconductors have the advantages of room-temperature detection and 
low-temperature fabrication in solution. Gas sensors based on organic 
semiconductors have been reported to have a high sensitivity to 
ammonia, amines, and nitrogen oxides (NOx) [19]. Unfortunately, in 
general they seem to have a weak reaction to acetone. A possible reason 
is that acetone molecules have a low affinity to organic semiconductors. 
Clear response to 1 ppm of acetone is reported using the sandwich-type 
complexes [20,21]. The sensing material is complicated and the lower 
detection limit is still slightly too high. 

In this work, we replace the conventional purely organic semi
conductors by a common metal-organic complex in the organic gas 
sensor. Iridium complex has been well-known as the light-emitter for 
organic light-emitting diodes (OLED) [22]. The highest occupied mo
lecular orbital (HOMO) and lowest unoccupied orbital (LUMO) involve 
the contributions from the heavy metal of iridium. It is quite different 
from the conventional organic semiconductor whose HOMO/LUMO 
levels contain contributions only from the pi-orbitals from carbon, ni
trogen, or sulfur atoms. The overall charge density distributions are also 
quite different because the iridium atom is in an oxidized state. Due to 
these fundamental differences, the semiconducting iridium complex 
may have a higher affinity with acetone molecules which have a rela
tively higher dipole moment. Here the soluble iridium complex emitter 

is deposited as the sensing layer of the vertical-channel organic gas 
sensor [23]. Such vertical sensor has been shown to have a high sensi
tivity to ammonia down to 0.1 ppm [23–26]. When a green-emitting 
iridium complex Ir(mppy)3 is used, the vertical sensor can detect 
acetone down to as low as 0.5 ppm. On the contrary, only 5 ppm can be 
detected when the conventional purely organic semiconductors are used 
in the same device structure. The detection range of 0.5–100 ppm of 
acetone is suitable for breath detection. Breath acetone detection by the 
convenient room-temperature organic semiconductor gas sensor is 
therein demonstrated using iridium complex in the vertical-channel 
structure. 

2. Experimental methods 

2.1. Material and sensor fabrication 

The gas sensor was fabricated by the following processes and the 
structure is shown in Fig. 1. Similar steps have been reported previously 
for ammonia sensor [23–26]. 

Firstly, the indium-tin-oxide (ITO) glass substrates with the designed 
pattern are cleaned by acetone, isopropyl alcohol (IPA) and deionized 
water for 10 min. ITO is treated with oxygen plasma (100 W, 600 s) to 
form a hydrophilic surface. A cross-linkable poly (4-vinyl phenol) (PVP) 
insulation layer, with a thickness of about 300 nm, is spin-coated on the 
substrate at 3500 rpm and annealed at 200 ◦C for 1 h. A thin layer poly 
(3-hexylthiophene) (P3HT) (1.5 wt% in chlorobenzene) is then spin- 
coated on the PVP layer at 5000 rpm and annealed at 200 ◦C for 10 
min. The P3HT modification layer absorbs the polystyrene (PS) nano- 
spheres (Fluka, 200 nm diameter) with good adhesion of negative 
charge. After the P3HT layer is coated, it is spin-rinsed with p-xylene at 
5000 rpm. The substrate is immersed in PS solution (10 wt% in ethanol) 
for 90 s and dipped into boiling IPA for 10 s to remove excess PS spheres. 
Nitrogen flow is immediately applied to dry the substrate. Aluminum of 
60 nm is deposited by a thermal evaporator. 3 M scotch tape is then used 
to remove the PS nano-spheres. An aluminum top electrode with a high 
density of the nano-spheres is prepared. PVP in the openings of the top 
electrode is dry-etched to form the cylindrical nano-pore vertical 
structure. Finally, blade coating is used with tris[2-(p-tolyl)pyridine] 
iridium(III) (Ir(mppy)3) (0.5 wt% in chlorobenzene) to form the sensing 
layer and annealed at 80 ◦C for 10 min. The blade speed is 25 mm/s 
unless otherwise specified. Two polymers are compared as the sensing 
materials, they are poly {4,8-bis [(2-ethylhexyl) oxy] benzo [1,2-b:4,5- 
b’] dithiophene-2,6-diyl- alt-3-fluoro-2-[(2-ethylhexyl) carbonyl] thieno 
[3,4-b] thiophene-4,6-diyl}(PTB7) and poly(3-hexylthiophene) (P3HT). 
The chemical structures of the materials are shown in Fig. 2. The HOMO 

Fig. 1. Cross section of the vertical organic gas sensor. The diameter of the 
channel is 200 nm. The iridium complex Ir(mppy)3 can detect the incoming 
acetone molecules by the current variation. 5 V is applied between ITO and Al 
electrodes. In the acetone molecule, oxygen is marked as red, carbon as black, 
and hydrogen as white. 

