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ABSTRACT

A furnace was designed and its heat transfer properties were analyzed for use in annealing thin-film tin-
sulfide solar cells. Tin sulfide has been explored as an earth abundant solar cell material, and the furnace
was developed to test the properties of annealed tin-sulfide thin films. Annealing is a highly temperature
and time dependent process so the furnace must be able to reach the temperature to be tested quickly,
maintain that temperature and once finished, cool down quickly. The furnace is composed of a quartz
tube with two heated zones, both heated with nichrome wire and cooled with fans. The two zones were
designed to reach temperatures of 600 C and 200 C and to be cooled at a rate of 10 C per minute.
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1 Introduction

Solar cells are semiconductor devices that convert solar radiation into electrical energy. They are
being studied as an alternative to conventional energy sources based on fossil fuels. However, the
materials used in the active layers tend to be expensive, which drives up the cost significantly. If
photovoltaic systems are to be a viable alternative to conventional sources of energy then cheaper, more
abundant materials must be developed and studied as alternatives.

Tin-sulfide is an example of an earth abundant alternative to conventional solar cells materials.
However the current energy conversion efficiency of tin-sulfide is low compared to other materials. A
portion of this energy loss is due to impurities in the crystal structure of tin-sulfide films. The crystal
structure of thin films is dependent on the annealing process used to create the cells. The two relevant
parameters of interest in this project are the temperature of the process and the time involved. This
project was part of an effort to study this material by annealing tin sulfide films.

1.1 Requirements of Furnace Design

The purpose of this report was to propose a design for a furnace to be used to anneal these films.
The tube furnace used in this case consists of a quartz tube with two heated sections, one at 200 C where
reactants are evaporated and one at temperatures as high as 600 C where the solar cell material is
annealed. The furnace must be able to maintain these temperatures while losing as little heat to the
environment as possible. In addition, since temperature and time play such an important role in the
process being studied the cooling time must be quick enough so that the only effects being measured are
those of the process being performed. For this reason a constant cooling rate of 10 C per minute was set
as a target.

These are unconventional functional requirements, which a typical furnace would not be able to
satisfy completely. The temperature range is reasonable compared to the ranges that typical furnaces
could reach, but the cooling requirements are not. Typical furnaces maintain high temperatures with thick
layers of insulation. These layers provide insulation during heating and cooling, which lowers the cooling
rate below 10 C/minute. Therefore, a new design was developed.

The furnace was built around a quartz tube. Through the tube a mixture of gases will be flowing.
In particular up to four gases will be flowing through the furnace; hydrogen sulfide, argon, nitrogen and
forming gas. The furnace is intended for pure hydrogen sulfide, but for the initial stages of the furnace
operation a lower concentration mixture of hydrogen sulfide in nitrogen will be used. Forming gas is a
mixture of hydrogen and nitrogen provided to serve as a source of hydrogen while minimizing its
dangerous properties, in particular its explosive nature.

The furnace will be used to anneal thin-film solar cells, on the order of several microns, so the
pressure of the procedure will be up to, but usually below, atmospheric pressure. The lowest pressure to
be expected in the furnace is 1 millitorr at the beginning of the process to evacuate the furnace of excess
material left from previous procedures. To reach these temperatures, a roughing pump will be used. The
purpose of this project was to describe a furnace designed to work at these specific conditions.

2 Design and Components of Furnace

The furnace can be separated into separate subassemblies. The heated section of the furnace
contains all of the components needed to ensure that the furnace can reach and maintain the relevant
temperatures described earlier. This section includes the tube, heating elements and a shield to thermally
isolate the furnace during heating and greatly increasing the thermal interaction during cooling.



Supplemental components of the furnace include temperature and flow controllers, tubing outside of the
furnace, a filter and a pump to evacuate the tube within the furnace.

2.1 Heated Section of the Furnace

The innermost section of the furnace was an 18 in. quartz tube with inner and outer diameter of
48mm and 52mm, respectively. The sections of the quartz tube heated up to 200 C and 600 C were 3 in
and 4 in long respectively, spaced 2 in apart. Heating was accomplished with nichrome wire wrapped
around the tube in a coil.1The two sections were placed two inches apart to create a distance large enough
so that the temperature at one zone would not affect the other. The placement of the two rolls of
nichrome wire was displayed in the figure below.

