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Single-Structure Heater and Temperature Slensor 
Using a p-type Polycrystalline Diamond Resistor 

G. s. Yang and D. M. Aslam, Senior Member, IEEE 

Abstract- Heat generation and temperature sensing are re- 
ported in a single p-type diamond resistor fabricated on an 
oxidized Si substrate using diamond film technology compatible 
with integrated circuit (IC) processing. Power densities in access 
of 600 Whn? are observed for the heaters. The temperature 
response of the sensor is characterized in the temperature range 
of 300-725 K. Such a diamond heatedsensor device is reported 
for the first time. 

I. INTRODUCTION 

EAT generation and temperature sensing are required 
for heating applications and for liquid level sensors. 

mass flow meters, and vacuum and pressure gauges which are 
based on variations of heat dissipation [l]. As the materials 
commonly used for heating elements lack high sensitivity to 
the temperature change, different materials are utilized for 
heating and temperature sensing. In such a configuration, 
thermal and chemical properties of materials involved, if 
not carefully considered, may cause problems. It is also 
important to minimize the response time and uncertainties 
in the measurements associated with heat dissipation and 
placement of sensing and heating elements. 

Thc use of a single element as a heater and a temperature 
sensor may help eliminate such problems. The desired material 
properties for such an element include high thermal conduc- 
tivity, the ability to be used as an electrical conductor and 
insulator, high sensitivity to temperature, the micromachining 
capability, resistance to chemical attack and mechanical sta- 
bility. Recent progress in the technology of chemical vapor 
deposited (CVD) diamond has led to inexpensive device- 
quality p-type polycrystalline films [2]-[4]. Due to its large 
band gap of 5.5 e V ,  diamond can be used as an electrical 
insulator (intrinsic or undoped) and a semiconductor (boron 
doped). Recent advances in IC-compatible CVD diamond tech- 
nology have led to thermistors with an excellent sensitivity in 
the range of 80-1 300 K [21, microelectromechanical systems 
[3] ,  [SI and microsensors [6]. In this paper, we demonstrate, 
for the first time, the use of a single diamond resistor for heat 
generation and temperature sensing. Due to its high thermal 
conductivity and sensitivity, the diamond resistor is superior 
to conventional polysilicon or platinum resistors. 

11. EXPERIMENTAL 

Both p-type and undoped diamond films used in the present 
study were prepared by a hot filament CVD reactor equipped 
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with a 4.5 x 5 in.’ tantalum filament array. Typical de- 
position conditions were 400 sccm hydrogen mixed with 4 
sccm methane at SO torr. The substrate and filament tem- 
peratures were maintained in the range of 850-900°C and 
2 000-2 2OO0C, as measured by thermocouple and optical 
pyrometer, respectively. Two stainless steel holders filled with 
high purity boron powder were placed on1 the substrate for 
in-situ doping. 

Three 1 x 0.3 cm’ p-type diamond patterns with a structure 
shown in Fig. 1 were deposited on oxidized Si substrates to 
characterize the temperature sensing and heating properties of 
diamond, using the nucleation techniques developed earlier 
[ 2 ] ,  [4]. A layer of undoped diamond under the p-type layer 
was found to enhance the quality of p-type dliamond, measured 
in terms of sp3/sp2 ratio by Raman spectroscopy, even for 
very high doping levels [7]. Using a rapid thermal processor 
(RTP). the samples were annealed for 1 0  m at 650°C in 
nitrogen before the metallization to stabilize the temperature 
response of diamond films. A1 contacts to diamond were 
annealed at 400°C in N2 using RTP. 

