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ABSTRACT 

 

A low-pressure chemical vapor deposition (LPCVD) reactor was built in order to 

implement a low-temperature process to deposit thin-films of silicon and 

fabricate pn junction photovoltaic devices using disilane as the source gas. This 

work represents the first reported work on using disilane for fabrication of 

photovoltaic devices. Films doped with diborane showed high growth rates of 

approximately 45-150 Å/min for temperatures ranging from 450 to 550 °C. 

Undoped films were grown and found to have significantly lower growth rates 

and were not practical at temperatures less than 500 °C. The films were 

completely amorphous for growth temperatures of less than 500 °C, and 

crystallinity increased sharply above 500 °C. The optical properties of the films 

exhibited low optical bandgaps of approximately 1.4-1.1 eV. The conductivity of 

the doped films was found to be on the order of 10-3 S/cm. Devices were 

fabricated by depositing p-type layers on n-type crystalline silicon substrates to 

form pn junctions. Diodes and pn junction photovoltaic devices were fabricated, 

exhibiting modest but promising performance, and were limited by parasitic 

series resistance. This research represents the first reported work on fabricating 

pn junction photovoltaic devices in a low-temperature LPCVD process using 

disilane, and serves as a solid foundation for future work to improve the process 

and fabricate novel device structures.
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CHAPTER 1. INTRODUCTION 

 

This section will establish the motivation for this research as well as the basic 

theory of the approach used to carry out the research. Additionally, a brief 

survey of the scientific literature relating to this research will be presented. 

 

1.1. Research Motivation 

 

The purpose of this research is to develop a low-temperature process to deposit 

thin-films of silicon (Si) using a standard chemical vapor deposition (CVD) 

process with disilane as the source gas. Many research and industrial scale 

processes use monosilane (SiH4), usually referred to simply as silane, or one of 

the chlororsilanes such as tetrachlorosilane (SiCl4) or dichlorosilane (SiH2Cl2). 

CVD processes using these standard gases tend to require high-temperature 

processing in the range of 700-1000 °C or greater, which increases the cost of 

fabrication. A low-temperature process using these gases would be too slow to be 

practical.  

 

This research project is focused on using disilane (Si2H6). Si2H6 has lower 

activation energy (EA) for thin-film growth of around 0.6 eV, compared to 1.7 eV 

for silane [8]. The lower activation energy is due to the silicon-silicon bond 
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present in disilane, as this bond has a lower bonding energy than the silicon-

hydrogen bond [7]. The bond energy of silicon-silicon is 340 kJ/mol, whereas the 

silicon-hydrogen bond energy is 393 kJ/mol [21]. This means that a process using 

disilane will require less heat energy to break down the process gases and allow 

film growth to occur. 

 

This project involves depositing p-type Si layers, so diborane (B2H6) is 

incorporated into the chamber so that the boron may serve as an acceptor 

dopant. The diborane flow is set such that boron is introduced into the LPCVD 

growth chamber at a boron/silicon ratio of approximately 5000 ppm. p-type films 

are deposited on glass substrates, and p-type layers are deposited on n-type Si 

wafers in order to form pn junctions. 

 

At this time very little work exists in the literature in regards to systematic 

investigation of CVD growth using disilane, and no research has been reported 

on using disilane for fabricating photovoltaic devices. The low-temperature 

processing possible with disilane can help lower the cost of fabricating certain 

types of photovoltaic devices. Much research effort has been devoted to the study 

of silane, which is less expensive mainly due to its wide usage. This study 

includes building a new low-pressure chemical vapor deposition (LPCVD) 

reactor, characterization of film growth, and formation of pn junction diodes and 
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solar cells. This process will be mainly used in future work for fabricating 

devices for photovoltaic applications. 

 

 

1.2. Basics of CVD 

 

CVD finds wide usage in many research and industrial applications. This work 

is concerned with the application to semiconductor fabrication. CVD is a 

technique where one or more gaseous reactants are flowed into a reaction 

chamber, where they react on a solid surface, and one of the products is a solid 

material [17]. For example silane flows into the reaction chamber, heat causes it 

to breakdown into radicals, in order of decreasing probability: 

 

Equation 1 
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The radicals will attach to the substrate, which may be a Si wafer, glass, or 

another material. Heat or bombardment by other radicals will cause the 

hydrogen bonds to break, and a film of Si will grow. 
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CVD growth can take place at atmospheric pressure or reduced pressures. 

Atmospheric reactors are simpler and cheaper to build and operate. They also 

can deposit films faster and on a continuous basis, which is very important for 

industrial applications. Low-pressure systems typically provide better 

uniformity, improved step coverage, use less gas, and produce higher quality 

films. Additionally, at lower pressures fewer gas phase reactions occur, which 

results in less particulate matter depositing on the substrate [11]. Although, 

they require specialized vacuum systems which are expensive to setup and 

operate. Growth is typically carried out in a quartz tube or a stainless steel 

vacuum chamber. An atmospheric tube will have an ambient flow of nitrogen 

(N2) to help keep the tube clean, and a vacuum chamber will be kept under 

vacuum and purged with N2 for the same purpose.  

 

Many differences exist between research-scale and industrial-scale reactors. 

Researchers are typically very concerned with film quality, control, and 

reproducibility. CVD operators in an industrial setting are concerned with the 

same issues, but also throughput and uniformity from die-to-die, wafer-to-wafer, 

and lot-to-lot uniformity. This section serves as an introduction to CVD 

technology. For further information the reader is referred to more detailed 

literature [10, 17]. 
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1.3. Literature Review 

 

Relatively little work exists in the scientific literature about using disilane in a 

LPCVD process. No research on fabricating photovoltaic devices in a comparable 

process has been reported. Disilane is not widely used compared to silane or 

other silicon source gases mainly due to its cost. This section will serve to briefly 

survey the available literature, which is mainly focused on film growth 

chemistry. 

 

Mieno et al. from Fujitsu reported on a low temperature process using disilane 

[8]. The Fujitsu group deposited amorphous silicon and polysilicon at 450-620 °C 

on thermal oxides, which were grown on Si substrates. They studied the 

properties of the films before and after annealing in N2 at 600-1100 °C. It was 

found by Raman spectroscopy and x-ray diffraction that films grown at 450 °C 

were completely amorphous, and transitioned to polycrystalline at around 580 

°C when grown at 200 mTorr. They also studied surface texture of the films and 

found that films grown at lower temperatures had smooth surfaces before and 

after annealing, and films grown at higher temperatures displayed crystalline 

bumps on the surface. The smoothness of the surface is important because a 

rough surface may lead to dielectric breakdown when used as the electrode of 

MOSFETs or capacitors. 
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Some groups have reported on epitaxial growth in a low-temperature process 

using disilane. Yamada et al. reported epitaxial growth at 550 °C using disilane 

[23]. Tsukune et al., from the same Fujitsu group mentioned above, have also 

reported on epitaxial layers of Si using disilane, although at growth 

temperatures of 800-950 °C in a large commercial scale reactor on 200 mm 

wafers [20]. The Fujitsu group reported high quality epitaxial layers for use in 

bipolar and BiCMOS processes. 

 

Lin et al. give a good description of how the disilane molecule breaks down 

during film growth [7]. It should be noted that Lin’s group did not use a 

conventional LPCVD reactor, but rather an ultra-high vacuum system setup for 

surface science measurements. The decomposition of disilane is initiated by 

cleavage of the Si-Si bond to form two silyl (SiH3) radicals on two adjacent 

dangling bond sites. The silyl radicals then breakdown further into silylene 

(SiH2) and H. They describe how the surface can exhibit a mixture of mono-, di-, 

and trihydride species depending on growth conditions. Lin’s group found 

disilane CVD to have similar growth processes to Si molecular beam epitaxy 

(MBE) due to the presence of anisotropic monohydride islands, denuded zones, 

and island coarsening. The interested reader is directed towards the work of 

Andersohn et al., where the growth processes of CVD and gas source MBE, both 

using disilane, are compared [1]. Andersohn’s group analyzes how the CVD and 
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MBE growth processes differ due to the presence of surface H in CVD, and the 

extension of nucleation theories to CVD growth. 

