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Introduction
This chapter is an attempt by the authors to trace the history and 
development of the thermal mass flow controller (MFC), as seen 
through their eyes. We recognize that many individuals and companies 
contributed to this history, and we apologize if we have left anyone out. 
We also recognize that the thermal MFC is not the only type of MFC, 
but to trace the history of all the MFCs is beyond the scope of this 
chapter. For purposes of this discussion, the term MFC will include 
both mass flow meters and mass flow controllers.

The rise in popularity of the thermal MFC derived from its ability 
to measure “mass” flow of a gas directly. Most previous gas flow meters 
measured volume flow. But because the mass (grams) contained in a 
volume (liter) of a particular gas varies with both its temperature and 
pressure, these two parameters have to be measured to determine the 
mass. For simplicity, most gas volume flow rates were converted to 
an agreed-upon standard temperature and pressure, known as STP 
(Figure 1). This then became a defacto mass unit of flow.

Mass = γstp · Vstp

Vstp = Vact · Tstp · Pact
       Tact · Pstp

stp =  @ Standard Temperature & Pressure
      (Typically 0°C & 760 Torr)
act =  @ Actual Temperature & Pressure
Ţ =  Density (AIR @ stp = 1.293 grams/liter)
V =  Volume (liters)
T =  Temperature (°Kelvin absolute)
P =  Pressure (Torr or psia absolute)

Figure 1. STP equation.

There were many companies that contributed to the rise of the 
thermal mass flow meter. Two of the earliest were Hastings and Tylan. 
Hastings appealed to the industrial market, while Tylan dominated 
the semiconductor market. Other U.S. companies that came into the 
market were Brooks Instruments, MKS, Sierra Instruments, Unit 
Instruments, Precision Flow Devices, Vacuum General, Datametrics, 
and Innovus. Tylan merged with Vacuum General and became Tylan 
General, which was then acquired by Millipore and became Mykrolis. 
Mykrolis was acquired by Entegris, which later merged with Celerity. 
Unit Instruments was also acquired by Celerity. International compa-
nies were Horiba, Aera, Nippon, and STEC from Japan and Bronkhorst 
from The Netherlands. There were probably others as well.

History of the Mass Flow Meter
Some of the earliest work with thermal MFC’s was done by C.C. 
Thomas [1] (1911). He described a rather large flow meter that con-
tained a heater element inside a pipe and two thermometers upstream 
and downstream of the heater (Figure 2). The entire flow stream was 
heated, and the thermometers measured the temperature rise (Δt) of 
the gas. Thomas showed that the mass flowrate (M) of the gas was 
proportional to heat input (H) and inversely proportional to the heat 
capacity (Cp) of the gas and the temperature rise (Δt) of the gas (Figure 

3). Unfortunately, Thomas worked for the natural gas industry, and they 
were not inclined to put an electric heater inside their natural gas lines.

Figure 2:  Thomas flow meter.

M =     __H__   
             CvΔt
M  = mass flow in gm/min
H  = heat (power) input in cal/min (watts)
Cv  = heat capacity in cal/gm/°C
Δt  = temperature difference in °C

Figure 3:  Heat transfer equation.

J.H. Laub [2] (1947) tried to overcome the objection to the Thomas 
flow meter by attaching the heater and the thermometers to the outside 
of the pipe (Figure 4). Only the boundary layer of gas touching the wall 
of the pipe was heated. While he was able to relate the temperature rise 
to the mass flow rate under ideal conditions, the boundary layer was 
affected by the Reynolds number, velocity profile, and gas viscosity of 
the flow in the pipe and tended to be unstable.

Figure 4. Laub flow meter.

Both Thomas and Laub used the ability of a gas stream to transfer 
heat from one point to another as a way to measure the flow rate of the 
gas. They added heat at a constant rate to a flowing gas stream and mea-
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sured the temperature before and after the heat addition. The problem 
with these flow meters was that they required large amounts of power 
to heat the entire gas stream and long lengths of pipe to thoroughly mix 
the gas to a uniform temperature.

J. M. Benson [3] (1970) reduced the size of the pipe to a small capil-
lary tube. He heated the outside of the tube as in the Laub flow meter, 
but the interior diameter of the tube was so small that the entire flow 
stream was essentially heated as in the Thomas flow meter, but with far 
less power. In addition, the length of the capillary tube was at least a 
100 times greater than its diameter so the gas could thoroughly mix to a 
uniform temperature. Benson used two tubes: one to measure the flow 
and an identical dummy closed tube to provide the zero flow reference 
(Figure 5). In Benson’s flow meter, the tubes were heated by induction 
(i.e., the tubes were the secondary of a transformer), and thermocouples 
were used to measure the temperature of the tubes (the tubing was actu-
ally one element of the thermocouple). Benson showed that his flow 
meter could measure the mass flow of a gas from 
vacuum conditions of a few Torr up to 1000 psig 
and from –20°C up to 100°C.

