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Abstract: An integrated humidity sensor system with nanoestmed carbon nitride film
as humidity sensing material is fabricated by aj@rB8analog mixed CMOS process. The
integrated sensor system consists of differenthidity sensitive field effect transistors
(HUSFET), temperature sensor, and operational &eplirhe process contains two poly,
two metal and twin well technology. To form ¢NMIm on SgN4/Si substrate, plasma
etching is performed to the gate area as wellaxkres. CNfilm is deposited by reactive
RF magnetron sputtering method and patterned biifthef technique. The drain current
is proportional to the dielectric constant, andgbasitivity is 2.8&A/%RH.
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1. Introduction

Semiconductor sensors, where semiconductor matea mainly responsible for the sensor
operation and/or semiconductor fabrication processe applied to sensor fabrication, is an intargst
topic to be investigated in terms of the developimmiaturized and high performance sensors. A
semiconductor humidity sensor, a typical chemicahssr, is widely used in wide range of
measurements and control applications, includirggehin home appliances, industries, agriculture,
hospitals, and laboratories that need greater acgw@and extreme conditions. In order to satisfyidew
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range of applications, expected parameters of hiymigkensors are sensitivity, response time,
reproducibility, long-term stability, selectivitgurability and low cost.

The importance of integrated sensors has beenasiagly recognized with the development of
technology and science, as miniaturization of seneffers general advantages with respect to batch
fabrication and reduction of cost [1]. Howevergemtated humidity sensors, using clean semiconductor
fabrication process and inorganic materials asisgnsiaterials, have not yet been matured as a
commercial product in the global market. Fortunatséveral researchers have recently reported some
micro humidity sensors, such as a capacitive huynginsor with on-chip thermal reset [2], a CMOS
humidity sensor [3] and a capacitive humidity semaanufactured by a CMOS-MEMS technique [4],
and a company has introduced a new humidity anghéemture sensor using CMOS micro-machined
chip technology [5]. Humidity sensors have appliee polymer materials with a dip-coating or spin
coating method as sensing layer. However, polymaterials can not stand temperature higher than
900 C to make on-chip microsensors on semicondwtibstrate, such as silicon. And the polymer
layer of the humidity sensors exhibits varying @egr of sensitivity to the same external influences
because of hysteresis and swelling. The agingisflélyer can also lead to data errors in the hugnidi
signals.

The first study of carbon nitride (GNwas focused only on synthesizing the stoichiom@tCsN4
phase, which was suggested as a new super hardah#tat might have similar or superior hardness
and bulk modulus of diamond [6]. However, the dtmmetric[3-C3N4phase was synthesized in 1998
[7]. One of the most significant obstacles to sgsthe the stoichiometri-C3N,4 is the hydrogen
contamination that can break C-N bonds to N-H ard Gonds on the films. Hydrogen is usually
created by the water molecules that are diffuseh fhe vacuum chamber wall or outside. However, if
one could make use of hydrogen defects that waraei intentionally and bonded weakly, carbon
nitride would be an attractive candidate matemaliftegrated humidity sensors based on the silicon
process [8], because of the high melting pointthedmal stability of the carbon nitride films.

In this study, the integrated humidity sensoreystvith OP amp, using the CNx films as a sensing
material, has been designed, simulated, and fabddzased on standard CMOS fabrication process.

2. Design and Fabrication of Integrated Humidity Sensor System

A CMOS humidity sensor system with two stages OFp am designed by 0.m CMOS
technology. It consists of a humidity sensor bloakiemperature sensor block and an operational
amplifier block for signal amplification and prosgsy in one chip. The two stage operational
amplifier has a differential input stage, seconihgetage, and output buffer shown in Figure 1.
Frequency compensation is necessary for close-dtaiplity due to a negative-feedback connection.
The simplest frequency compensation technique eyaplihe Miller effect by connecting a
compensation capacitor, @cross the high-gain stage. Due to unintentioeedfforward path through
the Miller capacitor, a right-half-plane zero is@lcreated and the phase margin is degraded. Such a
zero, however, can be removed if a proper nullgynesistor in inserted in series with the Miller
capacitor [9, 10].

The NMOSFET M and M, provide the input differential pair, and the PM@3FM; and M,
provide the active load, respectively in FigureThe differential input stage is biased by the autrre
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mirror Ms and M, in which the reference current is determinedHgyinternal resistor connected with
an adjustable external resistor (circle A). Theosecstage which means the output stage consists of
the common source-connected NMOSFET. Wransistor M provides the bias current for/NMnd acts

as the active load. An internal compensation capaeircle B) and transistor Mare included for
stability. A bias circuit is determined with a dihransconductance which is matched to the
conductance of a bias resistor. Therefore, thesistor transconductances are not dependent on the
power-supply voltage, as well as the process pammand the temperature variations. To prevent the
zero-current state in the bias circuit, a startioguit is included.

Figure 1. Schematic view of two-stage CMOS operational afigplwith robust bias.

