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A High-Sensitivity CMOS-Compatible Biosensing
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Abstract—An optical biosensing system based on a standard
CMOS technology and absorption photometry is proposed.
Within the compact prototype, a CMOS sensor consisting a
P� N���� finger photodiode and a transimpedance amplifier
was implemented in a standard 0.35- m CMOS technology.
The ABTS/H�O� HRP method was adopted to be coupled with
various analytes of interest, such as glucose and histamine, which
can serve as the basis for medical diagnosis. The experimental
results demonstrate that the minimum concentrations successfully
detected for H�O�, glucose, and histamine are 1 M, 1 M, and
10 M, respectively. The detection limits are at least one order of
magnitude better than those of reported CMOS biosensors, and
are even comparable to those of a commercial spectrophotometer.

Index Terms—Biomedical transducers, CMOS analog inte-
grated circuits, medical diagnosis, optical receivers.

I. INTRODUCTION

W ITH the rapid progress of biotechnology and micro-
electronics, a new generation of biomedical diagnosis

is expected worldwide. The development of a portable, accu-
rate, inexpensive, and easy-to-use biosensor has become the
most important niche in the health care industry [1], [2]. De-
tecting the optical properties changed by chemical reactions is
a competent approach to examine various important biological
molecules [3], [4].

Among the optical biosensing techniques, emission photom-
etry and absorption photometry have drawn substantial attention
in the area of medical diagnosis [1]–[9]. Emission photometry is
the detection of the light emitted by molecules through chemical
reactions in response to the concentration of an analyte. The light
emission process can further be classified into chemilumines-
cence, fluorescence, and phosphorescence according to specific
characteristics. This popular technique is capable of real-time
measurement with high selectivity to the analyte. However, it
may suffer from luminophor degeneration, which leads to signal
attenuation with time [4]–[8]. Circumventing this difficulty,
absorption photometry, another widely used technique, relies
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Fig. 1. The diagram of the miniature CMOS optical biosensing system and the
experimental setup.

on the change of photon absorption through chemical reactions
in response to the analyte concentration. The biosensing system
based on absorption photometry offers advantages for analyte
monitoring with high spatial resolution and has potential for
applications in microarray analysis [4], [9].

Regarding the commercial instruments for optical analysis,
a photomultiplier tube usually serves as the optical sensor in a
spectrophotometer. Commonly used wavelength range includes
ultraviolet and visible light. Despite its high sensitivity, the
spectrophotometer has limited applications in home care in-
struments because of its bulky size, high cost, and high voltage
(about 1000 V) [10]. On the other hand, the CMOS photode-
tector is characterized as having a small size, a low cost, a high
throughput, and low power consumption. Hence, it becomes an
attractive candidate for personalized diagnostic kits. Although
much research has been devoted to CMOS biosensor using
emission photometry, few studies have been done on CMOS
biosensor using absorption photometry.

Based on a standard CMOS technology and absorption pho-
tometry, an optical biosensing system with a high sensitivity and
real-time measurement capability is proposed [11]. The whole
system was assembled into a compact prototype, and has great
potential toward a practical home care instrument for personal-
ized clinical diagnosis.

II. PRINCIPLES AND METHODS

A. System Sketch

The diagram of the proposed CMOS optical biosensing
system is illustrated in Fig. 1. A narrowband light emitting
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diode (LED) is used as the light source, and a bandpass filter
allows the light of a specific wavelength to travel through the
cuvette, in which the light is modulated by the biochemical
materials. The light after passing through the cuvette is detected
by the CMOS biochip, which is mainly composed of a photode-
tector and a transimpedance amplifier (TIA). The photodetector
converts the modulated optical signals into current signals, and
then the TIA converts them into voltage signals. The voltage
signals are measured by a multimeter (Agilent 34401A), which
is connected to a personal computer via a general purpose
interface bus (GPIB), and an application software (Labview) is
used for data acquisition.

