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This application is the U.S. national stage application of 
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BACKGROUND OF INVENTION 

The detection of carbon dioxide (CO 2) gas has attracted 

attention in the context of global warming, biological and 

health-related applications such as indoor air quality control, 

process control in fermentation, and in the measurement of 

CO2  concentrations in patients' exhaled breath with lung and 

stomach diseases. 

In medical applications, it can be critical to monitor the 

CO2  and Oz  concentrations in the circulatory systems for 

patients with lung diseases in the hospital. The current tech-

nology for CO2  measurement typically uses IR instruments, 

which can be very expensive and bulky. 

The most common approach for CO 2  detection is based on 

non-dispersive infrared (NDIR) sensors, which are the sim-

plest of the spectroscopic sensors. The best detection limits 

for the NDIR sensors are currently in the range of 20-10,000 

ppm. The key components of the NDIR approach are an 

infrared (IR) source, a light tube, an interference filter, and an 

infrared (IR) detector. In operation, gas enters the light tube. 

Radiation from the IR light source passes through the gas in 

the light tube to impinge on the IR detector. The interference 

filter is positioned in the optical path in front of the IR detector 

such that the IR detector receives the radiation of a wave-

length that is strongly absorbed by the gas whose concentra-

tion is to be determined while filtering out the unwanted 

wavelengths. The IR detector produces an electrical signal 

that represents the intensity of the radiation impinging upon 

it. It is generally considered that the NDIR technology is 

limited by power consumption and size. 

In recent years, monomers or polymers containing amino-

groups, such as tetrakis(hydroxyethyl)ethylenediamine, tet-

raethylene-pentamine and polyethyleneimine (PEI) have 

been used for CO 2  sensors to overcome the power consump-

tion and size issues found in the NDIR approach. Most of the 

monomers or polymers are utilized as coatings of surface 

acoustic wave transducers. The polymers are capable of 

adsorbing CO2  and facilitating a carbamate reaction. PEI has 

also been used as a coating on carbon nanotubes for CO 2  

sensing by measuring the conductivity of nanotubes upon 

exposing to the CO 2  gas. For example, CO 2  adsorbed by a 

PET coated nanotube portion of a NTFET (nanotube field 

2 
effect transistor) sensor lowers the total pH of the polymer 

layer and alters the charge transfer to the semiconducting 

nanotube channel, resulting in the change of NTFET elec-

tronic characteristics. 

5 	The current technology for O z  measurement, referred to as 

oximetry, is small and convenient to use. However, the O z  

measurement technology does not provide a complete mea-

sure of respiratory sufficiency. A patient suffering from 

hypoventilation (poor gas exchange in the lungs) given 100% 
l0 

oxygen can have excellent blood oxygen levels while still 

suffering from respiratory acidosis due to excessive CO z . The 

Oz  measurement is also not a complete measure of circulatory 

sufficiency. If there is insufficient blood flow or insufficient 

15  hemoglobin in the blood (anemia), tissues can suffer hypoxia 

despite high oxygen saturation in the blood that does arrive. 

The current oxide-based O z  sensors can operate at very high 

temperatures, such as the commercialized solid electrolyte 

Zr02  (700° C.) or the semiconductor metal oxides such as 

20 Ti021 Nb2051  SrTiO , and Ce02  (>400° C.). However, it 

remains important to develop a low operation temperature 

and high sensitivity 0 2  sensor to build a small, portable and 

low cost Oz  sensor system for biomedical applications. 

25 	 BRIEF SUMMARY 

Embodiments of the present invention relate to a high 

electron mobility transistor (HEMT) capable of performing 

as a CO2  or Oz  sensor. In a specific embodiment, the HEMT 

30 can be used for the detection of carbon dioxide and oxygen in 

exhaled breath or blood. 

According to one embodiment of the invention, a polymer 

solar cell can be provided on a gate region of the HEMT. In a 

specific embodiment, the combination of polymer solar cell 
35 and HEMT can be utilized with a light source for an infrared 

detection system. 

According to another embodiment of the invention, a selec-

tive recognition layer can be provided on a gate region of the 

HEMT. In a specific embodiment for carbon dioxide sensing, 

40 the selective recognition layer can be PEI/starch. In a specific 

embodiment for oxygen sensing, the selective recognition 

layer can be indium zinc oxide (IZO). 

In one implementation of the subject sensors, the carbon 

dioxide sensor and oxygen sensor can be provided in a single 
45 chip. The combined sensor device can be used to monitor the 

CO2  and Oz  concentrations in the circulatory systems for 

patients with lung diseases in the hospital. Other embodi-

ments can be used for fuel cell or environmental applications. 

In another implementation of the subject sensors, the car- 
50 bon dioxide sensor and oxygen sensor can be integrated with 

other gas sensors, such as hydrogen or carbon monoxide 

sensors, in a single chip. 

Embodiments of the disclosed sensors can be integrated to 

a wireless transmitter for constant monitoring and reporting. 
55 

BRIEF DESCRIPTION OF DRAWINGS 

FIG.1 shows an integrated solar cell and HEMT capable of 

being used for CO 2  and oxygen sensing. 