 

Grahn et al. studied n-type films doped in-situ with phosphine in a LPCVD 

process using disilane [2]. They found no difference in activation energy for 

doped and undoped films. They also compared films grown with silane under the 

same conditions, except 80 °C higher temperature, and found that the disilane 

films exhibit larger grain sizes and lower specific resistivities after annealing. 

They attributed this to the higher degree of disorder of the as-deposited disilane 

films due to the lower deposition temperature. 

 

Finally, Greenlief and Armstrong studied desorption of H from a Si (100) surface 

[3]. This is important because removal of surface hydrogen is necessary for 

epitaxial growth. If the Si bonds at the surface of the substrate are passivated 

with H, then amorphous or polycrystalline growth will occur. Greenlief and 

Armstrong found that the activation energy for desorption of hydrogen is nearly 

the same whether atomic H or Si2H6 is acts as the H precursor. They found the 

activation energy for H desorption to be lower when using silane, and that the 

growth process is limited by desorption of H in the temperature range of 427-567 

°C. 
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CHAPTER 2. EXPERIMENTAL METHODS 

 

This section will describe the theory and experimental techniques used to 

fabricate and characterize the samples for this research project. 

 

2.1. LPCVD Reactor Design 

 

For this project a new CVD reactor was built as an addition to a previously 

existing vacuum system. The reaction chambers exist independently in parallel 

and share a common vacuum system. The vacuum system consists of a Alcatel 

model A4C17D4A mechanical roughing pump to bring the system down from 

atmospheric pressure, a Balzers THP510 turbomolecular pump, to pump down 

to high-vacuum, and the turbo pump is backed by a Trivac model D30AC 

mechanical pump. 

 

The process tube where the CVD reaction takes place is a 2.75 in OD, type 304 

stainless steel, right circular cylindrical tube. The stainless steel tube passes 

through a Thermolyne F21135 tube furnace. One end of the tube is welded to a 

1.33 in mini-Conflat (CF) flange, which is connected to the vacuum system via 

flexible bellows tubing. The other end of the furnace is welded to a 4.5 in OD CF 

flange, which is bolted to a CF tee fitting. One leg of the tee is connected to the 
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process gases via ¼ in stainless steel tubing, and the other leg of the tee is where 

the sample is loaded. This end is sealed with a blank 4.5 in OD CF flange, which 

seals with a square-cross section Viton o-ring, which seats against the knife-edge 

of the CF flange. The blank flange is bolted on finger-tight and held in place by 

vacuum. An illustration of the system is shown below in Figure 1. 

 

 

Figure 1. Illustration of LPCVD system built for this research project. 
 

 

The sample is loaded onto a quartz tray in a position which is normal to the gas 

flow coming down the tube. Wafers sit straight up by themselves by sitting in 

the grooves of the quartz tray. 7059 glass substrates are slightly too thick to fit 

into the grooves, so a dummy guard wafer is loaded into the quartz tray, and the 

7059 glass is propped up against the guard wafer. 
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The reactor is connected to an existing gas manifold system. There are two 

manual shut-off valves which can be used to either send gas to the LPCVD 

system, or the previously existing hot-wire/electron cyclotron resonance 

(HW/ECR) CVD system. 

 

The pressure of the system is monitored by several methods, depending on what 

range the pressure is in. While the system is pumping down from atmospheric 

pressure a thermocouple gauge is used until the pressure reaches the 1 Torr 

range. From 1 Torr down to milliTorr the pressure is measured by a MKS 

Baratron capacitance monometer gauge. Pressures in the range of upper 10-5 

Torr and below are measured by an ion gauge. 

 

2.2. Sample Preparation 

 

Films were grown on 7059 glass substrates. 7059 is a special type of glass made 

by Corning specifically for thin-film electronics. 7059 is a baria alumina 

borosilicate glass and has a near zero alkali concentration. 

 

The 7059 was needed to be cut in half in order to properly fit in the reactor. A 

substrate which was already cut to the proper size was placed on top of the 

uncut 7059 and used as a template. The 7059 was scribed with a diamond scribe 
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along the center. Then, while wearing latex gloves, the 7059 is grasped with the 

thumbs extending along either side of the scribe line, and the glass is gently 

broken right along the scribe line. This process makes a nice smooth break along 

the center of the 7059 glass. Then the 7059 must be cleaned. The substrates are 

first cleared of dust and debris by blowing them off with high-pressure dry N2. 

Then they are boiled in acetone for 15 minutes, placed in an ultrasonic bath of 

methanol for 20 minutes, and finally stored in fresh methanol until use. 

Immediately prior to being loaded into the furnace the 7059 is removed from the 

methanol and dried with high-pressure N2. 

 

Si wafers, n-type doped with phosphorus, were used as substrates to make pn 

junction devices. The wafers are CZ grown, (100) oriented, and have a resistivity 

of 1-10 Ω·cm. The wafers used are initially 75 mm in diameter, and they are 

broken into quarter pieces by nicking the edge with a diamond scribe. Since the 

wafers are of a (100) orientation they will fracture nicely along the 

crystallographic planes orthogonally into quarters of the original wafer.  

 

The average background doping of wafers in this lot was measured by four-point 

probe techniques to be approximately 4·1014 cm-3. The wafers underwent a 

constant-source phosphorus diffusion at a temperature of 1050 °C for 15 minutes 

into the backside of the wafer in order to allow an ohmic contact to be formed. 

Immediately prior to being loaded into the furnace the wafers were given a 15 
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second dip into buffered oxide etching (BOE) acid. The BOE dip removes any 

native oxide which may have been present so that a highly crystalline layer may 

be deposited on the Si substrate. After the BOE dip the wafer is rinsed in 

deionized (DI) water and dried with high-pressure N2. 

 

2.3. Film Growth 

 

After the substrates are prepared according to the methods described in the 

previous section, they are loaded into the LPCVD reactor. When the system is in 

standby mode the chamber is kept under vacuum in order to keep moisture and 

oxygen out and reduce contamination. Therefore the system must be vented by 

flowing N2 into the chamber to bring it to atmospheric pressure. Once the system 

is vented the end cap is removed by loosening the finger-tight bolts. The quartz 

wafer boat is removed by using a quartz push rod. The substrate is loaded into 

the quartz boat and pushed into the center zone of the furnace and the end cap is 

replaced. 

 

Now that the sample is loaded they system must be purged with N2 and pumped 

back down to high-vacuum conditions. The process of purging involves flowing 

N2 into the chamber, pumping the system down to low-pressure, and repeating. 

Purging the system is an important technique to remove moisture, oxygen, and 
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other contaminants which may be adhering to the walls of the vacuum system. A 

properly purged system will pump down to high-vacuum conditions much faster, 

achieve a lower baseline pressure, and result in less contamination in the 

sample. The amount of purging required varies based on the reactor’s recent 

history and the humidity in the air at the time. Roughing pump purges are 

accomplished by filling the vacuum chamber with N2 for approximately 5 

seconds, and then opening the valve to the roughing pump and pumping down to 

800 mTorr, and repeating this process five times. This is followed by purging 

using the turbo pump. After the roughing pump lowers the system pressure to 

800 mTorr the gate valve to the turbo pump is opened for approximately 10 

seconds until the pressure reading from the capacitance monometer gauge is 

close to zero. Then small bursts of N2 are introduced into the chamber to 

increase the pressure to 800 mTorr, and the turbo pump is opened again, and 

the process repeats. Typically ten turbo pump purges are required.  

 

When making films on 7059 it is important to lower the pressure on the N2 

purging line, because when a large burst of N2 is introduced into the chamber it 

can knock the 7059 over, because it does not fit into the grooves of the wafer 

boat. This does not affect the growth rate due to the knocked over substrate 

being parallel to the incoming gas flow, because the growth pressure is high 

enough such that the mean free path is low. However, the substrate is now close 

to the hot walls of the reactor, and at temperatures of 500 °C and above this 
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causes non-uniform growth across the substrate, therefore this situation must be 

avoided. At growth temperatures of 450-500 °C it does not matter if the 7059 sits 

upright or lays flat across the wafer boat. 