Figure 1: Quartz tube shown with nichrome wire placement scheme.

In order to close off the tube and provide a connection to other components of the assembly two
quartz caps were provided. Over each cap a sleeve of silicone rubber was placed to hold the caps in place
and to provide a seal. The inner diameter and length of the silicone rubber sleeves were 2 in and 3 in
respectively, small enough compared to the outer diameter of the quartz tube and the quartz cap to allow
both components to slide into them providing a press fit, as shown in the figure below. The fit was tight
enough that external force was needed to pull the assembly apart, ensuring that in a vacuum the seal
would not become undone.

Figure 2: Quartz tube shown with silicone rubber sleeves and quartz caps. To the right the quartz cap that
was placed at the end of the tube. At center the silicone rubber sleeve placed over the cap and the tube. At
left the entire end connection assembled on one end of the cap. The sleeve fit over the tube and the cap and
was

An aluminum shield was placed around the tube and lined with aluminum foil to act as a radiation
shield. The purpose of the aluminum was to provide a low emissivity reflector so that radiation heat
transfer could be minimized. The inner diameter of the aluminum tubing was lined with aluminum foil,
which due to its even lower emissivity would further enhance the reflective properties of the shield.



A ceramic end was placed on each side of the tube to hold it up. Equipment cooling fans were
added to blow air along the length of the furnace to allow for forced convection cooling. This entire
section was held up using an 80/20 Aluminum Frame and around this a second aluminum shield will be
placed to completely enclose the entire furnace. The dimensions of the 80/20 chosen to form the frame
were 1.5 in X 1.5 in. This was chosen because this form of 80/20 was common in the lab and in the event
that more was needed stock could easily be found. An example of the design of the frame was shown in
the figure below.

Aluminum frame used to house the thermal system.

Around this 80/20 frame an additional 0.25 in thick layer of aluminum was provided to add a
layer of protection. This layer was composed of six sheets bolted to the slots in the 80/20 so that it would
be quickly removed if need be.



Figure 4: Cross Section of Inside of Furnace.

2.2 Supplemental Vendor Supplied Components

Additional components were provided and purchased for the furnace to ensure its operation. Four
gases provided for use in the furnace were hydrogen sulfide, nitrogen, argon and forming gas (a mixture
of approximately five percent hydrogen and nitrogen). Gas flow meters were provided to control the flow
rates of each gas. The maximum flow rate possible using this furnace was set at 500 sccm. To monitor
flow rates of this range Cole Parmer MC Series Mass Flow Controllers were selected. To monitor the
temperature of the two heated zones, two Omega Temperature Controllers were chosen, one for each
zone. Model CN3251-DD Temperature Controllers were chosen to control the temperature in these
ranges. To accurately measure the pressure inside the furnace a Kurt J. Lesker 275i Series Gauge was
chosen due to its ability to measure within the operating pressure range of the furnace. An activated
carbon filter was placed upstream of the roughing pump to remove particulates and hydrogen sulfide out
of the exhaust. To generate the vacuum pressures mentioned earlier (1 milliTorr) the Adixen Standard
Pascal Series Pump, Model 2005S was chosen. A list of all components, with short descriptions was
provided in the table below.

The connections between components were as follows. The four tanks were each connected to
mass flow controller. These flow controllers were connected to the feed of the furnace as shown in the
figure below. The valves shown were placed so that at any given instant during the furnace's operation
any connections could be quickly shut off. Another important feature in this subassembly was the
placement of hydrogen sulfur as the last gas to be added to the furnace. This was done to minimize the
risk of any unwanted mixtures and to minimize the number of places where hydrogen sulfide can interact
with other materials before the actual furnace. This was then fed into the furnace.



Figure 5: Mass flow controllers with valves and connections included. Figure 5a shows one of the ball
valves. Figure 5b shows the configuration. The controllers, arranged from left to right are those for
Hydrogen Sulfide, Forming Gas, Nitrogen and Argon. This arrangement was chosen so that H2S was the
last gas to be added to the mixture.