60 	FIG. 2A shows a cross-sectional schematic of an A1GaN/ 

GaN HEMT based CO 2  sensor according to an embodiment. 

FIG. 2B shows a plan view photomicrograph of a PEI/ 

starch functionalized HEMT CO 2  sensor according to an 

embodiment. 

65 	FIG. 3 shows a plot of drain current measured at fixed 

source-drain during exposure to different CO 2  concentration 

ambients of a PEI/starch functionalized HEMT sensor 

1 
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3 
according to an embodiment. The drain bias voltage was 0.5 

V and measurements were conducted at 108° C. 

FIG. 4 shows a plot of the drain current changes of an 

embodiment of the subject HEMT sensor as a function of CO2 

concentration. The inset is the current change of the sensors as 

function of lower COz  concentrations (0.9-10%). 

FIG. 5 shows a plot of the drain current of a PEI/starch 

functionalized HEMT sensor as a function of time measured 

at a drain bias voltage of 0.5 V and at 108° C. 

FIG. 6 shows a cross-sectional schematic of an A1GaN/ 

GaN HEMT Oz  sensor according to an embodiment. 

FIG. 7 shows a plot of I,, vs. time. The device was tested at 

50° C. in pure nitrogen and pure oxygen alternatively at 

Vds 4V and 7V, respectively. 

FIG. 8 shows a plot of I d. vs. time. The device was heated 

up to 360° C. in pure nitrogen and then cool down and tested 

at 117° C. in pure nitrogen and in pure oxygen alternatively at 

Vds 3V. 

FIG. 9 shows a plot of I d. and the slope of I ds  vs. time. The 

device was tested at 117° C. in nitrogen and 5% of 02/N2 

alternatively. Three cycles of N z  and 5% of 02/N2 were tested. 

After each cycle, the device was heated up to 360'C. and then 

cooled down to 117° C. for testing. 

FIG. 10 shows a representation of an infrared detection 

system according to an embodiment. 

DETAILED DISCLOSURE 

Embodiments of the present invention relate to a high 

electron mobility transistor (HEMT) capable of performing 

as a carbon dioxide sensor. Other embodiments of the present 

invention relate to a HEMT capable of performing as an 

oxygen sensor. Certain embodiments can be used for the 

detection and reporting of carbon dioxide and/or oxygen con-

centration for a patient. In an embodiment of the invention, 

the subject sensor can be utilized in an infrared (IR) detector 

for carbon dioxide sensing. Other embodiments of the subj ect 

sensor can be utilized in situ to detect and report carbon 

dioxide and/or oxygen directly. In one embodiment, the sen-

sor can be portable. In another embodiment, the sensor can be 

implantable. 

One embodiment of present invention integrates a poly-

mer-based solar cell with a HEMT. The integrated polymer-

based solar cell and HEMT can be used to measure CO 2  and 

oxygen in, for example, an IR detection system. 

Another embodiment of the present invention utilizes a 

functionalized gate area of a HEMT to measure CO 2  and 

oxygen directly (i.e. without a light source). 

Embodiments of the present invention can be used for 

continuous CO2  or 02  monitoring. The subject devices can be 

portable. In many embodiments, the subject devices can be 

low cost. 

In specific embodiments, the subject devices can be used 

for medical applications. For example, embodiments of the 

subject sensors can be used to measure CO 2  and oxygen 

concentration in exhaled breath or blood. 

Embodiments of a CO2  and 02  sensing HEMT can be 

integrated with other sensors, such as pH or blood glucose 

detection sensors, in a single chip. 

HEMTs can operate over a broad range of temperatures 

and form the basis of next-generation microwave communi-

cation systems. Accordingly, embodiments of the present 

invention can be implemented as an integrated sensor/wire-

less chip. 

Embodiments utilizing the HEMT sensor can provide a fast 

response time. In a further embodiment, the subject device 

can be used as a wireless based sensor to send the testing 

4 
results to a display or separate device. In one embodiment, the 

sensor can be integrated to the wireless transmitter for con-

stant CO 2  and 02  monitoring. 

In certain embodiments an A1GaN/GaN HEMT can be 

5  used for the HEMT of the subject sensors. 

For the embodiments having the integrated polymer-based 

solar cell and HEMT, IR and far IR can be detected. CO z  and 

Oz  have absorption bands in the visible, IR and far IR ranges, 

which are not absorbed by the wide energy bandgap A1GaN/ 
10 

GaN material. Once the polymer-based solar cell on the gate 

area of the A1GaN/GaN HEMT absorbs the light (specific 

wavelengths for CO z  or Oz), the charges created by the solar 

cell are amplified by the HEMT. The intensity of the light 

15  depends on the concentrations of CO z  or Oz . Accordingly, 

embodiments of the subject device can be used to measure 

COz  or Oz  concentration. 