 

After purging the turbo pump is left open, and the pressure is checked by 

turning on the ion gauge. The pressure should be at most around 10-5 Torr, but 

preferably around 7·10-6 Torr. If the pressure is not in this range, then there may 

be a leak, and it will need to be investigated. If the pressure is in the appropriate 

range, then it is ok to proceed with the run. 

 

At this time the turbo pump is left open so that the chamber may pump down as 

low as possible. The pressure in the chamber should be at most 10-6 Torr, but the 

system is capable of pumping down to around the mid 10-7 Torr range. While the 

system is pumping down the heat may be turned on to the desired setting. When 

the system is being used on a regular basis the furnace is kept at a standby 

temperature of 200 °C in order to reduce wear on the heating coils. The desired 

temperature is set on the furnace, which for this study is in the range of 450-550 

°C. Once the furnace is at, or very close to, the set point the system is left to 

dwell at the process temperature for 30 minutes. This allows time for the large 

thermal mass of the process tube and the whole system to come to thermal 

equilibrium, and ensure that the sample also has stabilized at the desired 

temperature. While the system is heating up is a good time to check the pressure 
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of the gas cylinders, which must be recorded in the gas log book everyday as a 

safety precaution. 

 

Prior to doing any depositions the mass flow controllers must be calibrated for 

the particular gas being used with it. The flow controllers are set to a percentage 

of full flow. The flow is calibrated by setting several different flow percentages, 

and measuring the time required for a pre-determined change in pressure. 

Alternatively, one may record the change in pressure resulting after a 

predetermined time of flow. Taking these measurements, and knowing the 

volume of the vacuum chamber allows the flow percentage to be converted into 

flow in standard cubic centimeters per minute (sccm) by using the ideal gas law, 

shown below in Equation 2. 

 

Equation 2 
nRTPV =  

 

The calibrations of the mass flow controllers used in this project are shown 

below in Figure 2 and Figure 3. The gases used for the films and devices in this 

study were 10% disilane diluted in hydrogen, and 1% diborane diluted in 

hydrogen. 
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10% Disilane Mass Flow Controller Calibration
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Figure 2. Calibration of disilane mass flow controller. 
 
 

1% Diborane Mass Flow Controller Calibration
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Figure 3. Calibration of diborane mass flow controller. 
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After the system has been purged, pumped down, and heated to equilibrium, it is 

time to start the deposition. First, N2 purging of the exhaust gases is turned on. 

The exhaust purging dilutes the unused process gases which are flowing out of 

the exhaust system which are typically highly flammable and/or toxic. The mass 

flow controllers are now dialed in to the desired setting. Electric solenoids are 

used to switch open the pneumatic valves to the gas cylinders. Once the gases 

start flowing the gate valve to the turbo pump is closed to allow the gases to 

build up to the desired pressure for deposition. Depositions in this study were 

carried out at a pressure of 500 mTorr. Once the run has started it must be 

monitored periodically to ensure that the deposition parameters are within the 

appropriate range. For long runs it is sufficient to check on the parameters every 

15-20 minutes. 

 

Once the deposition time is complete the heat is turned back down to a standby 

state of 200 °C. The gate valve to the turbo pump is closed, and the pressure in 

the chamber is allowed to build up to slightly less than 1 Torr, and then the gas 

flows are turned off, and the sample is left to cool in disilane and hydrogen. The 

pressure in the chamber may not exceed 1 Torr, because a safety system is in 

place which shuts off the valves to all gas cylinders if the pressure increases to 1 

Torr or greater. 
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2.4. Film Processing 

 

Once the film growth is complete it must undergo further processing to make it 

ready for measurement and characterization. This section will describe the 

processing steps required. 

 

This LPCVD process uses thermal energy to breakdown the process gases, and 

since the sample sits inside a tube furnace, everything inside the furnace is at 

the process temperature, therefore the p-type Si film deposits everywhere inside 

the furnace, including both sides of the substrate. The Si film must be removed 

from one side of the 7059 in order to carry out optical interference 

measurements, which will be described later. 

 

One side of the film must be masked off to protect it from the etching. A solution 

of black wax dissolved in trichloroethylene (TCE) is prepared. Approximately 10 

grams of black wax is chopped up and placed into a standard eye dropper bottle. 

Approximately 30 ml of TCE is added to the bottle, and the solution is allowed at 

least one day to dissolve properly. The solution is applied via an eye dropper and 

must be tested for the proper viscosity. The viscosity is tested simply by placing 

a drop of the wax solution on a piece of Al foil and observing how fast or slow it 

runs across the foil. More wax or TCE can then be added to the solution until the 
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proper viscosity is achieved. For films a lower viscosity is acceptable, because 

one entire side of the film needs to be coated, and the lower viscosity makes this 

easier. After the wax solution is applied to one entire side of the film it must be 

allowed to dry under a fume hood for approximately 4-5 hours. 

 

After the masking wax has dried by allowing the TCE to evaporate under the 

fume hood, the film is ready for etching. The etching solution used is nitric acid 

(HNO3), acetic acid (CH3COOH), and hydrofluoric acid (HF) in a volume ratio of 

15:5:2. An etching solution of 30% (m/m) of potassium hydroxide (KOH) was 

attempted, but KOH etching of p-type Si films is far too slow. The advantage of 

KOH etching is that it does not etch the glass substrate, but the etch rate was 

far too slow to be practical. On the other hand, the nitric:acetic:HF solution’s 

etch rate is extremely fast, etching the entire film in only 10-20 seconds or less. 

Care must be taken to remove the film from the etching solution as soon as the 

Si layer is removed from the backside, because the HF etches the glass and will 

give it a cloudy appearance. Once the Si film is completely etched from the 

backside it is rinsed in DI water and dried with high-pressure N2. 
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2.5. Device Processing 

 

Si wafers used to make devices also need to have the p-layer removed from the 

backside. As mentioned previously, an n+ diffusion was done into the backside of 

the wafer so that an ohmic contact can be made. Then a thermal oxide is grown 

on both surfaces of the wafer, then etched away from the top surface with the 

oxide remaining on the back surface as a masking layer so that the p-layer does 

not counter dope the n+ diffusion. 

 

Before the p-layer is etched contacts are deposited on the top surface. For diode 

devices the top contact is Al. One or two sets of three Al dots are thermally 

evaporated onto the top surface. The dots are 4 mm in diameter (area of 0.125 

cm2), and deposited to approximately 1500 Å thickness through a shadow mask. 

The thermal evaporation system is a standard bell jar evaporator. 99.999% pure 

Al wire is placed in a tungsten boat and resistively heated. The evaporation rate 

and thickness are measured by an in-situ piezoelectric crystal thickness monitor. 

The system is pumped down by a mechanical roughing pump and a 

turbomolecular pump. 

 

For solar cell devices the top contact is made by sputtering of indium-tin-oxide 

(ITO). The vacuum system is purged and pumped out in a manner identical to 
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the LPCVD system described above. The ITO is sputtered on by a DC, 1% O2/Ar, 

plasma. The plasma ions collide with an ITO target, and the ITO is sputtered 

onto the device through a shadow mask. The target is conditioned for 2 minutes 

before the shutter is opened, which allows any contamination on the surface of 

the target to be removed. Then the shutter is opened and the sputter deposition 

is carried out for 2.5 minutes. The ITO dots are of the same size and 

configuration as the Al dots mentioned above. The typical parameters for sputter 

deposition are a temperature 150 °C, pressure of 5 mTorr, and DC plasma power 

of 20 W. The ITO dots typically have a blue appearance, as they reflect some of 

the shorter wavelengths, but are transparent to the longer wavelengths, because 

ITO is simply a heavily doped wide bandgap semiconductor. 

 

Once the top contact is formed the black wax solution is applied as a masking 

layer. In the device case the wax is only applied on the dot of the top contact. 