Start up Bias Differential- input Common-source
Circuitry 1st Stage 2" Stage

The layout of the operational amplifier is showrFigure 2. Each function block in the operational
amplifier are separated by well and metal guargsimnput lines are given to twisted pair by twatahe
layers because it is a particularly effective amdpte way of reducing both magnetic and capacitive
interference pickup. Twisting the wires tends tewe a homogeneous distribution of capacitances.
Feedback capacitance of 5 pF is designed near pobémck. The common centroid placement design
and dummy poly rings are employed for reducingrth@match from over etching and electrical noses.
Input FETs of the differential operational amplifiare placed also taking into consideration
operational matching between halves of the cetiday

Figure 2. Layout (a) and photograph (b) of a differentiaaional amplifier block.
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Figure 3 shows the design of a four humidity séresitield effect transistors (HUSFETS): SPa, SPb,
SNa, and SNb. The middle letter, ‘P’ or ‘N’ meahe tthannel type of the FET sensor and the last
letter ‘a’ or ‘b’ is the type of the sensor struguThe type ‘a’ is a multi-finger gate MISFET stture
with 60x3/8 WI/L ratio, and ‘b’ is an interdigitatesburce-drain MISFETs with (60x5/8) WI/L ratio,
which are covered with gate electrode. Throughphellel connection of SNa and SPa, these two
HUSFETs operate as a single HUSFET with a widthab¢o the sum of the individual transistor
width, having a same length. The drain and soureasacan be shared with adjacent HUSFETs. Two
benefits are achieved with this layout: (1) smalégout size and (2) the reduction of the depletion
capacitances in source and drain. The reductiaepletion capacitance plays an important role ef th
protection of latch-up in analog design or in otitpiver design. No latch-up was found in this sgns
system. Figure 4 is a metallurgical microscope ienaigthe sensor block in a fabricated chip.

Figure 3. Layout of HUSFETS.

Figure 4. Image of sensor block.

A differential HUSFET has a pair of transistorssemsing transistor (denoted ‘S’) and a reference
transistor (denoted R), as shown in Figure 5. &regice transistor is applied to eliminate the éftdéc
unwanted factors, temperature, other gases, @aktibises, etc. The differential signal from senso
and reference is transmitted to the amplifier blo€ke fabrication is based on O8n CMOS
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technology which contains two poly, two metal amihtwell process. Some steps for sensing area of
HUSFET are added in the conventional CMOS prodessthe formation of CiNfilm on the gate layer,
the plasma etching is performed to each gate akotigtrench. CN film is deposited by a reactive RF
magnetron sputtering system with DC bias and paterby the lift-off technique. To fulfill the
requirement of differential sensor, water permeauliel layer is deposited only on the gate region of
the sensing transistor. After that, the photo taesisoated on the gold pattern with a mask. Tha&tgh
resist for passivation is patterned on the gata afeeference FETs to protect the reaction wittewa
vapor.

Figure5. Structure of n-channel differential HUSFET.
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3. Results and Discussion
AC response of open loop gain in the operationadldier is expressed as:

Ao (h=—T0 1)

where, A is a low-frequency open-loop gain ang fs a dominant-pole frequency. The unity-gain
bandwidth is written as

fr=fe Ag 2)

and is also called the gain-bandwidth product. dpen loop gain Ais about 85B and the dominant-
pole frequencydp is about 14®z shown in Figure 6. The unity-gain bandwidti{(dbout 10 MHz) can

be obtained at around 1 dB in Figure 6. Its vakia ilittle bit higher than the calculated one from
equation (2).



Sensors 2008, 8

90
8¢
70
60
50

4@

(dB)

3@

20

B o .B33Tm)
B: 54‘77998 84.505)

Figure 6. Bode plot for open loop AC response.
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Phase margin and gain margin that are easily ateadurom the Bode diagram are used for a main
criterion of frequency response stability. The ghasargin PM is the amount of additional phase tag a
the gain crossover frequency required to bringsistem to the verge of stability, and the gain nmarg
(GM) is the reciprocal of the magnitufig(jw)|at the frequency at which the phase angle is>1B@e

GM is positive if it is more than unity and negatif less than unity. The positive GM (in decibels)
means that the system is stable and the negativen@dhs the opposite. For satisfactory performance
of the sensor system, the PM should be betwe&ar8060, and the GM should be greater than 6 dB.
In Figure 7, the GM is about 27 dB and the PM igulth5, respectively.
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Figure 7. AC response of unity gain operational amplifier.
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The maximum rate of change of the output voltagihe slew rat&R of the operational amplifier,
the unit of which is usually given as volts per ragecond and written as

dVo lq
SR= max — —— 3
( dt Ce ®)

where, \4is a output voltage, ds a compensation capacitor, agdsla bias current. Although the rate
of change in output voltage can be either positivaegative, th&R is defined as a positive quantity.
The settling time is the time that output is seftte within + 0.1% of its final value, when the
operational amplifier is connected as a unit-gaitofver and step voltage 1 V is applied at the tnpu
From Figure 8, it shows that tH&R is 10 V/uS and the settling time is 130 nS undgsF5load
capacitor.