111. RESULTS AND DISCUSS~ON 

Supplying DC voltages up to 287 V, the temperature of the 
sample shown in Fig. 1, subjected to Joule heating, was mea- 
sured as a function of applied power density by thermocouples 
at different points of resistors. The temperature at the center is 
higher than that near the ends. Representative curves of data 
collected for temperature measured at the center of a resistor 
are shown in Fig. 2. A nonlinear relationship between applied 
power and the resulting temperature observed at temperature 
above 600 K for freestanding samples seems to be introduced 
by an increased amount of heat loss through convection and 
radiation. More efficient heating observed in freestanding and 
vacuum configurations is due to smaller heat capacity of the 
testchip and less conduction loss, respectiv’ely, as compare to 
that in A1 configuration. A heating temperatures in excess of 
873 K, limited by oxidation of diamond, was measured at 
the center of the resistor while a power less than 25 W was 
supplied in the freestanding configuration. If diamond is heated 
to temperatures above 600-700°C in oxygen, it oxidizes [4] 
and the film may be completely etched in a few minutes. 
Thus, a higher maximum heating temperature is possible if 
a passivation layer, such as Si02 is used or if the heater is 
operated under nonoxidizing environment. A relatively high 
power density of 600 w/in.2 was used due to a large thickness 
of Si substrate (500 pm) as compared to diamond film (2-3 
pm). The maximum power and operating temperature of 
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Fig. 2. Temperature versus power density for different measurement config- 
urations. The test chip is mounted as a cantilever beam (freestanding) or on 
A1 substrate with a dimension of 5 x 5 x 1 cm3 (on 111). 

commercially available thick film heaters (nickel, Al, or carbon 
steel alloy) [SI, [9] are in the ranges of 5-250 W h 2  and 
573-1 473 K, respectively. 

For temperature sensing, the resistivity was measured in 
the temperature range of 300-725 K using a constant current 
of lop6 A.  The resistivity versus temperature data for all 
thermistors were fitted to the Steinhart-Hart equation [lo], 
defined by $ = a + b(ln p )  + c(1np)' + d(ln P ) ~ ,  to evaluate 
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the constants a, b, c and d. The average difference between 
temperatures computed from Steinhart-Hart equation and mea- 
sured by thermocouples was 0.4791 '% (2.328 K) over the entire 
characterized temperature range. 

During a heating process, the resistivity, determined from 
resistor dimensions and applied voltage and current, is used 
in Steinhart-Hart equation to compute the temperature. The 
results of such a heatingkensing experiment, depicted in 
Fig. 3, show a 0.9638% difference in computed and measured 
temperatures. It may be noted that, due to its negative tem- 
perature coefficient of resistivity, the sensitivity of diamond 
thermistor decreases with increasing temperature. This results 
in an increase in the percentage of temperature difference at 
high temperature range as shown in Fig. 4. 

The high value of heater voltage used in above experiments 
can be reduced by decreasing the resistivity which, however, 
will decrease the sensitivity of temperature sensing. The 
resistivity of samples in the present study are in the ranges 
of 0.48-0.92 R cm. In case of our in-situ doping boron 
doping technique, the resistivity could be varied in the range 
of 0.1-100 R cm. For example, to achieve a temperature of 
500 K for any of the resistors shown in Fig. 1, the heater 
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voltage can be reduced to values in the range of 30-50 V, if 
the thickness and room-temperature resistivity of the diamond 
film are 10 pm and 0.1 R cm, respectively. 

The sensitivity of a thermistor is usually characterized by 
the factor p [lo] which is defined by /? = In (R1/Rz)/(l/T1- 
l/Tz), where RI and RZ are resistances at temperatures TI 
and Tz, respectively. The beta value of diamond thermistors is 
in the range of 940-5 500 K [ 111 as compared to 2 0 0 0 4  000 
K for conventional metal-oxide thermistors [ 101 for the tem- 
perature range of 300-673 K. In the present study, p of 
all thermistors ranged from 940 to 1 310 K, which provides 
an effective heat generation with reasonable sensitivity to 
temperature change. Although higher sensitivity is achieved 
at lower doping level, the corresponding resistance values are 
unacceptably high (> 1 MR) for practical applications. 

IV. CONCLUSION 

A single CVD diamond resistor is used as heater and 
temperature sensor in the temperature range of 300-725 K. 
The values of power density and sensitivity factor /3 are in 
the ranges of 0-600 W h 2  and 940-1 3 10 K, respectively. By 
varying the doping level, these parameters can be optimized 
for various applications, particularly in harsh environments. 
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