A1GaN/GaN High Electron Mobility Transistors (HEMTs) 

include a high electron mobility and high electron sheet car- 

20 rier concentration channel induced by piezoelectric polariza-

tion of the strained A1GaN layer. A variety of gas, chemical 

and health related sensors based on HEMT technology have 

been demonstrated with proper surface functionalization on 

the gate area of the HEMTs. For example, hydrogen, mercury 

25  ion, prostate specific antigen, DNA, and glucose detection 

have been accomplished using HEMTs. 

However, A1GaN and GaN are wide energy bandgap mate-

rials that do not absorb visible light or light with wavelength 

longer than the visible light. In order to modify an A1GaN/ 

30  GaN-based HEMT sensor for sensing CO 2  and 02  in IR 

detection schemes, embodiments of the present invention 

functionalize the A1GaN/GaN HEMT gate region with a 

polymer-based solar cell, for which the light absorption 

35  wavelengths can be tuned by adding nano-particles or nano-

rods and dyes in the polymer film. The amount of light reach-

ing the solar cell depends on the concentration of CO2 and O z  

in the light path between the solar cell and light source. The 

charges in the solar cell can be amplified by the HEMT, which 

40 correspond to the concentration of CO z  and Oz . In certain 

embodiments, a light source, such as a light bulb, LED, or 

laser can be used to provide the incident light impinging upon 

the subject polymer-based solar cell integrated HEMT. FIG. 

10 shows an example IR detection system in which a detec- 

45 tion scheme is illustrated. The subject polymer-based solar 

cell integrated HEMT sensor detects the CO 2  and/or 0 2  from 

the amount of light reaching the sensor. 

Referring to FIG. 1, a sensor according to an embodiment 

of the present invention can include a HEMT 10 with a poly- 

50 mer-based solar cell 20 formed on the gate 11 of the HEMT 

(having the structure of a field effect transistor). The solar cell 

20 can include a P N junction applied to the gate region 11 

of the HEMT. The N-type conductive portion 21 of the solar 

cell 20 can be grounded to the source 12 of the HEMT 10. 

55 This can be accomplished by connecting the N-type conduc-

tive portion 21 of the solar cell 20 to the source electrode 12 

of the HEMT 10 through a via in the dielectric material 13 

covering the source electrode 12. The P-type conductive por-

tion 22 of the solar cell 20 can be disposed on the gate region 

60 11 of the HEMT 10. Although not shown in the figures, in one 

embodiment, the HEMT can have a bipolar transistor struc-

ture and can be connected to the polymer solar cell in an 

amplifying configuration. 

In many embodiments, a polymer based solar cell-gated 

65 HEMT can be used as a CO 2  and 02  sensor. Although the 

HEMT for the integrated polymer based solar cell and HEMT 

has been described as an A1GaN/GaN HEMT, other HEMTs, 
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such as an A1GaAs/GaAs HEMT, an InGaP/GaAs HEMT or 

an InAlAs/InGaAs HEMT can be used in place of the A1GaN/ 

GaN HEMT. 

Other embodiments of the present invention can be used in 

situ (e.g. not within an IR system) by coating the gate of the 

HEMT with particular materials for selective recognition. In 

one embodiment CO 2  sensing can be accomplished using a 

starch-functionalized gated HEMT; and 0 2  sensing can be 

accomplished using an oxide. 

Embodiments of the present invention provide design and 

fabrication of chemically functionalized HEMT device for 

CO2  sensing. Specific sensitivity can be achieved by employ-

ing a CO2  recognition layer on the gate area of the HEMT. In 

a preferred embodiment the CO 2  recognition layer comprises 

PEI/starch. Other polymers containing amino group also can 

be used. For example, aminopropyldimethylsiloxane (AP-

DMS), polystyrene ethylene diamine (PSEDA), propylami-

nopropylpolysiloxane (PAPPS) and polypropylenimine (PPI) 

can be used as the recognition layer. 

Referring to FIGS. 2A and 213, an A1GaN/GaN HEMT 30 

can be provided with a polymer, such as PEI+starch, 40 on the 

gate region. TheA1GaN/GaN HEMT structure can include an 

undoped GaN buffer on a substrate. The substrate can be, for 

example, a silicon substrate 15. An undoped A1GaN spacer 

can be provided on the GaN buffer, and a Si-dopedAlGaN cap 

layer can be provided on the undoped A1GaN spacer. Ohmic 

contacts can be provided on the A1GaN cap layer with metal 

contacts 31 formed thereon. The selective recognition layer 

40 can be provided on the gate region between the metal 

contacts 31. Although not shown in the figure, a passivation 

layer can be provided on the device to cover the source/drain 

regions while exposing the gate region. 

Although the HEMT for the aforementioned embodiments 

(and example provided below) has been described as an 

A1GaN/GaN HEMT, other HEMTs, such as an A1GaAs/ 

GaAs HEMT, an InGaP/GaAs HEMT or an InAlAS/InGaAs 

HEMT can be used in place of the A1GaN/GaN HEMT. 