B. Biochemical Reactions

In this study, the ABTS/H O HRP method is adopted as the
basis for biomedical applications. The biochemical equation is
expressed as [12]

(1)

where ABTS represents 2,2’-azino-bis(3-ethylbenzthiazo-
line-6-sulphonic acid), and HRP stands for horseradish per-
oxidase. For qualitative analysis, one can easily observe this
chemical reaction since the ABTS solution is visually light
green and the ABTS solution is dark blue. For quantitative
analysis, one can detect the optical absorbance of the solution
to evaluate the concentration. The absorption spectra obtained
from a standard spectrophotometer (Hitachi U-3310) show that
ABTS has an absorption peak at 340 nm with 50-nm FWHM
(full width at half maximum), whereas ABTS has an absorp-
tion peak at 415 nm with 50-nm FWHM and lower broad peaks
at 640 and 730 nm with 340-nm FWHM.

The absorbance of the materials is described by the
Beer–Lambert law [3]

(2)

where and , respectively, denote the initial light
intensity and the light intensity after passing through the
material, is the wavelength-dependent molar absorptivity in
units of cm , is the path length in units of cm,
and is the concentration of absorbing species in the material
in units of . With a monochromatic light source and
a fixed path length, the absorbance would be proportional to
the analyte concentration. Thereby detecting the optical signals
modulated by the biochemical reactions is an efficient way to
quantitate H O .

For the ABTS/H O HRP method, the initial rate of the
overall reaction is expressed as [13]

(3)

where represents the maximum reaction rate, H O rep-
resents H O concentration, and represents the Michaelis
constant (defined as the H O concentration at which the
reaction occurs at half of the maximum rate.) is an in-
dicator showing the affinity between an enzyme and a given
substrate; at the same time it further reveals the stability of the
enzyme-substrate complex. Referring to (3), while H O is

relatively smaller than , the initial rate would be approxi-
mately proportional to H O .

Moreover, many important biomedical targets such as glu-
cose, histamine, lactate, and uric acid, can be successfully cat-
alyzed to H O by different enzymes. The biochemical reac-
tions for glucose and histamine can be expressed as [14]

(4)

(5)

where GOx and DAO represent glucose oxidase and diamine
oxidase, respectively, and ImAA stands for imidazole acetic
acid. Glucose is the essential substance in terms of metabolism;
the glucose concentration in the blood is an efficient indicator
for follow-up examination of diabetes. Another example is his-
tamine, a biogenic neurotransmitter. It can influence many cells’
reactions, including allergy and inflammation. With sufficient
ABTS and HRP, coupled enzymatic reactions can be formed
by combining (1) with (4) and (5), respectively, and the ab-
sorbance of the materiel would be proportional to the concen-
tration of glucose and histamine, respectively. Therefore, the
ABTS/H O HRP method is quite useful to quantitate these
targets’ concentration for medical diagnosis.

C. Preparation of Biochemical Reagents

ABTS (10 mg/tab), H O (30%, W/W), HRP (250 U/mg),
-D-glucose, histamine, and DAO from porcine kidney

(0.06 U/mg) were purchased from Sigma. GOx from As-
pergillus niger was purchased from Fluka. Sodium phosphate
powders (monobasic and dibasic) were obtained from J. T.
Baker. Other chemical reagents were of analytical grade and
were used without further purification.

The HRP, GOx, and DAO stock solutions were prepared in
a 100-mM phosphate buffer and were stored at C. These
stock enzyme solutions were melted in an ice bath just before
use and were diluted with a pH 7.0 phosphate buffer. The ac-
tivity assays of HRP, GOx/HRP, and DAO/HRP in the systems
containing various concentrations of H O , glucose, and his-
tamine, respectively, were initiated by adding 1-ml colorimetry
reagent (30-mM ABTS in a 100-mM phosphate buffer, pH 7.0).
The reactions were performed at 25 C (for HRP and GOx/HRP)
and 37 C (for HRP and DAO/HRP), respectively.