Downstream of the furnace additional sensors and monitors were added. A pressure sensor was
connected to the piping by means of a t-connector, upstream of a filter with activated carbon in it. This
spot was chosen because placing the pressure sensor downstream of the activated carbon filter would
have meant that pressure drop across the filter would affect the readings. However, particulates from the
furnace could potentially damage the sensor so a smaller filter was placed between the t-connector and the
pressure sensor ease the damage of the particulates. Downstream of the t-connector a filter with activated
carbon was placed to remove dangerous chemicals, and a roughing pump was placed at the end to
generate vacuum pressures.

10



Table 1: Parts List with Prices.
Description of Part Vendor Price per Notes

part
Adxn Standard Pascal Series K'OOKuxe rt J. Lesker" $2,200.00 -ogin u

(Model 2005 SD) -capable of 1 o
275i Series Gauge with Kurt J. Lesker $295.00 -pressure sensor
Integrated Controller and Display Company -Operating Temperature 0-40 C
316 Stainless Steel Full-Port Ball valve
Valve, Lever Handle
Mass Flow Controller Cole-Parmer4  $1291.00 -measure/regulate flow

-4 meter
(one for each gas)

Hydrogen Sulfide Tank (Size Aian $203.86'., i
33A)

Power Strip Any Electronics $3-$5 -Power small electrical
Store6  equipment

-NOT the Temperature
Controllers

Omega Temperature Controller Om ~$80.00
(CN3251-DD) EngineriniIn

Biosystems ToxiPro Single Gas Sperian $239.00 -H25 detector
Detector -Protection 8  -vibrating alarm and data logger

3 Rationale Behind Design Decisions for Furnace

Important features involved in this furnace design were the nichrome heating elements, the
aluminum shielding, the end caps with fans and the 80/20 Frame. Each component was inspired by work
done to build previous furnaces, vendor supplied models studied online, and personal experience and
intuition.

3.1 Heating Elements

Nichrome was chosen as the heating element because it was capable of reaching the desired
temperatures and would not contribute greatly to the design of the furnace. Ceramic rods running parallel
to the furnace were the only additions needed to hold the niebrome wire up, and they could be connected
to the ceramic cover. Grooves placed along the rods held the wire up and gave it room to expand when
heating. Alternatives to bare nichrome wire which were rejected included a wire with a protective sheath
and quartz heating lamps. The sheathed wires that were considered were capable of a maximum
temperature of 600 C.9 While this would reach the value required of the furnace, the temperature of the
wire would in actuality be higher than the temperature of the section of the furnace. This is due to the fact
that heat transfer requires a temperature gradient in order to flow. Due to this fact the temperature of the
wire would be higher than the termperature of the heated zone in the tube, and would run the risk of being
higher than its pre-determined maximum temperature of the sheath. Another possibility that was
considered included infrared heating lamps.10 This idea was rejected because heating lamps would have



been an example of overdesign in the furnace. Some heating lamps can go to temperatures several
hundreds of degrees higher than the intended range of the furnace, which would have been unnecessary.
Nichrome wire appeared to be an elegant and simple solution.

3.2 Cooling Method

Cooling was accomplished by placing a series of cooling fans at the front and rear end of the
furnace to allow for forced convection cooling. This was chosen because by switching the fans on and off
the cooling properties of the furnace could be quickly changed. During the actual process the fans would
be turned off, and once cooling was required the fans would just turn on and blow air across the furnace.
With this system in place it became possible to quickly change the properties of the furnace. The material
chosen for the shield was aluminum foil, due to its reflective properties. Other materials that were
considered were gold and coated quartz. Gold was rejected because it was more expensive per pound
than gold and gold tubing of the size required to cover the entire tube section was hard to find. Quartz
coated with a thin layer of reflective material was rejected because quartz is a relatively brittle material
and in case the furnace was to be moved, the quartz tube would break if handled roughly.

An alternative design which was rejected involved encasing the quartz tube within an adjustable
vacuum/ low pressure environment. This section would then be connected to a source of recirculating air
to help aid the cooling process when needed. This idea was rejected because, again the added complexity
was considered unnecessary. This would have constituted overdesigning the furnace, especially since the
majority of the heat transfer was by radiation. A vacuum would lower the density and inhibit natural
convection, but since radiation dominated the heat transfer dynamics in this system that method seemed
unnecessary.