This allows the p-layer to be removed from the entire backside, and in between 

devices for isolation. This allows several independent devices to be fabricated on 

the same substrate. 

 

Once the wax is dry the p-layer is etched using the same Si etching solution 

described above: nitric:acetic:HF (15:5:2). For devices the p-layer thickness was 

grown to 2000 Å and 500 Å, so the etch solution removes the entire layer in 

approximately 5-10 seconds or less. Then the sample is rinsed in DI water. Now 
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the masking oxide on the back surface must be removed. The sample is placed in 

BOE for about 3 or 4 minutes, which is sufficient to remove the approximately 

1800 Å thick oxide. The etch time can be empirically determined by observing 

when the water sheets off the surface of the wafer. This is known as a 

hydrophobic condition, and is an easy way to monitor the etch progress. After the 

BOE the sample is again rinsed in DI water, and then dried with high-pressure 

N2. 

 

After the p-layer is etched for device isolation, and the masking oxide is removed 

from the back surface, a metal contact can be deposited on the back surface. 

Chromium is evaporated using the same standard thermal evaporation 

techniques as described above. No mask is used; rather Cr is evaporated onto the 

entire back surface of the wafer. Approximately 500 Å of Cr is evaporated onto 

the wafer. Finally, Cu tape is applied to the Cr surface. The tape has a 

conductive carbon adhesive which sticks to the Cr. The Cu tape allows the back 

contact to extend out from underneath the wafer so that a probe may be placed 

on the contact in order to apply a bias. The tape does not adhere very well to the 

Cr, so Ag paint is applied around the perimeter of the tape to help bond the 

materials together. Finally, the sample is placed in an oven at 200 °C, in air, for 

1 hour of annealing. 
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2.6. Film Characterization 

 

This section will describe the experimental methods employed to characterize 

the physical and electronic properties of the films deposited from disilane and 

diborane using LPCVD. Much of these descriptions of characterization methods 

have been adapted from the work of Wang [22]. 

 

2.6.1. UV/Vis/IR Optical Spectroscopy 

 

A Perkins-Elmer double beam spectrophotometer is used to gather information 

about the transmittance, reflectance, and absorbance of light from the film. This 

data allows the thickness to be calculated, as well as information about the 

optical absorption. 

 

The spectrophotometer uses a deuterium (D2) bulb as the light source. The 

machine scans over a range of wavelengths using a diffraction grating to 

separate the wavelengths. The beam is separated into two beams of equal power 

by optics. One beam passes directly through to a photodetector, and the other 

beam is incident upon the sample. Comparing the two beams allows the amount 

of transmitted, reflected, or absorbed light to be measured. 
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As the incident light scans over the desired range of wavelengths an interference 

pattern is observed. Light reflects off of the surface of the film, as well as the 

interface between the film and the substrate. The constructive and destructive 

interference of these reflections leads to the interference pattern shown below in 

Figure 4. 
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Figure 4. Transmittance spectra of a Si film used to calculate the thickness of the film. 
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This path length difference will depend on the refractive index as a function of 

wavelength and the thickness of the sample. The refractive index can be 

measured or found in a known data reference, therefore the interference pattern 

allows the thickness of the film to be easily calculated using the formula shown 

below in Equation 3, where λ is the wavelength, n is the refractive index, and m 

is a constant. The constant m is equal to 2 for peak-to-peak interference fringes, 

and equal to 4 for peak-to-valley interference fringes. Either transmission or 

reflection can be used for this measurement. 

 

Equation 3 
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Equation 3 above allows the thickness to be calculated. The average growth rate 

can be calculated by taking the measured film thickness divided by the growth 

time. 

 

Spectrophotometer measurements also allow the absorption coefficient of the 

film to be measured. The absorption coefficient is a strong function of 

wavelength, and gives information about film’s properties such as the optical 

bandgap. Expressions for the transmittance and absorbance, as a function of 

wavelength are shown below in Equation 4 and Equation 5 respectively, where T 
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is the transmittance, R is the reflectance, α is the absorption coefficient, t is the 

film thickness, Ii is the incident light intensity, and It is the transmitted light 

intensity. 

Equation 4 
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Using Equation 4 and Equation 5 allows the absorption coefficient to be 

calculated as a function of wavelength, and the resulting expression is shown 

below in Equation 6. 

Equation 6 

t
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Once the absorption coefficient is known, the optical bandgap of the material can 

be found. In non-crystalline semiconductors an optical bandgap is used because 

of the way the density of electronic states is distributed as a function of energy. 

There is not a clear-cut bandgap as there is in crystalline semiconductors. For 

this purpose a value known as the E04 energy is used. E04 energy is defined as 

the energy at which the absorption coefficient is equal to 104 cm-1. This value 

gives an energy at which the material begins strongly absorbing incident light, 

and is thus used as an estimate of the material’s bandgap. An example of an E04 
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energy plot is shown below in Figure 5. In this example the absorption 

coefficient crosses 104 cm-1 at an energy of 1.37 eV, therefore the material’s 

optical bandgap would be estimated by an E04 energy equal to 1.37 eV. 
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Figure 5. Example of E04 energy plot. 
 

 

An alternative method of estimating the bandgap of the material is known as 

Tauc’s gap. Tauc’s gap describes the absorption at energies above the E04 energy. 

The Tauc energy, ETauc, can be determined by plotting phEα  as a function of 
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photon energy and extrapolating the linear portion of the curve to intercept the 

x-axis. The x-intercept is the value of the Tauc energy. The expression for 

determining ETauc is shown below in Equation 7, where α is the absorption 

coefficient, Eph is the photon energy, and B is a slope parameter. 

 

Equation 7 
2)( Taucphph EEBE −=α  

 

 

Figure 6 below shows an example of how Tauc’s energy is found by extrapolating 

a line from the linear portion of the x-axis. In this case ETauc is equal to 1.27 eV. 

Tauc’s energy gap is generally less accurate because the value must be 

extrapolated, thus it is more subjective to how the linear portion of the curve is 

taken and how the line is fit to the curve. For these reasons E04 is generally 

preferred as a more accurate measure of the optical bandgap. 
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Figure 6. Example plot of Eα from which ETauc is extrapolated. 
 

 

The optical bandgap is an important property of a semiconductor material, 

because reveals which photons will be strongly absorbed. This is especially 

important for photovoltaics and other optoelectronic materials. In non-

crystalline semiconductors it is important because it gives an idea about the 

degree of crystallinity of the material. The crystallinity can change as the 

deposition parameters change and also with the amount of hydrogen which is 

incorporated into the film. 
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2.6.2. Conductivity 

 

Conductivity is a measure of the ease with which a material conducts an electric 

current. In a semiconductor material the conductivity is proportional to the 

number of carriers and the mobility of those carriers. Equation 8 below shows 

the formula for calculating conductivity, where q is the electronic charge, n is the 

concentration of electrons in the conduction band, p is the concentration of holes 

in the valence band, and µn and µp are the mobility of electrons and holes 

respectively. 

 

Equation 8 
)( pnq pn ⋅+⋅= µµσ  

 

 

Experimentally the conductivity is measured by placing coplanar contacts on the 

semiconductor’s surface, applying a voltage across the contact, and measuring 

the resulting current. By knowing the geometry of the contacts the conductivity 

can be calculated. The formula for measuring the conductivity is shown below in 

Equation 9, where W/L is the ratio of width between the contacts to the length of 

the contacts, V is the voltage applied across the contacts, I is the current flowing 

through the material, and t is the thickness of the film. The films in this study 

were painted on by hand with a conductive silver paint. The ratio of the width 
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between the contacts, to the length of the contacts was determined by eye. For 

more accurate measurements 500 Å of Cr is evaporated through a shadow mask 

with a known W/L ratio of 20. The Cr makes a good ohmic contact with the 

semiconductor and reduces the contact resistance, and then Ag paint is placed on 

top of the Cr to protect the thin Cr layer from damage when the measurement 

probes are placed down. This results in a more accurate measurement of the 

materials conductivity, by avoiding the influence of the contact resistance and 

setting a precise W/L ratio. 