Embodiments of the present invention provide a high sen-

sitivity and low operation temperature O z  sensor. The oxygen 

can be sensed by using a selective recognition layer provided 

on a gate area of an HEMT. The selective recognition layer 

can be an oxide. In a specific embodiment, the subject sensor 

is fabricated by employing an indium zinc oxide (IZO) film 

on a gate area of the HEMT. The highly 0 2 -sensitive IZO 

film, and the high electron mobility and high carrier concen-

tration of HEMTs can realize the low temperature and high 

sensitivity 02  sensors. In other embodiments, the selective 

recognition layer oxide can be, for example, ZnO, InGaZnO, 

SnO21  or TiO2 . 

The IZO film can be grown in a high oxygen vacancy 

concentration. 

Referring to FIG. 6, an A1GaN/GaN HEMT 50 can be 

provided with metal-oxide or semiconductor metal-oxide on 

the gate region. The A1GaN/GaN HEMT structure can 

include an undoped GaN buffer on a substrate. The substrate 

can be, for example, a silicon substrate 15. An undoped 

A1GaN spacer can be provided on the GaN buffer, and a 

Si-doped A1GaN cap layer can be provided on the undoped 

A1GaN spacer. Ohmic contacts can be provided on theAlGaN 

cap layer with metal contacts 51 formed thereon. A selective 

recognition layer 60 can be provided on the gate region 

between the metal contacts 51. In a specific embodiment as 

shown in FIG. 6, the selective recognition layer 60 can be 

IZO. Although not shown in the figure, a pas sivation layer can 

be provided on the device to cover the source/drain regions 

while exposing the gate region. 

6 
Although the HEMT for the aforementioned embodiments 

(and example provided below) has been described as an 

A1GaN/GaN HEMT, other HEMTs, such as an A1GaAs/ 

GaAs HEMT, an InGaP/GaAs HEMT or an InAlAS/InGaAs 

5  HEMT can be used in place of the A1GaN/GaN HEMT. 

In accordance with the invention, embodiments include, 

but are not limited to, the following: 

1. A carbon dioxide sensor, comprising a high electron 

mobility transistor (HEMT) comprising a selective recogni- 
10 

tion layer on a gate region, the selective recognition layer 

being selective for carbon dioxide. 

2. The carbon dioxide sensor according to embodiment 1, 

wherein the selective recognition layer comprises a polymer 

15  containing amino groups. The selective recognition layer can 

be, for example, PEI/starch, APDMS, PSEDA, PAPPS, or 

PPI. 

3. An oxygen sensor, comprising: a high electron mobility 

transistor (HEMT) comprising a selective recognition layer 

20 on a gate region, wherein the selective recognition layer has a 

high oxygen vacancy concentration. The selective recogni-

tion layer can be, for example, a zinc oxide, indium-zinc-

oxide, or indium-gallium-zinc-oxide, or a tin-oxide or tita-

nium-oxide. 
25 	4.A sensor, comprising: a high electron mobility transistor 

(HEMT); and a polymer based solar cell connected to the 

HEMT. 

5. The sensor according to embodiment 4, wherein an 

N-type region of the polymer based solar cell is connected to 
30 

a source region of the HEMT. 

6. The sensor according to embodiment 4 or 5, wherein the 

polymer based solar cell can be provided on a gate region of 

the HEMT. 

35  7. The sensor according to embodiment 4, wherein the 

sensor is used in an IR detection system to measure CO 2  

and/or oxygen. 

8. A method of detecting oxygen and carbon dioxide in 

exhaled breath, comprising: providing a sensor device in or 

40 near exhaled breath of a patient, wherein the sensor device 

comprises: 

• first high electron mobility transistor (HEMT) on a sub- 

strate and comprising a layer of PEI/starch, APDMS, 

PSEDA, PAPPS, or PPI on a gate region of the first 

45 HEMT; and 

• second HEMT on the substrate and comprising zinc-

oxide, indium-zinc-oxide, indium-gallium-zinc-oxide, 

tin-oxide, or titanium oxide on a gate region of the sec-

ond HEMT. 

50 9. The method according to embodiment 8, further com-

prising: recycling the second HEMT by performing an 

annealing process; and performing a second test of the oxy-

gen and carbon dioxide in the exhaled breath. 

10. A method of detecting oxygen and carbon dioxide in 

55 exhaled breath, comprising: providing an infrared (IR) detec-

tion system in or near a path of exhaled breath of a patient, 

wherein the IR detection system comprises: 

a polymer based solar cell on a gate region of a HEMT, 

wherein the polymer based solar cell converts incident 

60 light into electric signals and the HEMT amplifies the 

electrical signals. 

11. A method of detecting oxygen and carbon dioxide in 

exhaled breath, comprising: providing an infrared (IR) detec-

tion system in or near a path of exhaled breath of a patient, 

65 wherein the IR detection system comprises: 

a high electron mobility transistor (HEMT); and a polymer 

based solar cell connected to the HEMT, wherein the 
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polymer based solar cell converts incident light into 

electric signals and the HEMT amplifies the electrical 

signals. 

All patents, patent applications, provisional applications, 

and publications referred to or cited herein are incorporated 

by reference in their entirety, including all figures and tables, 

to the extent they are not inconsistent with the explicit teach-

ings of this specification. 