Fig. 2. Chemical structures of the Ir(mppy)3, P3HT, PTB7, and the gas molecules ammonia and acetone. The HOMO/LUMO levels of the organic semiconductors are 
shown in eV relative to the vacuum level. 
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and LUMO levels relative to the vacuum are shown in eV for the organic 
semiconductors as the sensing materials. 

2.2. Measurement system 

The measurement system is shown in Fig. 3. The system contains a 
desiccation glass cylinder with sodium hydroxide (NaOH) in order to 
provide a stable relative humidity (about 10%) to prevent the 

interference by moisture. There is a sensing chamber containing the 
device, a rotameter to control the flow at 250 cc/min, a pump to provide 
the stable air flow. An electric signal measurement instrument (Keysight 
U2722A) is used to apply 5 V on the sensor and read out the electric 
current signal to the computer. A humidity sensor is used to check 
relative humidity during measurement. Acetone with a given concen
tration is obtained by mixing 100 ppm acetone from the gas cylinder and 
the air. A syringe controlled by a step motor is used. The syringe is first 
filled with 100 ppm acetone. The gas inside the syringe is then injected 
with a motor-controlled flow rate and mixed with the background air 
with the certain ratio as shown in Fig. 3. The measured gas concentra
tion is determined by the ratio between the background air flow and the 
injection flow. The measurement is under room temperature around 
24 ◦C–28 ◦C. 

The sensing time was set as 120 s. The reaction response is calculated 
as in Fig. 4, the sensing response was defined by the ratio of the current 
variation to the initial current. The variation is calculated by the dif
ference to the extrapolated baseline. 

The effect of the background moisture is checked for acetone 
detection. In this work, the acetone with 100 ppm in nitrogen is mixed 
with the background room air to control the acetone concentration. The 
room humidity level changes daily. The NaOH dryer is expected to fix 
the relative humidity of the mixed gas before entering the Teflon sensing 
chamber. So the sensor response will not depend on the background 
relative humidity. In Fig. 5, the sensor responses for three background 
humidity levels are shown. The low relative humidity level is 20–30%, 
the middle humidity level is 60–70%, whereas the high humidity level is 
80–90%. The high humidity is created by spraying some water in a bag, 
and the wet air in the bag is used as the background air. For the low 
humidity level, some NaOH powder is placed in a bag and the dry air 
inside the bag is used as the air background. The room air is at the 
middle level. Two sensors are measured for each humidity level. There is 
no statistical difference between the three humidity levels as shown in 
Fig. 5. Even though the high or low level of humidity is not precisely 
controlled by spraying water or adding NaOH, the results ensure that the 
acetone detection in this work is not affected by the background hu
midity at least for the range of 20–90% relative humidity. 

3. Results and discussion 

3.1. Acetone response from 100 to 0.5 ppm 

The real-time current measurements of Ir(mppy)3 sensor are shown 
in Fig. 6. The positive voltage is applied to ITO electrode. The current is 
measured every second under 5 V, and it was conducted at room tem
perature (24–28 ◦C). The yellow regions in the figure represent the 
acetone exposure times, which are 120 s each. The concentration of 
acetone changes from 0.5 ppm to 100 ppm. In Fig. 6(a), the current first 
decreased meaning that the sensor detected the acetone and after 120 s 

Fig. 3. Schematic view of the measurement system. The standard acetone has 100 ppm concentration from a gas cylinder. Measured concentration is obtained by 
mixing with air at certain flow rates. The current versus time is measured by the U2722A meter. NaOH dryer removes the air moisture. 

Fig. 4. The schematic illustration of sensing response calculation. Extrapola
tion of the baseline is used to calculate the change ΔI. The response R is the 
percent of current change in 120 s of acetone exposure. The yellow area is the 
exposure time. 