 

Equation 9 
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The experimental apparatus for the conductivity measurement is housed in a 

light-tight aluminum box. An ELH light bulb is connected to AC power and the 

intensity is controlled by a voltage transformer. The ELH bulb simulates the 

output spectrum of the sun. The bulb is placed at the appropriate distance from 

the sample, and with the appropriate aperture, so that the incident light 

intensity on the sample is equal to 100 mW/cm2, which is the standard 

terrestrial intensity of sunlight based on the AM1.5 standard for the solar 

spectrum. The thin-film sample is placed on a heat sink with a small fan to keep 

the sample cool. This is important because the light will heat up the sample, and 
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as the temperature increases, so does the number of carriers. Thus the sample 

must be kept cool in order to get a true measure of its conductivity. Spring-

loaded probes are placed on the contacts and a voltage source is used to apply a 

potential difference across the contacts. An electrometer (a very sensitive 

ammeter) is used to measure the resulting current. The conductivity is measure 

under illumination, known as photoconductivity, and in the dark, which is 

known as dark conductivity. The ratio of photo to dark conductivity is known as 

the photosensitivity, and is an important figure of merit for photovoltaic and 

optoelectronic materials. Normally it would be desirable to have a large 

photosensitivity ratio for an intrinsic material, on the order of 105 

approximately. However, for films which are crystalline or heavily doped, the 

photosensitivity is approximately equal to one, because the optically generated 

excess carriers are not significant in comparison to the equilibrium 

concentration either due to the high carrier mobility or concentration. 

 

2.6.3. Raman Spectroscopy 

 

Raman spectroscopy is method useful for determining the crystallinity of a 

material. This technique is widely used in materials science, condensed matter 

physics, and chemistry. The Raman Effect is based on the elastic and inelastic 

scattering of photons which are incident upon the material. 
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A laser beam is used to illuminate the sample with monochromatic light. The 

incident light is scattered from the surface of the material and a photodetector 

measures the energy of the scattered light. Most of the photons are elastically 

scattered, known as Rayleigh scattering, and thus are of the same energy as the 

incident photons. The Rayleigh scattering does not carry any useful information 

about the sample. A small fraction of the incident photons are scattered 

inelastically, and are of a different, usually lower, energy than the incident 

photons. In this inelastic scattering a phonon, which is a quanta of vibrational 

energy, is either created or annihilated, and this process is known as the Raman 

Effect. Conservation of momentum limits the Raman scattering to a very narrow 

band of allowed energies, thus the change in energy of the inelastically scattered 

photons is characteristic of the material. More information about the theory of 

Raman spectroscopy can be found in advanced texts or online tutorials [12, 13, 

16]. 

 

Crystalline silicon (c-Si) has only one allowed phonon mode at a wave number of 

520 cm-1. This mode will be seen as a sharp peak at 520 cm-1 in the Raman 

spectrum which can be seen in Figure 7 below. Amorphous silicon (a-Si) has a 

variety of allowed phonon modes, with the most intense peak at 500 cm-1, and 

this can be seen below in Figure 8. Thin-film Si samples are often a mixture of 

crystalline grains surrounded by amorphous tissue and grain boundaries, and 
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these type of samples are referred to as nanocrystalline (nc-Si) or 

microcrystalline (µc-Si) depending of the size of the crystalline grains. When a 

sample contains both crystalline and amorphous phases the Raman spectrum 

will show a peak at 520 cm-1 with a broad shoulder around 490 cm-1 and this is 

shown for a nc-Si sample in Figure 9 below. The overall peak can be 

deconvoluted into two peaks, one for the crystalline phase and one for the 

amorphous phase. 

 

The degree of crystallinity, a measure of how much of the sample is crystalline to 

how much of the sample is amorphous, can be found by several methods. The 

crystalline fraction can be found by using the equation shown below in Equation 

10, where IC is the intensity (height) of the crystalline peak, IA is the intensity of 

the amorphous peak, and 0.8 is a scattering factor for silicon. Another method is 

to take the ratio of the intensities of the crystalline and amorphous peaks. A 

peak ratio of 2.5 or greater is considered a nanocrystalline sample. Also the full-

width-half-maximum (FWHM) of the peak can be used as a measure of the 

crystalline quality of the material. As a material becomes more disordered and 

amorphous the constraints on conservation of momentum become more relaxed, 

thus the peak will broaden as a wider range of vibrational modes are allowed. 
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Equation 10 
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Figure 7.  Raman spectrum of crystalline Si. Note the sharp peak at 520 cm-1. 
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Figure 8. Raman spectrum of amorphous Si. Note the broad peak around 500 cm-1. 
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Figure 9. Raman spectrum of a nanocrystalline Si sample. Note the deconvolution of a 
crystalline and amorphous peak. 
 

 

2.7. Device Characterization 

 

Devices were fabricated as part of this research study in an effort to show that 

the LPCVD deposited material is a viable candidate for forming pn junctions for 

photovoltaic devices. To this end pn junction diodes were fabricated, as well as 

pn junction photovoltaic devices. The following sections describe how the 

performance of the devices was characterized. 
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2.7.1. Diode IV Curves 

 

As described above, diodes were fabricated by depositing a p+ Si layer on top of 

an n-type Si wafer. This was done in as a preliminary step to show that this 

LPCVD material could form quality pn junctions for photovoltaic devices. 

 

The physics and theory of pn junction devices is well documented in educational 

and reference texts [18, 19]. The plot of current through the device as a function 

of voltage across it, commonly known as the IV curve, is the most important way 

of showing the characteristics of the device. The current is described by the well-

known exponential relationship shown below in Equation 11, where I0 is the 

reverse saturation current, q is the electronic charge, V is the voltage across the 

diode, k is Boltzmann’s constant, and T is the absolute temperature. An example 

IV curve is shown below in Figure 10, where the forward bias and reverse 

saturation regions are shown. 

 

Equation 11 
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Figure 10. Example IV curve of a diode fabricated with the LPCVD Si2H6 process. 
 

 

The diode IV curves were measured on an HP 4155 semiconductor parameter 

analyzer. The sample was placed on the stage of a Micromanipulator microprobe 

station, and the microprobes were placed on the contacts of the device. The 

probes are connected to the stimulus measurement units (SMUs) of the 

parameter analyzer, which interface with the unit’s high-precision voltage and 

current sources, as well as voltmeters and ammeters. 
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The HP 4155 is setup by entering the starting and ending voltage, the voltage 

step size, and the current compliance. Then the machine sweeps through the 

range of measurement and plots the resultant IV curve in a convenient graph. 

The data can also be saved in a text file for subsequent analysis in a spreadsheet 

software package. 

 

The IV curves can also be plotted on a semilog plot where the measured current 

is displayed on a log scale. In forward bias the exponential term in Equation 11 

becomes large, thus the minus one term can be neglected. Therefore a straight 

line results on the semilog plot under sufficient forward bias. When the IV curve 

of an actual diode is plotted in this arrangement the curve can be fit to a 

modified form of the ideal diode equation, which is shown below in Equation 12, 

where a factor n, known as the ideality factor, is used as a measure which 

relates the performance of the actual diode to that of the ideal case. 

 

Equation 12 
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An example of the semilog plot of the IV curve is shown below in Figure 11, with 

dashed lines overlaid on the IV curve in order to emphasize the linear regions. In 

this plot two distinct linear regions can be seen, where the total diode current is 
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given by the summation of two regimes and this is shown mathematically in 

Equation 13 below. It is these linear regimes where a curve can be fit in order to 

extract the ideality factor as well as the reverse saturation current. The second 

curve must be subtracted from the first curve to find the equation for the first 

region, and visa versa. 

 

Equation 13 
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Figure 11. Example of diode IV curve on semilog plot, from which device parameters 
can be extracted. 
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2.7.2. Photovoltaic Device IV Curves 

 

A photovoltaic (PV) device, or solar cell, in its simplest form is a pn junction 

diode. Although a photovoltaic device can take on many physical structural 

forms such multiple junction devices, or many material systems such as group 

IV alloys or even more exotic III-V or II-VI material systems and/or 

heterojunction structures. The purpose of this study is to fabricate single 

junction PV devices in Si by depositing thin p+ layers on n-type crystalline Si 

wafer substrates in a low-temperature LPCVD process. 

