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Last year at SAFE, we presented the concept of the

Abstract— This paper focuses on the electrical behaviour of monocrystalline silicon based microhotplate hed8r Our

monocrystalline silicon heater at different temperéures. The
electrical resistivity of monocrystalline silicon ises with
increasing temperature, starting from room temperatire. After
reaching the so-called intrinsic temperature of siton, the
resistivity drops significantly. Our heater, fabricated in a CMOS
compatible process and aiming at temperatures up t800 °C, is
made of doped epitaxial mono-Si layer. Contact lireare made of
titanium silicide. Four-point probe measurements ofthe heater
resistance confirm the theoretical prediction and ndicate that
reached temperatures are above 600 °C. Comparisonf dhe
devices with the different active layers follow theprediction of
shifting the intrinsic temperature to lower rangesfor less doped
silicon layers.

Index Terms— hotplate, microheater, monocrystalline silicon,
titanium silicide

I. INTRODUCTION

heater uses monocrystalline silicon layer for theatimg
resistor [9]. Monocrystalline silicon is capable foperation
up to and above 800 °C [6,10]. The wiring mateisdltanium
silicide. This material is stable at high temperasuand is
fabricated in a process that contains relativelytleli
compatibility problems.

The purpose of this paper is to further analyzetetal
behaviour of the fabricated mono-Si microheaters see how
it matches theoretical predictions. Also, comparibetween
two different microheater structures is done to $eav
different material properties reflect the heatenehéour.

II. MONO-SI MICROHEATER

A. Thermal dependence of silicon resistivity

The resistivity of silicon is very much temperature
dependent [11] and after successful temperatuileraibn we

ICROHEATERS are employed inside microsystems in would be able to know the temperature by only meagthe

wide spectrum of applications [1-4]. They can e
the local temperature on the chip, while the rdsthe chip
remains at ambient temperature. Depending on thkcagion,
the achieved
millilkelvins [5] to above 1000 K [6]. Sensing ofi¢ heater
temperature is usually provided by monitoring theceical
resistance of the heater, which is temperature rotp.

Microheaters for high temperatures (reaching ab®@°C)
have mainly chemical applications (microcalorimetegas
sensors, microreactors). The most widespread devise
polycrystalline thin films as the heating elemefdsy. Pt, or
poly-Si). However, these heaters express certaoblems
because of the polycrystalline structure and tloeeetannot
be employed successfully at very high temperatyigs
Moreover, heavy metals, like Pt, can have somelenabwith
fabrication compatibility of standard IC technology
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electrical resistance of the heater.
The conductivity of silicon is given by =q - (wen + un p),
whereq is the elementary charge apgun,n,p - mobility of

increases of temperature can vary frasiectrons and holes, and concentration of freetreles and

holes, respectively. Total concentration of freeectbns
equals ton = Np + n;, whereNp is the concentration of
activated donor ions, ang - intrinsic electron concentration.
Because of the electrical neutrality, the conceiatna of
positively charged carriers can be denoteg asn? / (Np +

+ ;). At room temperature, the concentration of thargh
carriers is initially set by the doping concentvati Therefore
n; can be neglected in respeciNg, andp in respect ta. With
increasing the temperature from room temperatube t
resistivity of the silicong = ¢™*) will also rise. This is due to
temperature dependence of the mobility of the ahaggriers.
However, with further increase of the temperatummeyre and
more charge carriers are thermally generated, Hliere
contributing to the increase of the conductivitytied material.
At a certain temperature (intrinsic temperaturkg, thermally
generated carriersj will outnumber the activated dopants
(Np) and dominate the conductivity. Under those cdoist
the material is in the so-called intrinsic regiaogants no
more play any significant role). With a further iease of
temperature, the resistivity of silicon will dropitv the
temperature, reaching the values significantly Wwelthe
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nominal value at room temperature [6, 11, 12]. out of the ideal current source, and the potertiierence
The described process depends on the concentrafionacross the heater is measured by the voltmeter.