D. CMOS Biochip

Referring to Fig. 1, the CMOS biochip was mainly composed
of a photodetector and a TIA. Fig. 2 depicts the top view and
cross section of the proposed finger photodiode.
Typically, a CMOS photodiode can be formed by adopting
a , , or junction. With the
illumination of the short wavelength light for biochemical
experiments, the absorption depth of silicon is quite shallow,
and most photogenerated carriers are very close to the pho-
todiode surface. Since only the excess carriers inside the
depletion region and within the diffusion length contribute
to the photocurrent, the shallower junction (about
0.2- m deep) was adopted in this study to accomplish a better
responsivity. ( junction is an alternative.) Moreover,
the interdigitated junctions was used to extend the
depletion regions near the surface and, hence, increase the
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Fig. 2. The top view and cross section of ��� �� finger photodiode.

photocurrent [15]. Each stripe was 1- m wide with 4- m
spacing, and the stripes were interconnected by metal lines
and contacts. The total area of this finger photodiode was
100 m 100 m. The photodiode was surrounded by double
guard rings to keep the substrate noise off; the guard ring
was connected to ground, and the guard ring was connected
to a high potential [16].

In a standard CMOS technology, the dielectric layers above
the active region comprise an interlayer dielectric layer, inter-
metal dielectric layers, and optional passivation layers (PASS).
For a multilayer structure, the reflectance can be calculated by
using the impedance-transformation approach. The effective
wave impedance at the front of the th layer is expressed
as [17]

(6)

where , , and denote the intrinsic impedance, the
wavenumber, and the thickness of the th layer, respectively;

denotes the effective impedance at the front of the
th layer. This recursive calculation starts from the known

impedance of the last layer (silicon substrate), ,
backward to the effective impedance at the front of the surface
layer, . Then, the reflectance of the photodiode can be
obtained as

(7)

where is the intrinsic impedance of air. For the device with
and without PASS, the simulation results of the wavelength-de-
pendent reflectance are shown in Fig. 3. By removing PASS
above the active region of the photodiode, it shows that the re-

Fig. 3. The calculated reflectance as a function of wavelength for the device
with and without passivation layers.

Fig. 4. The configuration of the subsequent circuits. Device parameters are
� � ���� �m���� �m�, � � � � ��� �m���� �m�, � � � �
� � �� �m���� �m�, � � � k	, and � � �� k	.

flectance can be reduced from 0.169 to 0.116 for the 430-nm
light, and from 0.481 to 0.006 for the 650-nm light.

As shown in Fig. 4, the subsequent circuits included a current
source, current mirrors, a TIA, and output buffers. The TIA con-
sisted of a common-source stage , two source followers
and , and an external feedback resistance . served in
the feedback loop to isolate from the loading effect, and
drove the load capacitance to alleviate the stability issue [18].
The gain of the TIA is given as

(8)

where is the transconductance of ; was designed
large enough to make approximated to . The external
allowed us to adjust the amplification factor and the dynamic
range of the TIA. The input-referred noise current of the TIA is
given as

(9)

where is the transconductance of , and is the excess
noise coefficient [18]. The input-referred noise current were re-
duced by enlarging , , , and . In addition, to pre-
vent the abovementioned circuits from illumination, these re-
gions were covered with floating metals as optical masks.
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Fig. 5. Experimental results of the CMOS optical biosensing system with
� � ��M� and� � �M� at � � ��� nm. (a) The output voltage versus
the input optical power. (b) The corresponding absorbance versus the output
voltage.

III. EXPERIMENTAL RESULTS

A. Characteristics of the Whole System

The biochip was manufactured using the TSMC (Taiwan
Semiconductor Manufacturing Company) 0.35- m CMOS
technology. The die size (including the photodiode, core cir-
cuits, and I/O pads) is 1.35 mm 1.35 mm, and the dimensions
of the miniature biosensing system shown in Fig. 1 are about
8 cm (length) 6 cm (width) 7 cm (height). The finger
photodiode is reverse-biased moderately to ensure that the
photocurrent is linearly proportional to the absorbed photons.
The photocurrent is then converted into voltage signal by the
subsequent TIA. With a 3-V power supply, the lower bound
and upper bound of the output voltage are 0.49 and 2.02 V,
respectively.