 

When a PV device is connected to a load, and subjected to illumination which is 

of appropriate energy to be absorbed by the material, electron-hole-pairs (EHPs) 

are created by the absorbed photons. These EHPs which are either created 

inside of, or within a diffusion length of, the depletion region, are swept out by 

the built-in electric field. The optically generated minority carriers are the only 

carriers which can surmount the potential energy barrier, and thus the resultant 

photocurrent flows out of the p-type side of the diode, assuming conventional 

current flow. This means that under illumination, the standard IV curve, as 

shown above in Figure 10, is shifted vertically downward by an amount equal to 

the photogenerated current. The equation which describes this behavior is 

shown below in Equation 14. Under these conditions where a forward voltage is 
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across the device and a negative current is being generated, the device is 

supplying power. The IV curve of a PV device is typically mirrored across the 

horizontal axis so that the power generating region, which would normally be 

found in the third quadrant of the IV curve, is instead shown in the first 

quadrant for convenience. An example IV curve of a PV device is shown below in 

Figure 12. 
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Figure 12. Example of a photovoltaic device IV curve. Note the power generating 
region of operation is shown in the first quadrant for convenience only, but the 
voltage is positive and the current is actually negative assuming conventional current 
flow. 
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phIkT
qVII −







 −




= 1exp0  

 

 

At this point it is helpful to introduce the equivalent circuit of a PV device. The 

equivalent circuit is shown below in Figure 13, and helps describe the 

performance of the device. In the equivalent circuit Iph is the photocurrent, RH is 

the shunt resistance, RS is the series resistance, and RL is the load resistance. 

 

 

Figure 13. Equivalent circuit of a photovoltaic device. 
 

 

The series and shunt resistances are parasitic effects which would preferable be 

eliminated. It would be desirable to lower the series resistance as much as 

possible, and increase the shunt resistance as much as possible. Simulations and 

experience show that reasonable values of parasitic resistances are around 

Iph Rh 
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several 10’s of ohms of series resistance, and several thousand to 10 kΩ of shunt 

resistance. 

 

Two more important figures of merit for PV devices are the open circuit voltage 

(VOC), and the short circuit current (ISC). VOC is the voltage across the terminals 

of the device when the load resistance goes to infinity, and ISC is the current 

flowing out of the device when the load resistance goes to zero. The series 

resistance can cause a very significant drop in VOC, and thus great care must be 

taken to minimize this effect. The shunt resistance limits ISC, but generally has a 

smaller effect on overall device performance. The value of the series resistance 

can be found by taking the slope of the IV curve at the VOC point, and the shunt 

resistance can be found by taking the slope of the IV curve at the ISC point. 

 

Another important measure of the PV device’s performance is the fill-factor (FF). 

FF is the ratio of the real maximum output power to the optimal maximum 

output power. The optimum max power is the product of the largest current that 

the device can produce (ISC) and the largest voltage the device can produce (VOC). 

Unfortunately these values can not occur at the same time, so the actual max 

power output of the device occurs at the knee, or inflection point of the IV curve, 

which is shown below in Figure 14 as the point (Vm, Im). Graphically the FF is 

then defined as the ratio of the area of the square shaded in grey in Figure 14 to 

the area of the square defined by the product VOC·ISC, and this is shown 
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mathematically below in Equation 15. The better a solar cell performs, the more 

“square-like” the IV curve will be, thus filling up more of the square enclosing ISC 

and VOC. 

 

Equation 15 
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Figure 14. IV curve of a PV device showing the maximum power point at the knee of 
the curve [9]. 
 

 

The energy conversion efficiency of the PV device can be calculated using the 

characteristics of the IV curve which have been shown above. The efficiency is 

defined as the ratio of the device’s output power to the incident optical power, 

and this relationship is shown below in Equation 16, where η is the efficiency 

and Pi is the incident optical power at the surface of the device. 
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Equation 16 
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2.7.3. Photovoltaic Device Quantum Efficiency 

 

Quantum efficiency (QE) is defined as the ratio of collected charge carriers to the 

number of incident photons. Ideally every photon would be absorbed, every 

absorbed photon generates an electron-hole-pair (EHP), and every EHP is 

collected and contributes to the output current of the device. This ideal scenario 

does not take place because some photons are reflected at the surface, absorption 

is a function of the wavelength of incident light, collection efficiency is strongly 

dependent on device design, some EHPs recombine before they are collected, and 

many other factors.  

 

Careful consideration must be made in device design and choice of materials so 

that the QE response coincides with the spectrum of light incident on the device. 

For a solar cell the incident light is the output spectrum of the sun. The sun’s 

spectrum can be modeled to a first approximation as a 6000 K black body 
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radiator. Standards have been developed by the American Society for Testing 

and Materials for more accurate reference spectrum, which is shown below in 

Figure 16 [14]. The solar spectrum used as the reference is known as air mass 

1.5 (AM1.5). Figure 15 below illustrates that AMm is defined as the ratio of the 

actual radiation path h to the shortest radiation path h0, where h = h0·sec(θ) and 

AMm is AMsec(θ) [6]. The air mass spectrum is important because it considers 

the distance through which solar radiation must pass through the atmosphere. If 

the light travels farther through the atmosphere more light will be scattered and 

absorbed, therefore less light will be available at the Earth for collection by the 

PV device. 

 

 

Figure 15. Illustration explaining the air mass solar spectrum. 
 

 

From the reference spectra in Figure 16 is can be seen that the majority of the 

sun’s output occurs over the range of wavelengths from approximately 400 to 

Earth 

atmosphere h0 

AM0 

AM1 

θ 

AM·sec(θ) 

solar rays 

h 



 48 

800 nm, peaking around 550 nm. Since the sun’s output occurs most strongly 

over 400-800 nm it is desirable for a PV device to have a high QE response over 

this range. 
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Figure 16. Solar reference spectrum [14]. 
 

 

QE is a function of the incident wavelength, because the absorption coefficient is 

a function of wavelength, and QE is also a function of the voltage bias across the 

device. There is a built-in electric field in the depletion region of a pn junction. 

Any EHPs generated in the depletion region are immediately swept out by the 

electric field. When a forward bias is placed across the junction the depletion 



 49 

region becomes narrower, therefore fewer photogenerated carriers are swept out 

by the electric field. Conversely, if a reverse bias is placed across the junction the 

depletion region widens and more photogenerated carriers are collected by the 

electric field. This relationship of QE as a function of applied voltage provides 

another way to probe device behavior. A mathematical expression for QE is 

shown below in Equation 17, where α is the absorption coefficient and is a 

function of wavelength, µ is the carrier mobility, τ is the carrier lifetime, t is the 

thickness of the depletion region, and ε(y) is the electric field as a function of 

distance into the depletion region (this term carries the voltage dependence 

described above). 
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QE is often reported in two different ways. Relative QE is normalized to the 

peak value of QE(λ), and the response at other wavelengths is normalized to the 

peak QE, thus the range of QE values is 0 to 1. This method is useful in order to 

see which wavelengths the device is responding to relative to other wavelengths. 

Another method is absolute QE, where the QE is reported as a percentage and 

tells exactly what fraction of the incident photons are being collected as current. 

A QE curve of a thin-film amorphous hydrogenated silicon (a-Si:H) PV device is 
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shown below in Figure 17. It can be seen that the response of this example 

device has been well designed to coincide with the output spectrum of the sun. 
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Figure 17. Example QE response of a thin-film a-Si:H PV device. 
 