dopants in silicon. As the silicon is more dopét higher is

the intrinsic temperature. Additionally, the ratibthe peak of

the resistance (at the intrinsic temperature) &edrésistance

at room temperature is lower for more doped layers to I
. . -3 + out
concentrations in order of cm?®) [13]. \'"/ —_—
B. Design a)
Similarly to the most common microheater solutioosr -
heater has two-dimensional hotplate geometry. Itfree I._’ v
RCS
I:'2C4

standing (thermally insulated) sheet of monocriisglsilicon

with the dimensions 500m x 300um. As shown in Figure 1,
the contacts have been made spring-like in ordeabtsorb

thermal expansion of the structure. This provides theater
remains in-plane during operation. There are atstr Rci Ry
contacts to the device for delivering the power d&od

measuring the voltage drop. Therefore it containg tontacts
in total, making device capable for accurate fooirp
measurements of the resistance of our heater withyout the
effect of the contact resistances introduced by titamium

silicide lines.

b) RCZ

D

Fig. 2. a) Description of the contacts’ role dgrimeasurements: the current
is fed through two contacts on the opposite sidébeoheater, whereas other
two contacts sense the voltage across the hdgt&quivalent electric circuit.

C. Fabrication

The devices are fabricated by starting from 100-8@i
(silicon-on-insulator) wafers. A three masks pracées used
that could be CMOS compatible with slight modificat.

I [} ] I
[ | ]
I |
Fig. 1. Optical image of the top view of the devidhe black part of the m monocrystalline silicon m buried oxide

image is completely etched though wafer and thecsire is free-standing. o o . e
The central part is silicon heater of rectanguleape and the green parts form m silicon nitride m titanium silicide
titanium silicide contact wires.

. . Fig. 3. Schematic cross-section of the device.
The current is forced through two contacts onediffit

sides of the heater. The voltage across the hiateeasured ~ The desired silicon resistive layer is obtainedotigh
between two remaining contact4; = V' - V. The ratio of the epitaxial growth. There are two sets of the devites have
measured voltage and the currént I, = I (see Fig. 2.a), Very similar footprint, but with the different ttkicess of the

gives the desired electrical resistance of theenamily R; =  epitaxial mono-Si layer. The first set, typeSA, EHS 1pm
Vit / 1y). The value oR, changes with the temperature in thehick epi-layer that is doped with Ago 5-10 cn”, and the
similar manner as the resistivity of silicon. second set, type B, has the thicker layeping with the A3

The equivalent electric circuit is shown in Fig@®. Four concentration of 9.5.10cm®. These numbers provide that the
contacts are represented as resistors of the amesisR;, Sheet resistance values of the silicon layers mrthe same
wherei = 1,2,3,4. (R, is the resistance of the contact througtgvel of magnitude.
which the current is fed, and the indices increasehe  After silicon nitride deposition and patterning tre back
clockwise direction according to the Figure 2.ghpTheater is Side, 200 nm of titanium is sputtered for the cotstaand
modelled as the resistor of the resistaRgeThe power comes patterned. The silicon is patterned on the froté swhere it is

412



etched down to the buried oxide. Then, a high teatpee
annealing at 800 °C is performed, allowing the et
titanium to react with the silicon below and foritamium
silicide. Then the heaters are released by bulkirgan KOH.

When sufficient power was provided, the heater tetar
glowing in the visible spectrum (first red, therange).

The same measurement was performed on the devites o
type B. The measured curve is shown in the Figura %his

The buried oxide at the membranes is stripped inFBHcase, visible glowing of the heater body was naeobed.

(buffered hydrofluoric acid), to completely releaghe
structure, as illustrated in Figure 3.

All the electrical measurements were performed gigin
Agilent 4156C precision semiconductor parameterlyaea
and a Cascade probe station.

Firstly, we used test structures on the chip tockhine
properties of the used layers. These measurenadeyi sheet
resistance values ®R.ris; = 1 Q/o for titanium silicide and

MEASUREMENTS

R.si = 110Q/o for monocrystalline silicon with the type A. For

the type B, results wer&,tisi = 0.7Q/0 andRtisi = 150Q/0.
The principal measurement for device charactednatvas
performed by forcing the currehf from zero value to 35 mA

To check the reliability of the proposed method for
resistance measurements, a constant power wagaplihe
device (93.6 mW) for a period of 15 minutes. Tinmamge of
the resistance is given in Figure 6.
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Fig. 6. Time change of the resistance with thestamt power supplied (type
B, Si layer 5um thick).