It should be understood that the examples and embodi-

ments described herein are for illustrative purposes only and 

that various modifications or changes in light thereof will be 

suggested to persons skilled in the art and are to be included 

within the spirit and purview of this application. 

EXAMPLE 

COz  Recognition Layer-gated Functionalized HEMT 

The A1GaN/GaN HEMT structures used for the following 

examples have a 3 µm thick undoped GaN buffer, a 30 A thick 

undoped Al, 3Gao  N spacer, and a 220 A thick Si-doped 

Al0 3 Gao ,N cap layer. The epi-layers were grown by Metal-

Organic Chemical Vapor Deposition (MOCVD) on thick 

GaN buffers on silicon (I 11) substrates. Mesa isolation was 

performed by inductively coupled plasma (ICP) etching with 

Clz/Ar discharges at -90V do self-bias, ICP power of 300 W 

at 2 MHz and a process pressure of 5 m Tom Ohmic contacts 

each having an area of 50x50 µm 2  and separated with gap of 

10 M were formed of e-beam deposited Ti (200 A)/Al (800 

A)/Pt (400 A)/Au (800 A) patterned by lift-off. The contacts 

were annealed at 850° C. for 45 sec under a flowing N z  

ambient in a Heatpulse 610T system. The final metal step was 

deposition of e-beam evaporated Ti (300 A)/Au (1200 A) 
interconnection contacts. A mixture of PEI and starch was 

used for the CO z  selective recognition layer and the mixture 

was spin-coated on the gate region of the HEMT. 500-mu-

thick polymethyl methacrylate (PMMA) was used to encap-

sulate the source/drain regions, with only the gate region 

opened using e-beam lithography. A plan view photomicro-

graph of a completed device and a schematic cross-section of 

the device are shown in FIGS. 2A and 2B. 

The effect of temperature and CO z  concentration on the 

sensing sensitivity was investigated using the above 

described devices. For these examples, the source-drain cur-

rent-voltage characteristics of the HEMT sensors were mea-

sured at various temperatures and CO z  concentrations using 

Agilent 4145B parameter analyzer. 

Accordingly, the completely fabricated device was bonded 

to an electrical feed-through and exposed to various CO z  

concentrations ambient balanced with N z . The gas exposure 

sequence consisted of repeated exposures to gas with differ-

ent COz  concentration balanced with pure N z . 

The interaction between CO 2  and amino group-containing 

compounds with the influence of water molecules is based on 

an acid-base reaction. The purpose of adding starch into the 

PEI in the experimental embodiment was to enhance the 

absorption of the water molecules into the PEI/starch thin 

film. Several possible reaction mechanisms have been sug-

gested. The key reaction was that primary amine groups, 

NH21  on the PEI main chain reacted with CO 2  and water to 

form NH3 ' ions, and the CO2  molecule became OCOOH -

ions. Thus, the charges, or the polarity, on the PEI main chain 

were changed. The electrons in the two-dimensional electron 

gas (2DEG) channel of the A1GaN/GaN HEMT are induced 

by piezoelectric and spontaneous polarization effects. This 

2DEG channel is located at the interface between the GaN 

layer and A1GaN layer. There are positive counter charges at 

8 
the A1GaN surface layer induced by the 2DEG channel. Any 

slight changes in the ambient of the A1GaN/GaN HEMT 

affect the surface charges of the A1GaN/GaN HEMT. The 

PEI/starch was provided on the gate region of the HEMT. The 

5  charges of the PEI changed through the reactions between 

NHz  and COz  as well as water molecules. These are then 

transduced into a change in the concentration of the 2DEG in 

the A1GaN/GaN HEMTs. FIG. 3 shows the drain current of 

PEI/starch functionalized HEMT sensors measured exposed 
10 

to different CO z  concentration ambients. The measurements 

were conducted at 108° C. and a fixed source-drain bias 

voltage of 0.5 V. The current increased with the introduction 

of CO2 gas. This was due to the net positive charges increased 

15  on the gate area, thus inducing electrons in the 2DEG channel. 

The response to CO z  gas has a wide dynamic range from 0.9% 

to 50%. Higher COz  concentrations were not tested. The 

response times were on the order of 100 seconds. The signal 

decay time was slower than the rise time because of the longer 

20 time required to purge CO z  out from the test chamber. 

The effect of ambient temperature on CO z  detection sen-

sitivity was investigated. FIG. 4 shows the percentage of drain 

current change as a function of CO z  concentration from 0.9% 

to 40% at five different testing temperatures ranging from 46° 

25 C. to 220° C. The insert of FIG. 4 shows an enlargement of the 

drain current changes at lower concentrations. The drain cur-

rent changes were linearly proportional to the CO z  concen-

tration for all the tested temperatures. However, the HEMT 

sensors showed higher sensitivity for the higher testing tem- 

30 peratures. There was a noticeable change of the sensitivity 

from the sensors tested at 61' C. to those tested at 108° C. This 

difference is likely due to higher ambient temperature 

increasing the reactionrate between amine groups and CO z  as 

well as the diffusion of CO z  molecules into the PEI thin film. 
35 FIG. 5 shows the reversible and reproducible characteristics 

of PEI/starch functionalized HEMT sensors. The sensor was 

exposed to two different CO z  concentrations twice at 28.5% 

and 37.5%, respectively. Similar responses were obtained for 

the same COz  concentration for both cases. 