 

The experimental apparatus used to measure QE consists mainly of a 

monochromator, light chopper, appropriate optics, power supply for biasing, and 

lock-in amplifier. The system is illustrated below in Figure 18. The output of a 

white light source passes through the diffraction grating of the monochromator 

so that only a narrow band of wavelengths emerges at the output, and this 

wavelength is selectable so that a user may scan across the desired range. The 
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light then passes through a chopper, which is a wheel that is mostly opaque, 

rotates at a known frequency of 13.5 Hz, and has an opening that lets light 

through at that frequency. The chopper is used to convert the monochromatic 

light into an AC signal so only that frequency may be picked out by the lock-in 

amplifier. After the chopper the light passes through a filter in order to remove 

unwanted harmonic wavelengths. Low pass filters are used for 700, 900, and 

1200 nm, with each filter added in succession as the wavelengths are scanned 

from short to long values. The light then passes through a series of lenses to 

focus the beam and a mirror to direct the beam onto the sample. A DC lamp is 

used to illuminate the sample so that photogenerated carriers will fill the mid-

gap defect states and fix the quasi-Fermi levels. Probes are placed on the 

device’s contacts and may be grounded or a bias may be applied. The short-

circuit current output of the device is passed to a current-to-voltage pre-

amplifier, and then to the lock-in amplifier. The lock-in amplifier measures only 

the voltage at the frequency of the AC beam, which is set by the chopper. This 

allows a small signal to be picked out of a large noisy signal, because the 

amplifier “locks-in” to a particular frequency. This technique allows an accurate 

measurement to be made in the presence of noise due to the 60 Hz power and the 

lights of the room. 

 

 

 



 52 

 

 

 

 

 

 

Figure 18. Experimental setup for measuring QE. 
 

 

2.7.4. Diffusion Length 

 

Diffusion is a natural process in which particles will move from a region of high 

concentration to a region of low concentration as long as there is no force 

preventing them from doing so. For example, in an n-type semiconductor 

material when absorbed photons create and EHPs the excess holes now see a 

concentration gradient because they are the minority carrier in the n-type 

material. The excess holes will diffuse towards a region of lower hole 

concentration, eventually recombining with electrons or being collected at the 

contact or built-in electric field of a pn junction. 

 

Diffusion is important for PV devices because pn junctions are minority carrier 

controlled devices. This means that the device conducts by minority electrons 
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diffusing from the p-region to the n-region, and conversely minority holes 

diffusing from the n-region to the p-region. In a PV device it is desirable to have 

photons absorbed in the depletion region so the electric field will immediately 

sweep away the photogenerated carriers. When photons are absorbed in the 

quasi-neutral region they must diffuse back to the depletion region in order to be 

collected. If the carrier recombines before making it back to the depletion region 

it is lost and does not contribute to the current. Diffusion length is a 

characteristic of a material and is the average length that a carrier will diffuse 

before recombining. 

 

QE can be given by the approximate equation shown below in Equation 18 and is 

rearranged for convenience in Equation 19. If a plot is generated of 1/QE versus 

1/α then the diffusion length can be extracted by finding the slope of the line. 

The diffusion length L is equal to the reciprocal of the slope of the QE curve 

given by Equation 19. 

 

Equation 18 

L
LQE
α

α
+

≈
1

 

 

Equation 19 

L
QE

α
11+≈  
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CHAPTER 3. RESULTS AND DISSCUSSION 

 

This section will present the results of the film growth, as well as film and device 

characterization obtained via the methods described in chapter 2. 

 

3.1. Film Characterization Results 

 

Presented in the following section are the results of film growth as well as 

optical and electrical characterization. 

 

3.1.1. Growth Rate 

 

Films were grown with varying amounts of diborane over a range of 

temperatures from 450 to 550 °C. Presented below in Table 1 are the measured 

growth rates of these films. As expected, it was found that the presence of 

diborane greatly increases the growth rate [4, 5, 10]. Boron acts as a catalyst by 

providing an additional site for Si to attach to. Additionally, the B-H bond (340 

kJ/mol) is weaker than that of Si-H (393 kJ/mol) so the presence of boron 

increases the rate of hydrogen desorption, thus increasing the growth rate [5]. 
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Dopings of 10% or 5% diborane showed very consistent growth rates for a given 

temperature. Growth rates were significantly lower for undoped films and were 

only practical at temperatures equal to or greater than 500 °C. It is believed that 

the disilane is becoming depleted because it is depositing on the walls of the 

reactor rather than the substrate. 

 

Table 1. Film growth rates. 

 80% Si2H6, 10% B2H6 80% Si2H6, 5% B2H6 80% Si2H6, 0% B2H6 

Growth Temp [°C] Growth Rate [Å/min] Growth Rate [Å/min] Growth Rate [Å/min] 
450 43.3 47.0  - 
475 54.8 57.9  - 
500 85.8 73.6  13.4 
525 110 110  33.0 
550 145 152  65.3 

 
 

 

A source of variability in the growth rates is due to the difficulty controlling the 

pressure. The turbomolecular pump used with this LPCVD system was 

originally installed on the existing plasma-enhanced CVD system which has a 

larger volume vacuum chamber. The turbo pump is too powerful to very 

accurately control the pressure in the range required for the LPCVD system. At 

a pressure of 500 mTorr the gate valve to the turbo pump is nearly closed and 

vibration causes the valve to slightly rotate closed during the deposition. The 

result of this is that the pressure tends to creep up over time. Additionally, a 

small and delicate adjustment of the gate valve would result in rapid change in 
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pressure, and subsequently it is difficult to readjust the pressure to the desired 

value. To compensate for these effects the pressure was typically set to a value 

slightly less than 500 mTorr, typically in the neighborhood of 490 mTorr, and  

such that the pressure was slowly decreasing at an approximate rate of 0.1 

mTorr per second. The pressure would then decrease for a while and eventually 

start to increase again. By the time the reactor and deposition parameters were 

checked after 15 or 20 minutes the pressure would have risen to slightly above 

500 mTorr. Using this technique allowed the pressure to average out to the 

desired value over the total deposition time, which was typically 2 hours for 

doped films, and overcome the inherent limitation caused by building on to the 

existing vacuum system. 

 

3.1.2. Activation Energy 

 

Once the growth rates were measured they are plotted on a semilog scale in 

order to establish an Arrhenius curve and extract the activation energy for the 

growth process. It is assumed that the growth rate is of the exponential form 

shown below in Equation 20, where GR is the growth rate, A is a constant, EA is 

the activation energy, k is Boltzmann’s constant, and T is the absolute 

temperature. 
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Equation 20 






−⋅=
kT
E

AGR Aexp  

 

 

From the literature it is expected that the activation energy is approximately 0.6 

eV [8]. The results are shown below in Figure 19 and Figure 20 where all growth 

conditions used disilane flow of 80% (21.1 sccm), and diborane flow of 10% (1.04 

sccm) and 5% (0.534 sccm) respectively. An exponential curve was fit to the 

Arrhenius plot and the pre-exponential factor and activation energy were 

extracted. These parameters are shown on the plots in Figure 19 and Figure 20, 

as well as in Equation 21 and Equation 22, where the growth rate is given in 

units of Å/min. 
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Equation 21 






−⋅=

kT
eVAGR 639.0expmin10

6
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Figure 19. Arrhenius plot of growth rate for 80% Si2H6, 10% B2H6. 
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Equation 22 
 






−⋅⋅=

kT
eVAGR 610.0expmin1083.7

5
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Figure 20. Arrhenius plot of growth rate for 80% Si2H6, 5% B2H6. 
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The activation energy for films grown from disilane and diborane is 

experimentally found to be much lower than that of monosilane, which is 

reported in the literature as EA = 1.7 eV, thus further demonstrating the 

applicability of doped film growth using disilane in a low-temperature process 

[8].  

 

3.1.3. Crystallinity 

 

Raman spectroscopy measurements show that at growth temperatures of less 

than 500 °C the films remain totally amorphous. At growth temperatures of 500 

°C and above the films start becoming more crystalline. The crystalline fraction 

rises sharply as growth temperature increases. A plot of the crystalline fraction 

is shown in Figure 21 below. The crystallinity was identical for the doped films 

which were grown with 10% and 5% diborane flow. 
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Raman Spectroscopy
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Figure 21. Crystalline fraction of films as determined by Raman spectroscopy. 