Others developed similar thermal MFCs 
during this same time period. Most used a single 
tube with a resistance heater wound around 
the center of the capillary tubing, with resis-
tance thermometers wound around the tubing 
upstream and downstream of the heater. The 
resistance thermometers were placed equal dis-
tances from the heater so that at zero flow their 

temperature would be the same. When flow occurred, the temperature 
of the upstream sensor decreased as the gas absorbed heat from the 
capillary tube. The gas reached a maximum temperature as it passed the 
heater section, and it began to transfer the heat it had absorbed back 
to the capillary tube, hence the temperature of the downstream sensor 
increased. The change in resistance of the two sensors unbalanced the 
electronic bridge circuit, providing a voltage signal proportional to the 
mass flow rate (Figure 6).

Another innovation occurred around this time. W. G. Renken and 
D. B. LeMay at Innovus [4] developed a micromachined silicon sensor 
based on the thermal flow meter principle. This flow meter had a micro-
second response time.

Because the mass flow signal from the sensor tube becomes non-
linear at higher flows, techniques were developed to electronically 
linearize the output of the sensor and extend the range of the flow meter. 

Figure 5. Benson flow meter.

continued on page 44
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Several manufacturers however, 
developed flow meters that 
measured the heat (power) input 
required to hold the temperature 
difference constant. This resulted 
in an output signal that was 
linearly proportional to the mass 
flow. It also provided much faster 
response times, and it signifi-
cantly extended the range of the 
basic sensor.

A single sensor tube had a 
very limited flow range, typically 
between 10 and 50 sccm. To be 
effective, the range of the MFC 
had to increase by orders of 
magnitude. Hence, much work 
was undertaken by W.C. Baker 
[5] and others to increase this 
range by adding different bypass 
arrangements (Figure 7). Other 
bypass arrangements contained 
a myriad of very small passage-
ways, such as sintered metal 
filter elements or stacks of filter 
mesh (or screen) with passages 
that were only a few microns 
wide. Others contained a 
conical flow plug in a conical 
passage to create an adjustable 
flow restriction. 

Figure 7. Sensor bypass arrangements.

Thermal Mass Flow Meter and Controller
continued from page 43

Figure 6. Single sensor flow meter.

History of the Mass Flow Controller (MFC) 
While the “measurement” of small gas flows was a fundamental first 
step, the emerging industrial need was to “control” these flows. Initially 
these flows were controlled manually with metering valves. It is not 
surprising then that the first attempts to automate this process were to 
motorize the valve already in use. While effective, the motorized valve 
was usually large and bulky (compared to the thermal mass flow meter), 
and this did not meet the needs of industries looking for smaller and 
more compact flow controllers.

One of the earlier innovations was a thermal valve developed by the 
Tylan Company. It consisted of a small ball or cone suspended by a tube 
just above a small orifice (Figure 8). The tube held the ball just above 
the orifice, thus allowing flow to pass through the orifice. When the 
tube was heated electrically, it would expand, forcing the ball toward the 
orifice and thus reducing the flow that could pass through the orifice. 
The electrical current that heated the tube controlled the expansion 
of the tube, which controlled the flow through the thermal valve. The 
maximum range of the valve was controlled by the size of the orifice. 
The valve was small enough to be built into the flow meter that then 
became an MFC. It was very efficient and effective, but it did have lim-
ited differential pressure capabilities. Nonetheless, its small, compact size 
was just what immerging industries were looking for.

To handle the pressure 
differentials encountered 
in industrial applications, 
attention was centered on 
the ON-OFF solenoid valve. 
An electrically energized 
solenoid coil magnetically 
forced a plunger against 
an orifice, turning the flow 
OFF. When de-energized, 
springs forced the plunger 
away from the orifice, thus 
turning the flow ON. It 
was recognized that the 
solenoid valve had the 
capability of “controlling” 
flow by “floating” the 
plunger just above the ori-
fice. This was accomplished 
by varying the power to the 
solenoid coil and adjusting 
the spring resistance. In this 
configuration it became 
known as a “metering” 

solenoid valve (Figure 9). Range was determined by the size of the 
orifice and the operating pressure limits by the power applied to the 
solenoid coil and the resistance of the springs. Higher flow rates could 
be controlled by using a two-stage solenoid valve, in which the basic 
solenoid valve pneumatically controls a larger diaphragm valve (Figure 
10). The basic metering solenoid valve is efficient and compact. Even 
the two-stage solenoid valve is small compared to the earlier motorized 
valves. Today, most MFCs employ some variation of the metering sole-
noid valve as their flow control mechanism.

In the case of vapors that are liquid at room temperature, there is a 
vaporizer that vaporizes the liquid and a heated manifold system that 
carries the vapor to the deposition chamber. A peristaltic pump mea-
sures the liquid into the vaporizer. When used with corrosive materials, 
the system must be made of corrosion resistant materials. 

Figure 8. Thermal control valve.
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Summary
The MFC is critical in modern reactive physical vapor deposition 
(PVD) processes and plasma-enhanced chemical vapor deposition 
(PECVD) processes. The sensor and the controller must be precise and 
reproducible. 
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Figure 9. Solenoid metering valve.

