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A DIAMOND THIN FILM FLOW SENSOR

Sacharia Albinl, John C. Hagwoodl, John B. CooperZ, David L. Gray3, Scott D.
Martinson3, and Michael A. Scott3

IDepartment of Electrical & Computer Engineering
2Departmem of Chemistry and Biochemistry

Old Dominion University, Norfolk, VA 23529-0246
3NASA Langley Research Center, Hampton VA 23665

Abstract

We present the results of theoretical modeling and experimental testing of a diamond
thin film sensor for flow studies. It is shown that the high thermal conductivity of a
diamond film can enhance the frequency response of the flow sensor. One-
dimensional heat diffusion equation was solved using the finite difference method
for determining the frequency response. Two different sensor structures were
analyzed: a Ni film on a quartz substrate (Ni/Q) and an intermediate layer of diamond
film between the Ni film and quartz substrate (Ni/D/Q). The theoretical model
predicts a frequency response for the Ni/D/Q sensor higher than that of the Ni/Q
sensor. Diamond films for the Ni/D/Q sensor were deposited onto the quartz
substrate by microwave plasma-enhanced chemical vapor deposition (MPECVD).
The conditions for a high nucleation density were established for obtaining a
continuous diamond thin film. A subsequent nickel film patterned and deposited
serves as the sensing arm in the bridge circuit of an anemometer. The measured
frequency response of the Ni/D/Q sensor combination is greater than 220 kHz, as
compared to the Ni/Quartz sensor response of 120 kHz.

1. Introduction
Diamond thin films possess a unique combination of properties among solid state

materials including high thermal conductivity, chemical inertness, high resistivity
and large breakdown field. Applications utilizing these properties have recently been
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reported in hydrogen sensing [1], temperature sensing [2], and flow sensing [3].
High velocity, high temperature flow sensing capabilities are critical for detecting
transitions in the hypersonic and supersonic regime. A hot-film anemometer
consisting of a conducting thin film deposited on an insulating substrate detects
transition regions in fluid flow. The high frequency components, a function of the
Mach and Reynold's number, need to be determined for analyzing the flow
characteristics. Conventional metal film sensors are limited by the properties of the
thin film to measuring instabilities around 60 kHz. Researchers at NASA Langley
have developed thin metal film sensors of Cr and Ni for boundary layer transitions
at both ambient and cryogenic temperatures [4]. However, a need arises for
identifying appropriate materials for measuring high speed flow transitions in the
200 - 400 kHz range at temperatures above 500 OC.

Frequency response analyses of thin film sensors were carried out by Vidal [5] and
Lowell and Patton [6]. Decoupling the thermal effects of the film from the substrate
allows the film temperature to change faster than the substrate temperature. This
corresponds to maintaining a large ratio of film thermal conductivity to substrate
thermal conductivity (kg /kg). The maximum frequency response is related to
(kf/prfdf2 or C(,f/dfz) where pf, cf, af, and df are the density, heat capacity,
diffusivity and thickness of the film. Therefore, achieving a high frequency
response requires the combination of a thin film material with a high k¢ and a
substrate material with a low kg. Table 1 lists the thermo-physical properties of the
chosen thin film and substrate materials which meet the above discussed criteria.
Diamond is chosen as the film material due to the following properties: highest value
of thermal conductivity, large negative temperature coefficient of resistance and
chemical inertness at high temperatures. Also, doping diamond has yielded
resistivity values in the range 0.1-100 ©-cm [7]. Quartz has a low value of thermal
conductivity among other possible substrate materials as Si and AlpO3. As
mentioned earlier, a low value of kg is important for high frequency analysis.
Therefore, the (D/Q) combination, which has a very high k¢/kg ratio, should exhibit
a high frequency response.

Frequency response simulations were carried out to predict the sensitivity of Ni and
diamond films deposited on quartz substrates. The results of such simulations
should indicate the effect the interlayer of diamond has on the frequency response.
The finite difference method was used to solve the one-dimensional heat diffusion
equation for determining the frequency response of the sensor. The details of the



115

Table I. Thermo-physical properties of materials at 300 K

Material Parameter Ni Diamond Quartz
p (kg/m3) 8900 3500 2650
k (W/m°K) 90.7 2300 10.4

¢ (J/kgOK) 444 509 745

analysis are explained elsewhere[8]. Fig.1 illustrates a schematic of the model used
for analyzing the frequency response. The frequency response values were
determined using a sinusoidal forcing function. The result is shown in Fig.2. The
3dB response of the normalized temperature amplitude variation for the Ni/D/Q
sensor is around 2X105 Hz. The response of the Ni/Q sensor is about an order of
magnitude lower. Hence, the diamond film interlayer will enhance the frequency
response of the proposed flow sensor.