Figure 8. Slew rate and settling time of unity gain openagicamplifier.
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The electrical characteristics of the fabricated @3/transistors and HUSFETs are measured by a
semiconductor test and analyzer (CATS CA-EDA) an¥ @lotter (HP 4280A) in self-designed
measurement chamber. To avoid condensation of waper on chamber wall or pipelines, caused by
the different temperature between input vapor ammber inside, the devices and reference sensors
put together in the constant-temperature chambetralted by PID. Figure 9 shows the current-
voltage characteristics of nMOSFET with substrates.bThe poly-nitride etch stop process is applied
to nMOSFET and HUSFET both. However, HUSFET hashimeidity sensing layer (CNfilm) in
gate and NMOSFET has not. NMOSFET with 180/80 dsfaio presents a typical MOSFET curves
as much as the conventional MOSFET, as shown iar&i§. As would be expected, the added poly-
nitride etch stop process for the sensing aredemate does not noticeably affect the original GMO
process.
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Figure 9. Current-voltage curves of fabricated nMOSFET (\\I/86/8).
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The threshold voltage of HUSFET is given as [11]
Vi == +(-Q.—Q -Q,)/C +2¢ (4)

wherey ’"ys is the work function difference between the gattahand substrate materialss@ the
charge density of the fixed surface stateis@he effective interface charge density, iQthe charge
density per unit area in depletion region andis the Fermi potential of the substrate. The psrau

electrode is deposited on the structure gflZSizN4/SiO,/Si in HUSFET gate layer, as shown in Fig.
10. The capacitance per unit area at inversioe,stif can be expressed as [12]

Lot l 5)(
Ci CS’ Cin
and
Cin = CoCay {(Coy +Co) +(Co.Carlen) / £0yin) (6)

where G;j, Cox, Csn and G, are the capacitance of unit area in depletiororegf substrate, SKD SN,
and GNg, respectively, andcglis the thickness of carbon nitride fil®,, is the relative permittivity of

free space and , is the relative permittivity of CNfilm. When hygroscopic CNfilm is exposed to
water molecular, the modified dielectric constaan be written by Looyenga’s empirical equation [13]

- 1/3 1/3 1/3(3
gs —{V(EW _gcn )+ gcn } (7)

wherey is the fractional volume of water in the carbomidé film ande , is the dielectric constant of
water given by [14]
£, = 78541- 46x107*(T - 298 +88x10°(T - 2997} 8)

where T is temperature in Kevin. Shibata et al eh@ported the calculatgdn a polyimide film [15].
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Figure 10. Inversion state of nHUSFET; (a) cross sectionawand (b) energy band
diagram.
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The humidity sensing properties of an n-channel AE/E (SNa) is shown in Figure 11. When the
ambient temperature is 26 and the relative humidity is 20%, the threshadttage of the n-channel
HUSFET (SNa) is about -11.1V atj)& OV.

Figure 11. I-V curve of an n-channel HUSFET.
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This value is in good agreement with the calculat@de that was achieved from equation (4). The
threshold voltage of nHUSFET is much lower thart 6fanMOSFET, because the & reduced and
the interface charge density @ increased due to the deposition of carbondatriVhen the relative
humidity increases from 20 %RH to 70 %RH, the dairrent of the SNa increases from 0.85 to 0.99
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MA at Vygs = -9.0V and T=2%. When water molecules meet carbon nitride layssugh the porous
gold layer of HUSFET gate, they are chemisorbetheravailable sites of the carbon nitride surfage b
dissociative mechanism to form two hydroxyl ionsdéach water molecule, which possess a high local
charge density and a strong electrostatic field, the proton reacts with an adjacent surfateg@up
to form a second OHyroup. Therefore, singly bonded water moleculesadnle to form dipole and to
reorient freely under an externally applied ga¢ddfi resulting in an increase in the dielectricstant.
This is also attributed to the threshold voltage #re drain current changes of HUSFET.

Figure 12 shows the relationship between the drairent and the relative humidity of nHUSFET.
The gate voltage and the source-drain voltageieed Bt \js = -9.0 V and s = 4 V. If a sensitivity is
defined asSs=dIp/dRH, then the sensitivity of the SNa is 2/8%RH.

Figure 12. Drain current change as a function of relative ity
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4. Conclusions

The integrated micro humidity sensor system, u€iig films as the sensing material, has been
designed and fabricated with an operational angplifased readout circuit. The poly-nitride etclpsto
process has been tried to form the sensing areatandard CMOS process. The operational amplifier
revealed the stable operation for the signal pingsof sensor part, so that unity gain bandwidés w
more than 5.46 MHz and slew rate was more than /L& \Wespectively. The drain current of the n-
channel HUSFET increased from 0.85 to 0.99 mA asréative humidity increased from 20 to 70
%RH. The integrated micro humidity sensor systeowsd the sensitivity of 2.8A/%RH at constant

drain and gate bias.
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