3.3 Insulation

Finally the system had to be capable of not losing heat to the environment during the processing
stage and losing heat quickly when cooling. Most furnaces on the market don't have this ability so a new
method had to be devised. This was achieved in the design by enclosing the entire furnace in an
aluminum shield and having the fans blow air through the section in between the quartz tube and said
shield. The aluminum shield was added to act as a shield to prevent radiation related heat loss while still
providing room for fluid to flow through it when cooling. Adding additional layers of low conductivity
insulation were rejected for two reasons. First, a separate mechanism would have to be devised to move
the insulation when it was time to cool. Second, the insulation available had the potential to produce
large amounts of dust, which would interfere with the ventilation system in the lab.

The decision to line the aluminum shield with foil was due to the fact that the emissivity of
aluminum foil was, at most 0.05. This property means that at least 95 percent of all radiation incident on
the aluminum foil would be reflected. Since the dominant heat transfer mode in this section was expected
to be radiation, this was expected to have a large effect on the behavior of the furnace. For comparison,
normal aluminum could have an emissivity as high as 0.2. Letting the tube radiate to the environment
would have led to an outer surface with an effective emissivity of 1. The addition of aluminum foil
therefore, represents an improvement in reflectivity of the outer surface of the furnace.

4 Properties of the Furnace

4.1 Heat Transfer Results

The most important aspect of the furnace design was its ability to manage heat transfer in and
around the quartz tube. The three most relevant modes of heat transfer available in this furnace are



conduction, convection and radiation. Conduction is heat transfer through the material as adjacent atoms
vibrate and collide with one another. Convection involves the movement of fluid over a surface, which
serves to carry the heat away. Radiation involves the emission and absorption of electromagnetic
radiation. The two cases studied were during the process, when the furnace must maintain the
temperature and minimize heat loss to the surroundings and during the cooling process during which heat
transfer must be accelerated to provide good heat loss to the environment.

4.1.1 Cooling

Here is presented an analysis of the heat transfer processes expected to occur during the cooling
process, achieved largely through forced convection. This behavior could be approximated by Newton's
Law of Cooling, expressed as a function of the heat transfer rate Q, the heat transfer coefficient h,
exposed area A, and the change in temperature AT.

q = hAAT (1)

Using the first law to equate the heat transfer rate to the change in internal thermal energy of the system
this could be rewritten as:

mc T = hAAT (2)

Here m is the mass of the system being cooled and c is the specific heat capacity.
An approximation was made here to simplify the analysis of this phenomenon. Because the outer

wall of the quartz tube was rather small it was assumed that the quartz tube was essentially isothermal in
the radial direction, i.e., the lumped parameter model would be sufficient. Because the sink temperature
was constant (20 C) this situation was modeled as exponential decay. Since the required cooling rate was
10 C/minute and the highest temperature was about 600 C it was assumed that the cooling should be
essentially complete within one hour.

Ninety percent decrease in temperature was assumed to be "done" for the purpose of the model.
This corresponds to a time passage equivalent to about 4.6 time constants, i.e., one hour must be equal to
about 4.6 times the time constant, equal to:

MCP =(3)
hA

The heat transfer coefficient required to reach this value was approximately 1.2 W / (m2K). As a sanity
check, the Biot number was calculated by taking the characteristic length as the volume of the quartz tube
divided by the area of the outer section of the tube. Blowing air through the tube would interfere with the
process, so in this furnace that was avoided. The Biot Number calculated for this case was about 0.0066,
demonstrating that the lumped parameter model was valid here."

In order to calculate the flow rate needed to generate a heat transfer coefficient of 1.2 W/(m2K), a
heat transfer correlation was used to model flow across a cylinder. These correlations were developed to
estimate the thermal properties of situations such as this which are non-trivial, and thus, very difficult to
model. Flow across a cylinder was modeled using the following equation:

Nu hd = 0.3 + 0.62Re1/2PrI/3
k [1+(0.4/Pr)2/3]/

Pr =(5)
a



Re = (6)
V

Here h is the heat transfer coefficient, d is the diameter of the tube, k is the thermal conductivity of the
liquid, v is the kinematic viscosity of the fluid, a is the thermal diffusivity of the fluid, v is the velocity of
the fluid and Nu, Pr, and Re are the non-dimensional Nusselt, Prandtl and Reynolds numbers respectively.