Red LEDs (Centenary 31134) and a bandpass filter (Onset
650FS10–50) are used to produce 650-nm light. When the
biochip is illuminated, the output voltage as a function of
the input optical power for a 650-nm wavelength is shown in
Fig. 5(a). For M and 1 M , the sensitivities are

Fig. 6. Experimental results of the CMOS optical biosensing system with
� � ��M� and� � �M� at � � ��� nm. (a) The output voltage versus
the input optical power. (b) The corresponding absorbance versus the output
voltage.

approximately 145 V W and 16 V W, respectively. How-
ever, the output voltage for M would saturate
at 2.02 V when the input optical power is larger than 10 nW.
Combining the results of the linear region with (2) gives the
corresponding relationships between the absorbances and the
output voltages for two different ’s, as shown in Fig. 5(b).
These relationships would be beneficial for the analysis of
biochemical experiments since the absorbance of the material
is proportional to the target’s concentration.

Similarly, purple LEDs (Centenary 40327) and a bandpass
filter (Newport 20BPF10–430) are used to produce 430-nm
light. When the biochip is illuminated, the output voltage as a
function of the input optical power for a 430-nm wavelength is
shown in Fig. 6(a). For M and 1 M , the sensitiv-
ities are approximately 26 V W and 3 V W, respectively.
The output voltage for M would saturate at
2.02 V when the input optical power is larger than 60 nW. The
relationships between the absorbances and the output voltages
for two different ’s are shown in Fig. 6(b).
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Fig. 7. Experimental results of the H O detection with 650-nm light at 25 C.
(a) Real-time measurement of the output voltage for � � ���� s. (b) The
Michaelis-Menten plot.

The measurement results of the CMOS chip indicate that the
sensitivity of 650-nm light is higher than that of 430-nm light.
But from the perspective on the biochemical product ABTS ,
the absorption of 430-nm light is stronger than that of 650-nm
light. Accordingly, for comparison, the following biochemical
experiments are performed with 650-nm light and 430-nm light
individually.

B. Detection

The biochemical equation of the ABTS/H O HRP method
is expressed in (1). When the substrate ABTS and the enzyme
HRP are sufficient, the amount of the product ABTS would
be proportional to the H O concentration. For the experiment
performed using 650-nm light and M , Fig. 7(a) il-
lustrates the real-time measured voltages under various
H O concentration, with an arrow indicating the trend of in-
creasing concentration (incr. conc.). The minimum H O con-
centration was successfully detected as 1 M, which is one order
of magnitude better than the limit reported in previous liter-
atures (about 50 M) [1], [2], and is even comparable to the
limit obtained from a commercial spectrophotometer (Hitachi
U-3310). With the relationship depicted in Fig. 5(b), the ab-
sorbance at each time point for various H O concentration can

Fig. 8. Experimental results of the H O detection with 430-nm light at 37 C.
(a) Real-time measurement of the output voltage for � � ���� s. (b) The
Michaelis–Menten plot.

be obtained. The Michaelis-Menten plot of H O concentra-
tion is shown in Fig. 7(b), where the Michaelis constant

m is computed by using a nonlinear regression
program (SigmaPlot). For a small H O , the experimental re-
sults demonstrate a good linearity with the coefficient of deter-
mination , as shown in the inset of Fig. 7(b).

Similarly, for the experiment performed using 430-nm light
and M , Fig. 7(a) illustrates the real-time measured
voltages under various H O concentration. The minimum
H O concentration was successfully detected also as 1 M.
With the relationship depicted in Fig. 5(b), the absorbance at
each time point for various H O concentration can be obtained.
The Michaelis–Menten plot of H O concentration is shown in
Fig. 7(b), where M. For a small H O ,
the experimental results demonstrate a good linearity with

as shown in the inset of Fig. 7(b).

C. Glucose Detection

The coupled enzymatic reactions for glucose detection are ex-
pressed in (1) and (4). Sufficient ABTS, HRP, and GOx would
ensure that the absorbance of the material is proportional to
the glucose concentration. For the experiment performed using
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Fig. 9. Experimental results of the glucose detection with 650-nm light at
25 C. (a) Real-time measurement of the output voltage for � � ����� s.
(b) The Michaelis–Menten plot.