Fig. 5. Check for acetone responses with different relative humidities of 
background air. The low relative humidity level is 20–30%, the middle hu
midity level is 60–70%, the high humidity level is 80–90%. 
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the current started to recover. The responses of Ir(mppy)3 sensor to the 
concentration of 10 ppm, 5 ppm, 2 ppm, 1 ppm and 0.5 ppm are 10%, 
6.0%, 2.5%, 1.4% and 0.5%, respectively. Importantly, the slope of the 
current changes from positive to negative after Ir(mppy)3 sensor is 
exposed to acetone as low as 0.5 ppm. Since the concentration of acetone 
in human breath can be to 200 ppm [9]. Acetone of 100 ppm is also 
measured and the response is 17.7% as shown in Fig. 6(b). The 100 ppm 
acetone is collected by the air bag directly from the gas cylinder without 
any dilution. The cylinder concentration is verified by the detector 
tubes. The result in Fig. 6 shows that the vertical sensor with Ir(mppy)3 
covers the entire wide range of breath acetone from 100 ppm down to 
0.5 ppm. We did not go beyond 100 ppm because of the cylinder con
centration limit. 

The reaction between the sensing material and various gases is 
usually explained by the doping or de-doping effect of the gas molecules 
[23,27]. The organic semiconductors are usually p-type in air because of 
the ambient oxygen. When the organic semiconductor is exposed to air, 
the adsorbed oxygen molecules will cause electrons transfer from the 
valence band and leave mobile holes in the semiconductor. The negative 
charge on the oxygen atom of the C––O double bond in acetone gives a 
relatively strong dipole moment among common small molecules. The 
acetone dipole moment of 2.7 Debye (D) is much higher than 1.4 D for 
ammonia, 0.95 D for hydrogen sulfide, and 1.85 D for water. The 
negative charge of acetone may attract the mobile holes through 
Coulomb interaction. Once the holes are localized, the p-type conduc
tivity of the semiconductor is reduced. Ammonia gas may have a similar 
sensing mechanism through the negative charge on the lone pair 
electrons. 

There is another possible acetone sensing mechanism [28]. The 
adsorbed oxygen molecule may capture an electron and become nega
tively charged as O2

− . Acetone is usually classified as a reducing gas. So 
the acetone molecule may associate with O2

− and reduce it back to O2. 

The electrons are released back to the organic semiconductors to 
neutralize the mobile holes. The p-type electrical current is therefore 
reduced. In general, the gas is attached to the organic semiconductor by 
mostly physical adsorption. When the exposure stops, the gas molecules 
will leave the semiconductor surface and the current will gradually re
turn to the initial value. 

The acetone response of the metal complex device is compared with 
the devices using polymers reported before. Two polymers are selected, 
they are PTB7 and P3HT. The sensor device fabrication is similar to Ir 
(mppy)3. In the last step of sensing material coating, PTB7 was deposited 
by blade-coating (200 mm/s) and annealed at 200 ◦C for 10 min. On the 
other hand, P3HT was deposited by spin-coating at 3000 rpm and 
annealed at 200 ◦C for 10 min. As shown in Fig. 7, PTB7 and P3HT have 
much weaker responses to acetone compared with Ir(mppy)3 shown in 
Fig. 6. For low concentrations, there is only a barely observable change 
in the slope as a function of time. But the sign of the slope remains 
positive with or without acetone exposure. For PTB7 a negative slope is 
seen only for acetone concentration above 5 ppm, whereas for P3HT 
negative slope appears for acetone above 10 ppm. The weaker reaction 
of the polymers to acetone may be related to the near charge neutrality 
on the main chain. There is no site that will match and attract the dipole 
moment of acetone molecules by the dipole-dipole interaction. On the 
other hand, the iridium ion in Ir(mppy)3 may give a suitable positive 
charge density for acetone attachment. 

Once the organic semiconductor device is exposed to the air, the 
electrical current level is often unstable, i.e., a current drift. There is a 
general trend of current increase in air due to the p-doping by oxygen 
molecules. As discussed above once the oxygen molecules are adsorbed 
on the organic semiconductors, there will be electrons transferred from 
the semiconductors to the oxygen molecules due to the high electron 
affinity of oxygen. When the air exposure time increases, there are more 
and more adsorbed oxygen molecules and higher hole concentration. 

Fig. 6. (a) The real-time current response of Ir(mppy)3 sensor under five exposures of acetone from 10 ppm down to 0.5 ppm. (b) The real-time current of Ir(mppy)3 
sensor under higher acetone concentration. The responses are indicated in percent. The yellow areas are the acetone exposure time of 120 s. 