In this case d was assumed to be 52 mm, Pr was 0.7, k was 0.025, v was assumed to be 1.75* 10-5

m2/s. Using these values Re was found equal to 21 indicating laminar flow. This corresponded to a
velocity of 7 mm/s, meaning that any fan could be used to cool the sections of the furnace when needed.
The smallest fan found on McMaster Carr had an area of 25 mm X 25mm and reach a flow rate of 1 cfm,
indicating a velocity of 0.76 m/s. Since this was a full order of magnitude larger than the minimum
velocity required it was concluded that a fan would be an adequate cooling method for this furnace.

4.1.2 Maintaining Temperature

The furnace was designed to transfer heat from the nichrome wire to the two sections of the
quartz tube, while minimizing heat loss to the surrounding environment. To quantify the reduction in
heat loss, the power required to maintain the required temperatures with and without the surrounding
aluminum case were calculated using the basic principles of heat transfer.

Consider a quartz tube of the same dimensions as previously stated, with two heated zones. Heat
loss from the tube was expected to occur from conduction across the tube and from convection and
radiation to the outer environment. Radiation to the environment was initially determined using the

Stephan-Boltzmann Law.

q = EO'(T - TE4 ) (7)

Here c is the emissivity of the material (quartz in this case), a is the Stephan-Boltzmann Constant
(5.67*10-' W/m2 K 4) and Ts and TE are the temperatures of the surface of the tube and the environment,
respectively. Natural convection was modeled using a heat transfer correlation, relating the Raleigh
Number to the Nusselt Number.

Nu = = f(Ra, Pr) (8)

Rad = g#(AT)d3 (9)av

The function f(Re) represents a complex, non-trivial relationship that is difficult to model analytically.
For this reason correlation equations were provided which attempt to represent the phenomena at work.

Nu = 0.36 + O.18Ra/ ,104 < Ra 10 9  (10)
+( 9/16

Nu = 0.36 + o.s18Ra/4 0 9 < Ra (11)
1+ 91P_ r )9/16]j1

These correlations attempt to model natural convection along a horizontal cylinder, which was determined
to be an adequate model for the situation in question.

The total heat transfer loss was equivalent to the sum of convection and radiation heat transfer.
The two hot zones were approximated as isothermal i.e. all heat transfer was convection. The other



sections were modeled as fms since conduction along the tube as well as convection and radiation
contributed to the heat transfer away from the hot zones. The heat transfer to the environment was
calculated as follows using Microsoft Excel.

4.1.2.1 Isothermal Sections

The temperature in these sections was isothermal, meaning that the total heat transfer to the
environment was equal to:

Q = q *A = ir7 L[EU(T -Te + h(T Te) (12)

Here A is the wetted area of the section of the quartz tube and all other variables are as previously
defined. Assuming a temperature of 600 C in the "hot" section and 200 C is the "cold" section the heat
transfer associated with each temperature drop was recorded in the table.

Table 2: Heat Transfer out of the "hot" 600 C and "cold" 200 C sections of the furnace, separated into natural
convection and radiation.
Heat Transfer (W) "Hot Section" "Cold Section"
Radiation 5012
Natural Convection 41
Total 55.2

4.1.2.2 Fin In Between Hot Sections

In an attempt to compare radiation and convection an effective heat transfer coefficient was
calculated by taking the ratio of the heat flux per unit area calculated by the Stephan-Boltzmann Law and
the temperature difference for the hot zone. The temperature used to solve for the heat transfer coefficient
was the average of the end temperatures of the section of the pipe. The heat transfer coefficients found
using this manner were 28 W/ (m2K) for radiation and 0.4 W/ (m2K) for natural convection.

Assuming a constant heat transfer coefficient allowed the section to be modeled as a fin with two
ends at predetermined temperatures, 600 C and 200 C which could be modeled using the following
equations.4

M = F(13)

M = VJhPkAATb (14)

[ cosh(mL)- L
Q =M -~I (15)sinh(mL) (

These equations, assuming a length of 2 in predict a heat transfer of 3 Watts out of the base of the
heated section and 1 Watt into the "cold" section of the tube furnace. The rest (2 Watts) was released to
the environment.