2. Sensor Fabrication

Two different types of sensors were fabricated for frequency responses
measurement. Fabrication of the Ni/Q sensor was carried out by patterning and
depositing nickel films on fused quartz substrates by electron-beam evaporation to a
thickness of 0.5 um. For the Ni/D/Q sensor, diamond films were grown on quartz
substrates using a microwave plasma-enhanced chemical vapor deposition system.
The deposition chamber consist of a 6" vertical cavity with a 4" diameter graphite
susceptor connected to an induction heater. The temperature of the susceptor is
monitored by a thermocouple inserted at the base of the susceptor. For uniform thin
film growth, a considerable nucleation density is necessary. Diamond nucleation
and growth processes on quartz substrates have been investigated by several
researchers[9-12]. Previous investigations of diamond nucleation on various forms
of silica by MPECVD has produced different results. Lauten et. al. demonstrated
the formation of diamond on SiO7 without substrate abrasion prior to deposition [9].
Instead, it is shown that a gas phase seeding process consisting of increasing the
CH4 concentration, decreasing substrate temperature and lowering microwave
power is sufficient for increasing the nucleation density. For this present work, we
define nucleation enhancement of diamond films on quartz substrates as a two-step
mechanism. The initial step is abrasion with 1um diamond paste prepared with a
Minimet abrasion apparatus. This prescratching procedure causes an immediate
means of nucleation by seeding stable fragments on which diamond growth can
occur. The second step, similar to Lauten's proposal, is called carbon saturation of
the substrate. Carbon species impinge on the substrate from the gas phase and
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diffuse into the bulk of the substrate. When the substrate becomes incapable of
being penetrated by diffusion, the surface carbon concentration increases and
eventually stabilization of the nucleus is formed. Creation of a large density of these
stable nuclei is imperative for assuring uniform thin film growth. The abraded
samples were placed upon the graphite susceptor during deposition. The chamber is
first evacuated to a desired pressure with a turbomolecular pump. Table II lists the
deposition parameters used for nucleation and growth of the diamond thin films.
The deposition parameters given under the nucleation step are initialized.
Maintaining a 14% CH4 in Hp gas mixture during a two hour seeding time was
found to be sufficient for enhancing the nucleation density. After gas phase seeding,
modifications of the deposition parameters were necessary for uniform thin film
growth. A 3% CO in Hy was used during the growth step. This process promoted
the formation of OH radicals within the gas phase species. The combination of OH
radicals and atomic H should effectively promote diamond growth by preferentially
etching non-diamond carbon faster than diamond.

Table II. Nucleation and Growth Process Parameters

Parameters Nucleation Step Growth Step
Hydrogen Flow (sccm) 430 900
Methane Flow (sccm) 70 9

CO Flow (sccm) 0 27
Substrate Temperature (°C) 600 750
Total Pressure (Torr) 20 35
Microwave Power (W) 723 1000
Time (hours) 2 6

Diamond film growth was confirmed by Raman spectroscopy and SEM. The SEM
pictures shown in Fig. 3 reveal a continuous thin film, and verify a high nucleation
density achieved using the two step process. A nickel film was subsequently
deposited upon the diamond film. Due to the surface roughness of the diamond
films, a nickel film thickness of 1.6 pm was necessary. After depositing the nickel
films, both the Ni/Q and Ni/D/Q sensors were connected to a testboard.

3. Frequency Response Measurement

The frequency response of each sensor was determined using a Dantec Constant
Temperature Anemometer (CTA) system. The main unit of the CTA model consists
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of a servo amplifier, filter decade resistance, square wave generator, and other
auxiliary components. An associated CTA Standard Bridge and 5 meter Cable
Compensation Unit are connected to the main unit of the CTA. Other equipment
utilized for testing the sensors include: 100 MHz Yokogawa digital oscilloscope,
multimeter, and 5 meter coaxial cable. A constant temperature anemometer is one
method of implementing hot wire or hot-film anemometry. Hot film anemometry
operates on the principle that the electrical resistance of a metallic conductor is a
function of its temperature. In a constant temperature anemometer, the sensing film
is placed in a variable current feedback loop which maintains a constant temperature.
Any resistance change is detected as a voltage difference between the arms of a
Wheatstone bridge. This voltage difference is electronically conditioned in stages
and fed back as an input to the bridge. Therefore, the varying film resistance and
compensating current created will be proportional to the flow velocity. However, a
technique exists for determining the frequency response of a sensor using an
anemometer in the absence of a flow. The "cold resistance" of the sensor, which is
the resistance value without an applied signal, is measured. It is then multiplied by a
constant known as the overheat ratio, to get a resistance value termed as "hot
resistance." The variable resistance of the bridge circuit is initially set to the hot
resistance value. A 3 kHz square wave signal is applied to the sensor input and the
output is displayed on the digital oscilloscope. Fig.4 shows the frequency response
of both the Ni/Q and Ni/D/Q sensors. The measured frequency response of the
Ni/D/Q sensor is better than 220 kHz, as compared to the Ni/Quartz sensor response
of 120 kHz. This suggest that an intermediate layer of diamond has enhanced the
frequency response of the Ni/Q sensor.

4. Conclusions

The results of theoretical modeling predicted a high frequency response for a sensor
which has an interlayer of diamond film. Though the theoretical values were not
achieved, the experiments clearly demonstrated that the (Ni/D/Q) sensor has a
significantly higher frequency response than that of the (Ni/Q) sensor. The high
thermal conductivity of a diamond film is a factor for enhancing the frequency
response of the Ni/D/Q flow sensor. Such sensors will be useful for high speed
flow studies.
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Fig.1. Two sensor structures analyzed by finite difference method.

Normalized amplitude

Frequency (Hz)

Fig. 2. Theoretical frequency response of the two sensors.
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Fig. 3a. Diamond grown on an untreated quartz substrate showmg a low nucleation
density. Well-defined facets are clearly visible indicating the good quality of the
crystals.
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Fig. 3b. Continuous diamond film growth on a surface treated quartz substrate
using gas phase seeding.
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Fig.4. Frequency response of Ni/Diamond/Quartz sensor (top) and Ni/Quartz
sensor (bottom), respectively. The measured frequency response of the Ni/D/Q
sensor is >220 KHz, as compared to the Ni/Q sensor response of 120 KHz. This
is a clear demonstration of the suitability of diamond film for flow sensing
applications.
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