Figure 10. Two-stage solenoid metering valve.
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Abstract
Reactive pulse magnetron sputtering processes are of increasing interest 
for the deposition of high-precision optical coatings of high density, low 
roughness and shift-free environmental stability. SiO2, Si3N4 and silicon 
oxynitride are attractive coating materials for interference filters pro-
duced by sputtering of a silicon target in a precisely controlled reactive 
gas mixture of oxygen and nitrogen. 

Polymer substrates are increasingly relevant for the application of 
optical coatings due to their mechanical and economical advantages. 
The opposing properties of hard and brittle metal oxide layers produced 
by sputtering on one hand and of the soft and elastic polymer substrates 
on the other hand may lead to adhesion failure and crack formation of 
the coatings. 

Magnetron PECVD (magPECVD ) using HMDSO as precursor 
allows to deposit carbon containing films with polymer-like proper-
ties. Results show the suitability of these coatings as hard coatings or 
matching layers. Multifunctional layers on polymer substrates with 
antireflective and scratch resistant properties were deposited using a 
combined magPECVD and sputter deposition process.

Introduction
The deposition of optical coatings using pulse reactive sputtering of a 
metal target in a mixture of argon and reactive gases offers a variety of 
advantages. To mention are:
• A variety of optical materials like SiO2, Ta2O5, TiO2, and Nb2O5 can 

be deposited with very low absorption and scattering losses at high 
deposition rate with excellent stability. Furthermore a good reproduc-
ibility with run to run deviation <1% can be achieved without in-situ 
monitoring.

• Due to the high energy of the sputtered particles itself and due to the 
participation of energetic ions in the film growth the deposited films 
are dense and environmental stable. By variation of pulse mode and 
parameters the energetic substrate bombardment can be controlled in 
a wide range.

• The sputter process can be flexibly adapted to different substrate 
types, sizes and shapes. Also large substrates can be coated very 
homogeneous. By using stationary sputtering substrates with diameter 
up to 200 mm and using in-line equipment substrates with length up 
to 700 mm can be coated uniformly according to the requirements of 
precision optics.

• Sputter deposition can be combined with efficient methods of plasma 
pre-treatment of the substrate.

• Sputtering provides a high flexibility with respect to batch size and 
cycle time. It can be well integrated into a fully automatic production 
line.

• Several process parameters are available for the reactive pulse mag-
netron sputter deposition to adapt the thin film properties to the 
polymer substrate surface. The unipolar pulse mode provides a low 
plasma density near the substrate surface [1] that keeps the thermal 
load of the polymer substrates low.

Multifunctional Optical Coatings on Polymers Deposited by Pulse 
Magnetron Sputtering and Magnetron Enhanced PECVD
Peter Frach, Hagen Bartzsch, Kerstin Taeschner, Jôern-Steffen Liebig, and Eberhard Schultheiss,
Fraunhofer-Institut für Elektronenstrahl und Plasmatechnik (FEP), Dresden, Germany
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For most applications the typically soft polymer surfaces need a 
scratch resistant protective coating. This coating additionally acts as 
matching layer between the organic characteristic of the substrate and 
the inorganic coating properties. This is necessary to avoid adhesion 
failure and crack formation of the coatings under real application condi-
tions. Conventional varnishing techniques for scratch resistant coatings 
require curing steps under clean room conditions before the compo-
nents may enter the vacuum process. Conventional PECVD processes, 
for example using rf-excitation, usually work under higher process pres-
sure than sputtering processes. Hence the different deposition stations 
have to be pressure separated from each other [2]. 

That is why one of the aims in the development of sputtering pro-
cesses for optical coatings is to include the deposition of the scratch 
resistant protective coating into the vacuum process chain providing an 
adapted process pressure of both the organic protective coating deposi-
tion and the reactive sputtering process for the optical functionality. This 
improved capability for inline-process implementation is enabled by the 
magnetron PECVD process (magPECVD). 

In this paper experimental results for the stationary sputtering of 
single layers, of layer systems inclusive AR coatings as well as for the 
magPECVD of hard coatings on polymer substrates are presented.

Experimental
Coatings were carried out in cluster type sputter equipment using the 
Double Ring Magnetron DRM 400 developed at Fraunhofer FEP. This 
type of magnetron combines two concentric discharges allowing uni-
form coating of substrates with a diameter up to 200 mm [3]. For sputter 
deposition pure metallic targets, e.g. of aluminum or silicon were sput-
tered in a mixture of argon and the reactive gases. A closed loop control 
of the reactive gas inlet allows stabilising the process in the so-called 
transition mode, where stoichometric films are deposited at high rates. 

Figure 1 shows the schematic of the deposition set up and Table 1 
gives information about deposition rates. By using a mixture of the reac-
tive gases oxygen and nitrogen with a defined composition films with a 
refractive index freely adjustable between the values of the oxide and the 
nitride were deposited. An automated process control allows the deposi-
tion of gradient films with free variations of refractive index in growth 
direction of the film. Pulse powering at 50 kHz in unipolar or bipolar 
pulse mode was applied using the pulse unit UBS-C2 of Fraunhofer FEP 
and standard DC power supplies.

Figure 1. Deposition setup for sputter deposition and magPECVD. 