4.1.2.3 Fins on Ends

Using the same approximation and variables introduced before the fin equation became. 3



Q = VhPkA[AT]tanh(mL) (16)

The heat transfer correlations developed for the two fins, one in contact with the "hot" section and one in
contact with the "cold" section were as follows.

Table 3: Heat Transfer Coefficients used for the fins at either end of the furnace. The temperature used was the
temperature of the heated section closest to the fin. This would act as an upper bound to the heat transfer rate of the
system.

Heat Transfer Radiation Natural Convection
Coefficient(W/m2 K)

"Hot" Section Fin 5.
"Cold" Section Fin 13 0.4

Because the length of the tube was set at 18 inches which included 4 inches of a hot zone, 3 inches of a
cold zone and 2 inches in between to allow for separation between the sections, the length of each fin was
set at 4.5 inches. The heat transfers out of the "hot" and "cold" section to these fins were 2.8 W and 0.8
W respectively.

4.1.2.4 Total Heat Transfer

The additions mentioned in the furnace act as a series of shields to add thermal resistance
between the quartz tube and the environment. Rather than transferring air to the environment, the quartz
tube transferred heat to the aluminum tubing and the end cap, which transfer heat to the outer aluminum.
It was this outer shield which, through natural convection and radiation, transfers heat to the environment
rather than the quartz tube.

The effect of the aluminum shield was to reflect the radiation back onto the quartz tube. This
changes the behavior because the effective emissivity of the environment is lower. For a body emitting to
the environment it is often assumed that the environment is a body with an emissivity of 1. This
approximation was valid because the area of the environment was assumed to be large enough so that
only a small amount of the radiation was reflected back onto the tube. This is characteristic of a black
body.

Because the aluminum was added to reflect radiation back onto the surface, this approximation
was no longer valid. The system could be modeled as two thin-walled concentric cylinders of radii R and
r, respectively. If R is the radius of the aluminum shield and r is the outer radius of the quartz tube, the
heat transfer relationship is as follows. Here so and &a, are the emissivity of quartz and aluminum
respectively. The radiating/absorbing area of the quartz and aluminum tubing in question are AQ and Ad
respectively.

Q = _ r(T4 - Te 4 ) = A+ a(T4 - Te4) (17)
cQ*AQ AQ ealAai EQ Aaleal

This equation was derived by modifying a formula for radiation between two finite surfaces.

Q = _ _ a(T4 - Te 4 ) (18)
EQ*AQ FQ-alAQ ealAal

In this formula FQ.a, is the view factor, representing the fraction of irradiated energy emitted by a surface
(in the case the quartz surface) that reaches the second surface (the aluminum shield). Since the quartz
tube was essentially surrounded by the aluminum shield the view factor was taken as equal to 1.



The temperature profile was calculated using a Finite Element Analysis package in Solidworks
using only radiation heat transfer and a section view of the results were displayed in the figure below.
This was done since the results in the previous section concluded that heat transfer to the environment as
a result of natural convection was always significantly smaller than that due to radiation. The results were
shown in the figure below.

Te aCibue r
6.0100+002

5.0428+002

4.5$8e+002

3.sese.002

3.105e+002

2.621 e+002

2.137e+002

6.842e+001

Figure 6: Temperature Distribution Inside of Furnace

It was assumed that the temperature of the environment surrounding the quartz tube was 150 C
and the model was solved again, to determine the change in heat transfer properties. The results were
compared in the table below. Since, in the baseline case radiation was the largest source of heat transfer,
the addition of a radiation shield greatly decreased the amount of heat lost to the environment.

Table 4: Heat Transfer for the two cases under question. The addition of an Aluminum shield shows a decrease in
heat transfer because the temperature of the aluminum is higher than that of the environment and the Aluminum
serves as a radiation shield to reflect light back towards the quartz tube.

Heat Transfer (W) Radiating/Convecting to Within Al Shield with Al foil
Atmosphere Layer

"Hot" Section
"Cold" Section
Fin in Between
"Hot" Section Fin
"Low" Section Fin

504,8
29 1.9
2.3 A.4
2.8 2.1

4.2 Nichrome Wire

4.2.1 Wire Selection

Nichrome wire was selected for heating up the hot zone, and the type of wire to be used was
calculated using the heat transfer data calculated before. It was estimated that a reasonable upper bound
on heat loss to the environment was 100 Watts. The maximum amperage available in the temperature

1 -1 1 - I I - IMMI 1 i -



controllers being considered was 10 A. Based on this information it was concluded that a reasonable
upper bound for the behavior of nichrome wire was the ability to supply 100 W with 10 A.