40 As provided by the foregoing examples, PEI/starch func-

tionalized HEMT sensors for CO z  detection can have a wide 

dynamic range, which was demonstrated in the examples 

from 0.9% to 50%. The sensors were operated at low bias 

voltage (0.5 V) for low power consumption applications. The 
45 sensors appear to provide higher sensitivity at temperatures 

higher than -100° C. Accordingly, embodiments of the sub-

ject device can be integrated with a commercial available 

hand-held wireless transmitter to realize a portable, fast and 

high sensitive CO z  sensor. 
50 

EXAMPLE 

02  Recognition Layer-gated Functionalized HEMT 

55 	The schematic cross-section of an oxygen sensor accord- 

ing to an embodiment of the present invention is shown in 

FIG. 6. The IZO-gated A1GaN/GaN HEMT structures used 

for the examples have a 3 µm thick undoped GaN buffer, a 30 

A thick Alo 3 Gao ,N spacer, and a 220 A thick Si-doped 

6o Alo 3 Gao ,N cap layer. The epi-layers were grown by RE 

plasma-assisted Molecular Beam Epitaxy on the thick GaN 

buffers produced on sapphire substrates by metal organic 

chemical vapor deposition (MOCVD). Mesa isolation was 

performed by Inductively Coupled Plasma (ICP) etching with 

65 C12/Ar based discharges at -90 V do self-bias, ICP power of 

300 W at 2 MHz and a process pressure of 5 mTorr. Ohmic 

contacts each having an area of 50x50 µm 2  and separated with 
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gap of 50 µm were formed of e-beam deposited Ti/Al/Pt/Au 

patterned by lift-off. The contacts were annealed at 850° C. 

for 45 sec under flowing N2 . 

The IZO film was deposited on the gate area by co-sput-

tering the ZnO and the In 2O3  targets simultaneously and had 

a high carrier concentration of —10 21 
 CM 3 . Specifically, a 60 

A-thick IZO film was deposited as the gate with a length of 40 

µm and a width of 60 M patterned by e-beam lithography. 

The IZO film was deposited near room temperature by radio 

frequency (RF) magnetron sputtering using 4 inch diameter 

targets of In2O3  and ZnO. The temperature at the substrate 

surface was 40 C after the a-IZO deposition, as determined 

from temperature indicators attached to reference glass sub-

strates. The working pressure was 5 mTorr in pure Ar. The 

film has a carrier concentration of —1021 
CM-3  and electron 

mobility of 10-20 cm2V-1 s-1  obtained from Hall measure-

ments. The sputtering power on the targets was held constant 

at 125 W, leading to compositions of the films measured by 

x-ray fluorescence spectroscopy of In/Zn -0.5 in atomic ratio. 

The typical thickness of the IZO films deposited was 150 mu, 

with a root mean square roughness of 0.4 nm measured over 

a 10x10 µm2  area by Atomic Force Microscopy. The films 

were amorphous as determined by x-ray diffraction. 

The effect of temperature and 0 2  concentration on the 

sensing sensitivity was investigated using the above 

described devices. 

The device was tested in a furnace tube, which allowed the 

pure or mixed oxygen and nitrogen flow into the tube. For 

these examples, the source-drain currents were measured 

using an Agilent 4156C parameter analyzer with the gate 

region exposed. 

FIG. 7 shows that the device had a strong response when it 

was tested at 50° C. alternating between pure nitrogen and 

pure oxygen. This device was tested at both V,, —4V and 

Vds 7V. When the device was exposed to the oxygen, the 

drain-source current decreased, and when the device was 

exposed to nitrogen, the current increased. The high response 

of this sensor was attributed to the high carrier concentration 

in the IZO film, that is, the high concentration of oxygen 

vacancy. The IZO film provides superior high oxygen 

vacancy concentration which enable this IZO film easily 

sense oxygen and create a potential on the gate area of the 

A1GaN/GaN HEMT. A sharp drain-source current change 

demonstrates the combination of the advantage of the high 

electron mobility of the HEMT and the high oxygen vacancy 

concentration of the IZO film. Because of these combined 

advantages, this oxygen sensor can operate with a high sen-

sitivity at such a near room temperature (50° C.) compared to 

many related art oxide-based oxygen sensors, which operate 

from 400° C. to 700° C. At higher drain-source voltage 

(Vd  7V), the device has a stronger response than the lower 

biased one. The response is usually observed at the A1GaN/ 

GaN HEMT based sensor and can be attributed to the high 

field effect. Referring to FIG. 7, it can be seen that the base-

line of the Ids  is gradually decreasing after several 0 2/N2  

cycles, this decreasing trend resulted from the decreasing 

number of oxygen vacancies because the thermal energy of 

the IZO film at 50° C. is not enough to drive all the oxygen 

coming from the environment out of the IZO film. This result 

means that the life time of the oxygen sensor is limited and at 

a certain time, the sensor will lose its sensitivity unless the 

IZO film is re-activated at a higher temperature. 