IV. DisCuUSsSION

Our fabricated heaters exhibit the expected marofer
change of the electrical resistance with tempeeafline shape

and measurinyy as the response. Power dissipated across the.. - ..rves shown in Figures 4. and 5. is acogrdo the

heater was calculated Bg = I, -V,
heater asRy = Vy / |y .

gnd the reS|stance_of thedescription given in section Il.A of this paper.
The relative change of resistance

Ry / Ruo (P) curve of the type A device is shown in Figure 4. A. Heater type A

Rio is the heater resistance at room temperature.
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Fig. 4. Relative change of resistance of the méatéependence of the power
dissipated across the heater (type A, Si layemlhick).
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Fig. 5. Relative change of resistance of the meéatdependence of the power
dissipated across the heater (type B, Si layen3hick).

Heater of the type A exhibited the increase ofdleetrical
resistance in the order of 2 before reaching theingic
temperature (from 18@Q to 350Q). That was followed with
the drop below 10@ when more power was supplied. The
power on the x-axis (see Fig. 4) is only the podissipated
across the heater. This power is related to the@eeature of
the heater, whereas the total power supplied tosylséem is
higher and is dissipated along the contact wirevatihe bulk
and suspended beams. The input power is in theerafg
hundreds of milliwatts. For the highest current ingrthe
measurement (35 mA), measured voltage was 12.8sujting
in 430 mW dissipated in the entire system, with 10&/
dissipated at the heater only.

The exact temperature dependence of the resistarstél
not known. After the temperature calibration bytimgt the
device in the furnace and measuring the resistahdeown
temperatures, it will be possible to determine tdraperature
of the heater by only measuring resistance.

However, at this moment, based on the electrical
measurement and visual inspection, we can clain tiia
heater has reached temperatures above 600 °C.

As can be seen in the Figure 4, heater passessiatri
temperature and reaches the intrinsic region duwjpeyration.
Intrinsic temperature of silicon layers dependstlos doping
level. As presented in [13], for the silicon layerish the same
doping as of type A, intrinsic temperature is ia tange above
600 °C.

Another indication of reached high temperaturesthis
glowing of the heater in the visible spectrum (Fei). Thin
films start to emit visible thermal radiation abd@@0 °C [14].
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Fig. 7. Optical image of the device in operatitypé A, Si layer Jum thick).
The heater is glowing as well as the contacts éwvey supply. This is due to
the resistance drop of the silicon at high tempeest which makes the
contact resistance important.

Although titanium silicide is very conductive magdrat
room temperature, its resistivity has a constasée rivith
increasing the temperature, which results in titanisilicide
becoming more resistive than silicon at
temperatures. That is the cause of the lower efiwy of the
device at higher temperatures. After the heatetsstgowing,
heather and contacts are exchanging the roles, auithact
wires becoming more resistive and appearing shihian the
heater.

B. Heater type B

The devices of the type B have thicker mono-Sivadtyer.
The consequence is that the volume, and therdfierenaiss, of
the heater body is increased fivefold in respedhéotype A.
That requires more power in order to reach highpenatures.
However, titanium silicide contact wires are belrggted more
quickly. That limits the dissipation across the teeaeven
when the total input power is increased. Glowinghef heater
body was not observed for the type B, while thieidié in the

suspending beams was very hot and intensively glpwi

yellow and even white.

Despite the noted problems, we can clearly see ttiat
heater was brought to the temperatures of thengitriregion.
For reaching the intrinsic temperature, slightlgsi@ower was
needed as compared with the device of the type W&, Bis
time the heater volume is 5 times larger. That rmehat with
the same dissipation across the heater, significdatver
temperatures will be reached. Therefore, we caclada that
intrinsic temperature is for sure lower than in tase of the
type A. Further, the ratio of the peak of the nasise and the
resistance at room temperature is 3 (increase 86Q to
1.05 K2), which is higher than with the type A. That isal
according to the expectation.

C. Time stability of the heater under the constantloa

Proposed method for temperature measurements loesed

the resistance measurements can give reliabletseshén the

very high

time response is considered. As shown in Figurdirbe
change of the heater resistance, in the coursehufuds, had
the decrease of the resistance with the slope dB900/h
from the starting value of 97.8@2. The standard deviation
from the linear fit is only 0.10.

V. CONCLUSIONS

In this paper we presented electrical behaviour of

microhotplate heater based on monocrystalline asilicThe
response of the fabricated devices was tested evida$ with
two different active layers were compared. Measueslilts
qualitatively  confirmed the theoretical expectation
Temperatures achieved with one type of the devicesed
600 °C.
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