Fig. 7. (a) The real-time current sensing of PTB7 device under exposure to acetone. (b) The real-time current sensing of P3HT device under exposure of acetone. 
There is no exposure to 1 ppm and 0.5 p.m. for P3HT device because of the weak response. 

C.-H. Liu et al.                                                                                                                                                                                                                                  



Organic Electronics 106 (2022) 106507

5

The positive current drift for PTB7 and P3HT is significant as shown in 
Fig. 7. On the other hand, the drift is much smaller for Ir(mppy)3. This 
suggests that the oxygen p-doping is less efficient in Ir(mppy)3. 

3.2. Optimizing the sensor fabrication 

Below some parameters for the acetone devices are investigated. The 
response might be improved by tuning the thickness of the sensing layer 
[29]. The Ir(mppy)3 sensors with the thinner film are prepared by 

reducing the blade coating speed and the concentration of Ir(mppy)3 in 
chlorobenzene. For lower speed, the film is thinner. But the actual 
thickness on the side wall of the vertical channel cannot be measured. 
We therefore use the blade speed as the parameter for the thickness. The 
effect of the speed is shown in Fig. 8. The IV curves are shown in Fig. 8(a) 
for the speeds of 200 mm/s, 100 mm/s, 50 mm/s, 25 mm/s, 20 mm/s, 
15 mm/s and 5 mm/s. Fig. 8(b) shows the acetone responses for various 
speeds. Thinner films are more sensitive. However, the level of electric 
current is another factor to be considered. In Fig. 8(b) the current greatly 

Fig. 8. (a) The current-voltage relation of Ir(mppy)3 sensor made by different blade coating speeds of 200, 100, 50, 25, 20, 15, and 5 mm/s. (b) The acetone 
calibration curves for different blade-coating speeds. The acetone concentration is from 0.5 ppm to 10 ppm on the log scale. 

Fig. 9. (a) Cross section of the vertical channel covered with sensing layer marked in light orange. (b) The top-view SEM images of sensors with blade coating speeds 
50, 25, 5 mm/s. The diameters in nm are given. The difference between the diameter and 200 nm is an estimate of the twice of sensing layer thickness. 

Fig. 10. (a) The current-voltage relation of Ir(mppy)3 sensor made by different concentrations including 0.3 wt%, 0.5 wt% and 0.7 wt% in chlorobenzene solution. 
(b) The calibration curves of different concentrations. 
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decreases to below 0.1 μA at 5 V when the blade coating speed comes 
down to 5 mm/s. When the current is too low, there will be lifetime and 
stability issues. Therefore, considering both the sensitivity and the 
current level, 25 mm/s is chosen as the optimal blade coating speed. 

The effect of the blade coating speed on the sensing film coverage is 
illustrated in Fig. 9. After solution coating and drying the sensing film 
will cover both the top and the vertical side walls of the vertical channels 
as shown in Fig. 9 (a). The hole current flows from the bottom ITO to the 
Al, labeled as black, upward inside the vertical channel. It is difficult to 
measure film thickness inside the channel. So we use the scanning 
electron microscope (SEM) from the top to estimate. Without the sensing 
film, the channel diameter is 200 nm as shown on the left of Fig. 9(a). 
After the film coating, the diameter is reduced by roughly twice the film 
thickness as shown in the right of Fig. 9(a). In Fig. 9 (b) the SEM images 
for three coating speeds are shown. Indeed, for higher speed, the 
diameter is smaller because the film is thicker on the side wall. In 
particular, the film thickness is estimated as (200-169)/2 = 15.5 in 
nanometer for the speed of 50 mm/s. 

Next, the effect of the concentration of Ir(mppy)3 in chlorobenzene 
solution is studied. The results for 10, 5, 2, 1 and 0.5 ppm acetone, the 
calibration curve, and I–V curve without acetone are shown in Fig. 10. It 
shows that the calibration curves of 0.5% wt% are higher than 0.3% and 
0.7%. Consequently, the optimal fabrication condition of Ir(mppy)3 is 
25 mm/s for blade coating speed with 0.5 wt% chlorobenzene solution. 

The sensing film thickness generally increases with the solution con
centration. When the concentration is too small, there are not enough 
sensing materials on the vertical side walls. On the other hand, when the 
concentration is too high the film is too thick so only a small part of that 
is affected by the acetone molecules. There is therefore an optimal 
concentration. 