FIG. 8 shows a plot for a device that was heated up to 360° 

C. in pure nitrogen in the beginning and then cooled down and 

tested at 117° C. alternating between pure nitrogen and pure 

oxygen at Vds 3 V. When the first time the oxygen was flowed 

into the tube, the device showed a very strong and sharp 

response in I ds . This is due to the excess oxygen vacancies 

produced in the IZO film at higher temperature. The high 

temperature re-activated the device that was saturated in the 

oxygen test at 50° C. After two 0 2/N2  cycles, the device 

5  reached the thermal equilibrium, from the Y d  to the 6th  Oz/Nz 

cycle, the I ds  changes uniformly and still has good response 

and the device does not show any saturation. It is explained 

that the thermal energy of the oxygen in the IZO film can get 

enough kinetic energy to get away from the IZO film and 

to reach a steady-state with the oxygen vacancy. Compared with 

traditional oxide-based 0 2  sensors, this operation tempera-

ture (117° C.) is still quite low. From FIG. 8, it appears that 

there are two options for using this IZO-gated A1GaN/GaN 

15  HEMT sensor. The first option is to use the device at steady-

state such as the 3 d to the 6th 
 0

2/N2  cycle. The second option 

is to use the excess states, such as the first 0 2/N2  cycle. The 

reason to use the excess state is its high sensitivity. 

Accordingly, for inexpensive sensors, the device can be 

20 made disposable for a singleuse. In one embodiment, onlythe 

first shot is used to test oxygen and then the sensor can be 

disposed or recycled. In an embodiment, the device can be 

recycled by annealing the device again at a higher tempera-

ture, such as for example, 360° C., to re-activate the IZO film. 

25 FIG. 9 shows the drain-source current and the slope of I ds  

vs. time of the device tested at 117° C. alternating between 

nitrogen and 5% of 0 2/N2 . Three cycles of the alternating N 2  

and 5% of 02/N2 were tested. After each cycle, the device was 

heated up to 360° C. and then cooled down to 117° C. for 

30 testing. Although the base-line of the I ds  is increasing, the 

slope of the Ids  vs. time remains the same for each cycle. This 

makes the sensor utilization much easier and simpler. Since 

the excess-state is very sensitive, the device was tested in an 

ambient with a 1.67% and a 200 ppm of 0 2/N2, respectively, 

35 at 117° C. and Vds  7V. The slope of the I ds  vs. time for the 

1.67% and the 200 ppm of O2/N2  are 101 µA/min and 17 

µA/min, respectively. The slopes show that the device still has 

a very strong response at very low 0 2  concentration. The 

combined advantage of excess-state in IZO film, high elec- 

40 tron mobility in A1GaN/GaN, and the high field effect make 

the low concentration 0 2  testing very easy. 

Indium zinc oxide (IZO)-gated A1GaN/GaN high electron 

mobility transistors (HEMTs) were used to detect oxygen 

gas. The IZO gated-A1GaN/GaN HEMT drain-source current 

45 (Ids) showed a strong response to the oxygen gas at low 

temperatures of 50° C. and 117° C. This 0 2  sensor shows a 

high sensitivity and wide detection limit ranging from 200 

PPM to 100% of O2/N2  ratio. These results clearly demon-

strate electronic biological sensors based on A1GaN/GaN 

5o HEMTs for 02  detection. 

In summary, a combination of IZO film and the A1GaN/ 

GaN HEMT structure can detect oxygen from 200 ppm to 

100% at low temperatures, such as 117° C. The sensor can be 

used in the steady-state or in the excess-state which provide 

55 flexibility in various applications. Embodiments of the sub-

ject device can realize a portable, fast response and high 

sensitivity oxygen detector. 

Although embodiments have been described with refer- 

ence to a number of illustrative embodiments thereof, it 

60 should be understood that numerous other modifications and 

embodiments can be devised by those skilled in the art that 

will fall within the spirit and scope of the principles of this 

disclosure. More particularly, various variations and modifi- 

cations are possible in the component parts and/or arrange- 

65 ments of the subject combination arrangement within the 

scope of the disclosure, the drawings and the appended 

claims. In addition to variations and modifications in the 



US 8,222,041 B2 

11 
component parts and/or arrangements, alternative uses will 

also be apparent to those skilled in the art. 

What is claimed is: 

1. A sensor, comprising: 

• high electron mobility transistor (HEMT) on a substrate; 5 

and 

• polymer-based solar cell connected to the HEMT. 

2. The sensor according to claim 1, wherein an N-type 

region of the polymer based solar cell is connected to a source 

region of the HEMT. 	 10 

3. The sensor according to claim 2, wherein the HEMT 

comprises a source electrode on the source region of the 

HEMT, wherein the N-type region of the polymer based solar 

cell is connected to the source region of the HEMT by a via 

through a dielectric layer on the source electrode of the 15 

HEMT. 