By conservation of energy it was assumed that, during steady state, the power being dissipated in
the resistive windings was equal to the heat dissipated to the furnace. The relationship between, power P ,
voltage V and current I could be expressed as:

P = V * I (19)

The relationship between voltage and current across a resistive heating element could be expressed as:

V = R * I (20)

This leads to the conclusion that the total resistance of the heating element was 1 0.
The nichrome wire was chosen to generate that resistance. The resistance was defined as:

R = ? (21)
A

Here p, 1 and A were defined as the resistivity, total length and cross-sectional area of the wire
respectively. Because the resistor was chosen as a coil, the length was essentially the number of coils
times the circumference of the loop around which the nichrome wire was wrapped.

Here, the specifications of the coil were described. 2.2 in was chosen as the diameter of this loop
because the ideal coil would be as close to the quartz tube as possible without touching it significantly.
This would allow for heating to occur while at the same time allowing the coil to be moved in and out of
the furnace, providing simple replacement. In a conversation with a representative at Mor Electric
Heating Assoc. Inc. it was recommended that the distance between the center of each coil be three times
the diameter of the wire, as shown in the figure below.

3d 3d 3d 3d

d d d d d

Figure 7: Spacing Scheme Used to Determine Nichrome Wire Size. The idea behind this arrangement was to
space the wires so that the distance between the center of each wire was equal to three times the diameter.
Therefore, once the wire is completely wound around the tube it would experience a three-fold expansion in
overall length.

Taking these factors into account the relationship between the resistance R, coil diameter D, wire
diameter d and heated quartz tube length L ( i.e. the length of the quartz tube over which the wire will be
placed) was:

R = pDL (22)
3



This was most critical when determining the coil size for the higher temperature section since that section
experienced the highest, theoretical heat loss. The resistivity of Nicrhome 60 wire found of MATWEB
was 1.1 pn*m. 3 Using that and the fact that the length of the heated zone was to be 4 in yielded a
diameter of d=1.28 mm (-0.05 in). The closest vendor supplied size of nichrome wire available was 16
Gauge wire, with and outer diameter of 0.051 in (1.2954 mm).

With this spacing scheme the total length of the heated section covered by the nichrome wire was
approximately equal to one third the length of the entire section. Assuming this covered length was equal
to the diameter of the coils times the number of windings, yield the relationship:

(23)N = L

Here N is the number of coil turns around the tube. Solving this equation for N with the information
gathered so far yielded 26.15 turns, which was rounded up to 27. By taking the product of N and the
circumference of each coil turn (given that the diameter of a coil turn was taken as 2.2 in led to an
estimation of 15.5 feet of wire.

4.2.2 Preliminary Experiments

A bench level experiment was performed to determine if the nichrome wire was in fact capable of
reaching 600 C. The wire was wrapped around q quartz tube in a quick-and-dirty matter shown in the
figure below.

Figure 8: First test of nichrome wire coiled around a quartz tube for preliminary heating trial. A
thermocouple was placed inside of the tube to measure the temperature of the environment inside of the
Quartz tube.

This was tested before a structure was available to hold up aluminum foil insulation so insulation blocks
were placed around the tube to create the effect of thermal insulation, as shown in the figure below.



Figure 9: Insulation blocks placed around the quartz tube to provide a quick-and-dirty test or the nichrome
wire.
Three tests were performed with this setup. The first applied and input amperage and voltage of

9.7 A and 53 V respectively along the nicrhome wire. The second used 19A and 120 V. The third used
an Omega temperature controller of a model similar to that considered for the furnace. The resulting
temperature profiles were recorded manually and shown in the figure below.
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Figure 10: Preliminary data taken from quick-and-dirty test runs. Test a was the test performed at 9.7 A
and 53 V. Test b was performed at 19 A and 120 V. Test c was performed using an Omega Temperature
Controller.
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The significant take away from these tests was that the wire could reach 600 C within a
reasonable amount of time i.e. less than 10 minutes. The actual furnace would behave differently both
because in the original design in Section 2 the heat transfer due to radiation would be minimized by the
shield and because the wires would be packed closer together. The purpose of this test was to validate
that the nichrome wire could work, which was demonstrated using these results.