650-nm light and M , the real-time measured volt-
ages under various glucose concentrations are illustrated in
Fig. 9(a). The minimum glucose concentration was successfully
detected as 10 M. The Michaelis–Menten plot of glucose con-
centration is shown in Fig. 9(b), where mM.
In order to detect a lower glucose concentration, the experi-
ment was then performed using M . The obtained
Michaelis–Menten plot is shown in the inset of Fig. 9(b), where

, and the detection limit of the glucose concentra-
tion was improved to 1 M. This detection limit is two orders of
magnitude better than the limit reported in previous literatures
(about 500 M) [1], [2], and is comparable to the limit obtained
from a commercial spectrophotometer (Hitachi U-3310).

D. Histamine Detection

The coupled enzymatic reactions for histamine detection
are expressed in (1) and (5). Sufficient ABTS, HRP, and DAO
would ensure that the absorbance of the material is proportional
to the histamine concentration. For the experiment performed
using 430-nm light and M , the real-time measured
voltages under various histamine concentrations are illus-
trated in Fig. 10(a). The minimum histamine concentration was
successfully detected as 10 M, which is comparable to the

Fig. 10. Experimental results of the histamine detection with 430-nm light at
37 C. (a) Real-time measurement of the output voltage for � � ������ s.
(b) The Michaelis–Menten plot.

limit obtained from a commercial spectrophotometer (Hitachi
U-3310). The Michaelis–Menten plot of histamine concentra-
tion is shown in Fig. 10(b), where M.
For a diluted histamine solution, the experimental results
demonstrate a good linearity with , as shown in
the inset of Fig. 10(b).

E. Interfering Agents

For the ABTS/H O HRP system, although HRP, GOx, and
DAO are highly specific enzymes, some chemicals in the blood
may affect the H O detection. Among the possible interfering
agents in the blood, uric acid and acetaminophen were observed
to have limited effects on the H O detection, whereas ascorbic
acid (AA) would somewhat affect the H O detection [19]. For
healthy adults, the physiological concentration of AA in the
blood is about 60 M, and the glucose concentration in the blood
is about 3–8 mM [20], i.e., the ratio of [AA] to H O is about
0.01. Since the sensitivity of our system for glucose detection
is in the low m range, the blood sample could be diluted to a

to concentration for detection.
To investigate the effects of AA upon the ABTS/H O HRP

system, the experiments were performed using 10 m H O and
various AA concentrations in the reaction mixture. The activity
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Fig. 11. The absorbance A of the reaction mixture versus the AA concentration.
(a) At low concentration. (b) At high concentration.

of HRP was determined using the system with 650-nm light
and M , and the experimental results are shown in
Fig. 11. For H O m and AA M, the varia-
tion in the absorbance A of the reaction mixture was negligible.
For H O m and AA M, the significant in-
terference with the ABTS/H O HRP system due to the large
AA concentration can be observed. However, when the diluted
blood sample of a healthy adult is used in our detection system,
the ratio of [AA] to H O is about 0.01 and the expected AA
concentration is much less than 1 M. Therefore, the interfer-
ence from AA is also negligible for the blood examination.

IV. CONCLUSION

An optical biosensing system based on a standard CMOS
technology and absorption photometry has been presented. The
whole system was assembled into a compact prototype, in which
the CMOS biochip composed of a photodiode and a TIA demon-
strated a high sensitivity and linearity. The quantum efficiency
of the photodiode was enhanced by adopting the in-
terdigitated structure and removing the passivation layers in the
CMOS structure. In addition, the switchable feedback resistance
of the TIA allowed a user to adjust the amplification factor and
the dynamic range for examining different concentration levels
of an analyte. The ABTS/H O HRP method was introduced
as a useful basis for quantifying various analytes by coupling
them with biochemical reactions that produce H O . The ex-
perimental results reveal that the detection limits of H O , glu-
cose, and histamine concentration are 1 M, 1 M, and 10 M,
respectively. The detection limits are at least one order of mag-
nitude better than those of reported CMOS biosensors, and are
even comparable to those of a commercial spectrophotometer.

The whole system exhibits a high detection capability, a large
dynamic range, a high reproducibility, a short response time,
and a low sample volume requirement. Therefore, the devel-
opment of this CMOS biosensing system is a stepping stone
toward a portable, reliable, inexpensive, and convenient home
care instruments. In the future, more advanced functions such
as rapid screening and automatic monitoring could be realized,
and a practical miniature instrument for personalized clinical di-
agnosis may be reasonably expected.
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