4. The sensor according to claim 1, wherein the polymer 

based solar cell is provided on a gate region of the HEMT. 

5. The sensor according to claim 4, wherein the polymer 

based solar cell comprises a P-type layer on the gate region of 20 

the HEMT and an N-type layer on the P-type layer. 

6. The sensor according to claim 5, wherein the P-type 

layer directly contacts a surface layer of the HEMT at the gate 

region of the HEMT. 

7. The sensor according to claim 5, wherein the N-type 25 

layer is electrically connected to a source region of the 

HEMT. 

8. The sensor according to claim 1, wherein the sensor is 

connected in an IR detection system to measure CO z  and/or 

oxygen. 	 30 

9. The sensor according to claim 1, wherein carbon dioxide 

and/or oxygen concentration is determined by the intensity of 

light absorbed by the solar cell and amplified by the HEMT. 

10. The sensor according to claim 9, further comprising 

nanoparticles or nanorods and dyes in the polymer of the 35 

polymer-based solar cell for tuning light absorption wave-

lengths of the polymer-based solar cell. 

11. A method of detecting oxygen and carbon dioxide in 

exhaled breath, comprising: 

providing a sensor device in or near exhaled breath of a 40 

patient, wherein the sensor device comprises: 

• first high electron mobility transistor (HEMT) on a 

substrate and comprising a carbon dioxide selective 

recognition layer on a gate region of the first HEMT, 

the carbon dioxide selective recognition layer being a 45 

material that reacts with carbon dioxide to result in a 

change in charge to the carbon dioxide selective rec-

ognition layer upon exposure to carbon dioxide; and 

• second HEMT on the substrate and comprising an 

oxygen selective recognition layer on a gate region of 50 

the second HEMT, wherein the oxygen selective rec-

ognition layer has a high oxygen vacancy concentra-

tion; 

detecting carbon dioxide in the exhaled breath using the 

first HEMT; and 	 55 

detecting oxygen in the exhaled breath using the second 

HEMT. 

12. The method according to claim 11, further comprising: 

recycling the second IIEMT by performing an annealing 

process; and 	 60 

performing a second test of the oxygen and carbon dioxide 

in the exhaled breath using the sensor device. 

13. A method of detecting oxygen and carbon dioxide in 

exhaled breath, comprising: 

providing an infrared (TR) detection system in or near a 65 

path of exhaled breath of a patient, wherein the IR detec-

tion system comprises: 

12 
a polymer based solar cell on a gate region of a high 

electron mobility transistor (HEMT), wherein the 

polymer based solar cell converts incident light into 

electric signals and the HEMT amplifies the electric 

signals; and 

detecting oxygen and/or carbon dioxide in the exhaled 

breath according to the incident light absorbed by the 

polymer based solar cell. 

14. The method according to claim 13, wherein the poly-

mer based solar cell comprises a P-type layer on the gate 

region of the HEMT and an N-type layer on the P-type layer. 

15. The method according to claim 14, wherein the P-type 

layer directly contacts a surface layer of the HEMI at the gate 

region of the HEMT. 

16. The method according to claim 14, wherein the N-type 

layer is electrically connected to a source region of the 

HEMT. 

17. The method according to claim 13, wherein the IR 

detection system further comprises a light source configured 

to provide incident light onto the polymer based solar cell, 

wherein the light passes through the exhaled breath of the 

patient. 

18. The method according to claim 17, wherein carbon 

dioxide and/or oxygen concentration is determined by the 

intensity of the light passing through the exhaled breath of the 

patient and absorbed by the solar cell. 

19. A method of detecting oxygen and carbon dioxide in 

exhaled breath, comprising: 

providing an infrared (IR) detection system in or near a 

path of exhaled breath of a patient, wherein the IR detec-

tion system comprises: 

• high electron mobility transistor (HEMT); and 

• polymer based solar cell connected to the HEMT, 

wherein the polymer based solar cell converts incident 

light into electric signals and the HEMT amplifies the 

electric signals; and 

detecting oxygen and/or carbon dioxide in the exhaled 

breath according to the incident light absorbed by the 

polymer based solar cell. 

20. The method according to claim 19, wherein the JR 

detection system further comprises a light source configured 

to provide incident light onto the polymer based solar cell, 

wherein the light passes through the exhaled breath of the 

patient. 

21. The method according to claim 20, wherein carbon 

dioxide and/or oxygen concentration is determined by the 

intensity of the light passing through the exhaled breath of the 

patient and absorbed by the solar cell. 

22. A method of detecting oxygen in exhaled breath, the 

method comprising: 

providing an oxygen sensor in or near exhaled breath of a 

patient, wherein the oxygen sensor comprises a high 

electron mobility transistor (HEMT) comprising a selec-

tive recognition layer on a gate region, wherein the 

selective recognition layer has a high oxygen vacancy 

concentration; 

detecting oxygen in the exhaled breath using the oxygen 

sensor; and 

recycling the oxygen sensor for additional testing by per-

forming an annealing process. 

23. The method according to claim 22, wherein the oxygen 

sensor is disposable. 
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