3.3. Comparing 10-min stability for Ir(mppy)3, PTB7 and P3HT 

For Ir(mppy)3, the current level remains roughly constant during the 
period of a few measurements, which is about 10 min in total. On the 
contrary, the current level keeps rising for the polymer devices with 
PTB7 and P3HT as shown in Fig. 7. The stable current level is strongly 
related to the ability to change the sign of slope upon acetone exposure 
when the current is plotted against time. 

In Table 1, the percent of current variation in 800 s (roughly 13 min) 
are compared for the iridium complex Ir(mppy)3 and polymers PTB7 
and P3HT. The mean and standard deviations are obtained from three 
devices of the same material. The polymers both have a high percentage 
of 47 ± 1.7% and 30 ± 7.3% respectively, due to their higher back
ground current rise than Ir(mppy)3. Such a rise prevents the resolution 
of acetone signals at low concentrations. When the current increase 
rapidly, the exposure to acetone cannot reverse the trend of the current. 
On the other hand, the iridium complex Ir(mppy)3 has a low percentage 
of − 9 ± 2.7% in 800 s in air. With a flat background current, the slope 
will change sign easily under the exposure to acetone for good resolution 
at low concentrations below 2 ppm. The 10-min air stability is unrelated 
to the HOMO levels given in Fig. 2. Somehow the ambient oxygen cre
ates background p-doping more rapidly in the polymers than in the 
iridium complexes. The rate of oxygen p-doping turns out to be impor
tant to acetone detection. 

Table 1 
The relative current variations during 800 s in air for sensors of Ir(mppy)3, PTB7 
and P3HT. The latter two have much higher variations than the former.   

Ir(mppy)3 PTB7 P3HT 

Current variation (800 s) − 9 ± 2.7% 47 ± 1.7% 30 ± 7.3%  

Fig. 11. (a)The real-time current sensing of Ir(mppy)3 device under exposure of acetone for 0–1 h. (b)The real-time current sensing of Ir(mppy)3 device under 
exposure of acetone for 2–3 h. In 1–2 h the device is stored in nitrogen. The behaviors for two samples are shown together. (c) The electric characteristic for 0–1 h and 
2–3 h. (d) The calibration curves for 0–1 h and 2–3 h. 
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3.4. Tracing within 3 h 

To evaluate a gas sensor, the time window with the reliable outcome 
is a critical parameter. So the sensor responses are compared before and 
after 1 h of storage. The sensor is tested with 10, 5, 2, 1 and 0.5 ppm 
acetone to establish the calibration curve and I–V relation before and 
after the storage. The sensing response measurement was done in 
ambient air. The result for the acetone real-time response is shown in 
Fig. 11(a), the calibration curve is shown as the 0–1 h curve in Fig. 11 
(d), and the initial IV is shown as the 0–1 h curve in Fig. 11 (c). After 
that, we waited for 1 h. Within this hour the sensor was packaged by 
aluminum foil and stored in the vacuum tower at the room temperature. 
After the waiting hour the sensor is measured again in air. The real-time 
response is shown in Fig. 11(b), the calibration is shown as the 2–3 h 
curve in Fig. 11(d), and the IV curve is shown as the 2–3 h curve in 
Fig. 11(c). The entire time is about 3 h including two sets of air tests and 
the vacuum storage. The Ir(mppy)3 sensor has a similar sensitivity to 
acetone over 3 h. Though the current drops, the calibration curves are 
similar. This suggests that the sensor can endure the ambient air during 
practical measurements for a few hours. This makes the Ir(mppy)3 
acetone sensor possible for practical applications. 

The human breath acetone concentration covers a wide range from 1 
ppm to 200 ppm. There are roughly three levels [9]. The low level is 
around 2 ppm, the middle level is between 2 ppm and 50 ppm, and the 
high level is over 50 ppm. For application as a rapid screening tool, the 
current acetone resolution is good enough to distinguish the levels 
despite of the variation. For more quantitative applications, more study 
is needed to reduce the variations of the device performances. 

4. Conclusion 

Using the common OLED emitter Ir(mppy)3 as the sensing organic 
semiconductor, the vertical-channel gas sensor has a good resolution of 
acetone from 100 ppm down to 0.5 ppm. The gas sensor can be used to 
detect acetone in human breath, usually in the range of 1–200 ppm. 
Acetone levels in breath are related to health conditions including dia
betes and obesity. The acetone sensor based on the iridium complex Ir 
(mppy)3 is operated at room temperature. The current remains stable 
during measurement in air and the acetone concentration can be ob
tained in 2 min. It is therefore convenient to use in medical diagnosis. 
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