5 Hydrogen Sulfide Concerns

The four gases flowing through the furnace are hydrogen sulfide, forming gas (a mixture of nitrogen
and hydrogen), argon and nitrogen. Of all the chemicals flowing through this furnace hydrogen sulfide is
the most dangerous, both to the human body and to the other chemicals that could be placed in the
furnace. For this reason it was deemed important to provide a survey of the safety concerns and
precautions to be taken when handling hydrogen sulfide.

For example hydrogen sulfide is a corrosive material, meaning that special care must be taken to
ensure that the piping that handles H2S doesn't wear down. Typically stainless steel is used for this
purpose. However, for this application a section of the tubing would have to be movable, so that the end
caps could be removed when placing samples in and out of the tube. Corrugated stainless steel hoses
were chosen because they provide the corrosion resistance to H2S, while also being flexible enough to
move around.14 Because the only section of the assembly that required significant motion was the section
connected to the caps, only the tubing connected to the caps would require any corrugated hose.

5.1 Information from the MSDS

Hydrogen sulfide is considered incompatible with the following materials, which were listed on the
referenced Material Safety Data Sheet (MSDS). "

-Ammonia
-Bases
-Bromine pentafluoride
-Chlorine trifluoride
-Chromium trioxide and heat
-Copper (powdered copper and air)
-Fluorine
-Lead
-Lead oxide
-Mercury
-Nitric acid
-Nitrogen trifluoride
-Nitrogen sulfide
-Organic compounds
-Oxidizing agents
-Oxygen difluoride
-Rubber
-Sodium and moisture
-Water

This was not intended to be an exhaustive list as there are several other chemicals that can potentially
react with hydrogen sulfide that were not placed in the MSDS. This list was provided as a warning and as
a first step when considering what materials to avoid keeping around hydrogen sulfide.



5.2 Miscellaneous Reactions Possible Inside the Furnace

One possible byproduct that could accumulate in the furnace in ammonia, produced from the
reaction of hydrogen and nitrogen. Hydrogen sulfide is incompatible with ammonia, so precautions were
developed to ensure ammonia could not be formed in amounts that could endanger the furnace. In
industry ammonia is produced using the Haber-Bosh Process. During this reaction one nitrogen and three
hydrogen molecules react to form ammonia. Rubidium and Iron have been suggested as catalysts for this
reaction, so care must be taken when using these materials in the furnace to prevent ammonia synthesis.
While these reactants are present, however, the pressures generally required to catalyze this reaction are
significantly higher than the pressures in this furnace, so this reaction seems unlikely.

In the human body, ammonia is produced at much lower temperatures than in the Haber-Bosh
Process (room temperature and atmospheric pressure) using the protein nitrogenase. The active site on
this enzyme is believed to be an Iron-Molybdenum cofactor with the stoichiometric formula MoFe7 S9,
sometimes known as homo-citrate. In this reaction ammonia is produced from nitrogen, free electrons
and protons (H ions). Alternatively this reaction was demonstrated using a Palladium catalyst on a
proton conducting oxide. 16 That being said this reaction could be avoided by minimizing the presence of
hydrogen ions unless necessary to the process occurring in the furnace.

These results were provided to illustrate the need for caution when running experiments in the
furnace. Before any material is to be put inside of this furnace, the possible reactions with hydrogen
sulfide must be studied.

6 Conclusion

A novel design for a tin-sulfide annealing furnace was developed and its heat transfer properties
were explored. The furnace was designed as a tube furnace with two sections, one capable of reaching
200 C and another reaching 600 C. Analysis of the thermal interactions occurring within the furnace was
done and information on possibly hazardous reactions that could occur within the furnace was provided.
A brief survey of possible chemical reactions to occur within the confines of the tube was presented to
advise future users of the furnace when running experiments with it. Once built, the furnace will be used
to anneal tin-sulfide solar cell films, which will be tested as an alternative material in solar cell devices.
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