 
 
 
3.1.4. Optical Bandgap – E04 Energy 

 

The E04 energy was measured and found to decrease as deposition temperature 

increases. This is expected as the crystallinity increases with increasing growth 

temperature. The E04 energy found to decrease from approximately 1.37 eV to 

1.1 eV as the growth temperature is increased from 450 °C to 550 °C, and these 

results are displayed graphically in Figure 22 below. 
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LPCVD p-Type Si Films
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Figure 22. Measured E04 of the p-type Si films. 
 

 

3.1.5. Optical Bandgap – Tauc’s Gap 

 

Tauc’s gap was measured and found to trend along with the E04 energy. Tauc’s 

gap is also expected to decrease with increasing growth temperature as the 

material becomes more crystalline. Tauc’s gap decreases from approximately 

1.35 eV to 1.1 eV as the growth temperature increases from 450 °C to 550 °C. 

These results are shown below in Figure 23. Again it is important to note that 
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the E04 energy is directly measured, but Tauc’s gap is slightly less accurate 

because the value is extrapolated. 
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Figure 23. Measured Tauc’s gap of the Si films. 
 

 

3.1.6. Conductivity 

 

Conductivity of the films was measured with Ag paint contacts. The doped films 

had conductivities on the order of 10-3 S/cm, and these results are shown below 

in Figure 24. The photo and dark conductivities are equal for the doped films, 
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which is expected because the excess photogenerated carriers are not significant 

compared to the equilibrium concentration. As expected the conductivity 

generally increases with increasing growth temperature as crystallinity 

increases. 
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Figure 24. Conductivity of doped p-type Si films. Note: photo/dark ratio is equal to 1. 
 

 

It is important to note that the contacts for these conductivity measurements are 

only silver paint. Silver paint alone does not make an ideal contact, but it was 

deemed sufficient for this study. Also, the contacts are painted on by hand, so 

they are not perfectly uniform in width. Finally, the width/length ratio is 
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measured by eye only, so is not perfectly accurate. These factors influence the 

accuracy and reliability of the conductivity measurements, but these methods 

are sufficient for finding the order of magnitude of the conductivity. 

 

3.2. Device Characterization Results 

 

This section presents the results of optical and electrical characterization of the 

pn junction devices fabricated for this study. Both diodes and PV devices were 

fabricated and characterized. 

 

3.2.1. Diode IV Curves 

 

IV curves for diodes with a 2000 Å p-layer, doped with a 10% diborane flow, at a 

growth temperature of 450 °C were measured and found to show the familiar 

exponential relationship under forward bias, and nearly constant and very small 

current under reverse bias. Diodes fabricated at 500 °C showed very similar 

characteristics. This indicates that this LPCVD process is a viable method for 

fabricating pn junction devices. Representative IV curves of a device fabricated 

at 450 and 500 °C are shown below in Figure 25 and Figure 26 respectively. 
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Diode IV - Growth at 450 C
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Figure 25. Diode IV curve for device fabricated at 450 °C. 
 

Diode IV - Growth at 500 C
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Figure 26. Diode IV curve of device fabricated at 500 °C. 
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Under strong forward bias the IV curves show a linear relationship. This 

indicates that the diode has taken on a resistive behavior due to a large series 

resistance. This series resistance problem will also be seen in the results of PV 

devices to follow. 

 

The diode IV curves were also plotted on a semilog scale in order to extract the 

reverse saturation current and the ideality factor. Representative plots of the 

devices fabricated at 450 °C and 500 °C are shown below in Figure 27 and Figure 

28 respectively. 
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Figure 27. Representative IV curve and parameter extraction for diode fabricated at 450 °C. 
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Diode - Growth at 500 C
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Figure 28. Representative IV curve and parameter extraction for diode fabricated at 500 °C. 
 

 

The diode curves show two distinct slopes on the semilog IV curve, rather than 

one straight line as expected from the diode equation in forward bias which is 

shown above in Equation 12. The IV curve showing two regimes of behavior is a 

summation of two diode equations as shown above in Equation 13. The extracted 

parameters for the devices fabricated at 450 °C and 500 °C are shown below in 

Table 2 and Table 3 respectively. 
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Table 2. Extracted diode parameters for device fabricated at 450 °C. 
 

Device I01 n1 I02 n2 

1 3E-07 2.52 7E-09 1.20 
2 6E-07 2.38 5E-08 1.41 
3 2E-07 2.19 1E-08 1.24 
4 2E-07 2.43 5E-09 1.25 
5 8E-07 2.96 3E-09 1.39 

averages 4.2E-07 2.49 1.5E-08 1.30 
 

 

Table 3. Extracted diode parameters for device fabricated at 500 °C. 

Device I01 n1 I02 n2 

1 7.E-07 4.58 1.E-09 1.43 
2 6.E-06 4.39 1.E-07 1.79 
3 2.E-05 4.07 2.E-06 2.09 
4 7.E-06 3.66 9.E-07 2.39 
5 9.E-07 3.03 3.E-08 1.41 

averages 6.9E-06 3.95 6.1E-07 1.82 
 

 

 

It is expected that the first regime of the IV curve will have an ideality factor of 

approximately 2, and the second regime of the curve will have an ideality factor 

of approximately 1. The presence of n = 2 in the first regime is due to 

recombination at defects in the middle of the gap near the junction. The n = 1 

factor in the second regime is due to recombination in the bulk. It can be seen 

from the tables above that the device fabricated at 450 °C shows the expected 

behavior. The second device however has extracted parameters of nearly twice 

the expected values. This indicates that there is some excess resistance which is 
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lowering the current. This series resistance problem was also visible in the IV 

curve plotted on a linear scale by the fact that the curve showed a linear 

behavior under strong forward bias.   

 

3.2.2. Photovoltaic Device IV Curves 

 

Photovoltaic devices were fabricated on crystalline Si substrates with p-layers of 

2000 Å and 500 Å. These devices showed the expected behavior with modest 

performance characteristics. The series resistance problem is seen in these 

devices also. The IV curve for the 2000 Å p-layer device is shown below in Figure 

29, where the important device parameters are labeled on the curve. 
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Figure 29.  Representative IV curve of PV device with 2000 Å p-layer. 
 

 

The series resistance of the 2000 Å p-layer devices was in the 30-40 Ω range. 

This causes a significant loss in open-circuit voltage. The shunt resistance was 

typically in the range of a couple thousand ohms. This parasitic effect bleeds off 

some of the photocurrent which would otherwise flow into the load. It would be 

desirable to push the shunt resistance higher, perhaps to the neighborhood of 10 

kΩ, although the shunt resistance’s effect on short-circuit current is not as 

significant to overall device performance as the series resistance is to open-

circuit voltage. 



 72 

The FF of the devices is around 60%. A good PV device should have a FF of 

around 70-75%. The series resistance is the main factor limiting the FF. This 

can be seen by the slope of the IV curve on the right side near the VOC point. The 

slope in this region is caused by the series resistance, and reduces the “square-

like” shape of the curve, and hence the FF. 

 

Analysis of the solar cell equivalent circuit, which is shown above in Figure 13, 

leads to the relationship shown below in Equation 23, where Iph is the 

photocurrent and I0 is the reverse saturation current. The reverse saturation 

current would preferably be on the order of 10-10-10-12 A, but as shown above it is 

actually on the order or 10-7-10-8 A. The devices were fabricated on crystalline Si, 

which has a lower bandgap than a-Si, so there are more thermally generated 

carriers contributing to the reverse saturation current. This large reverse 

saturation current, and series resistance, are hurting the open-circuit voltage. 

The open-circuit voltage is modest at best at a value of around 500 mV. It would 

preferably be around 600 mV or greater. 

 

Equation 23 




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q
kTV ph
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The short-circuit current, which is equal to the photocurrent, is around 1.5 mA 

for the 2000 Å p-layer device. The contact area is 0.125 cm2, which results in a 

current density of 1.2·10-2 A/cm2. It is obviously desirable to get as much current 

as possible from the device. Analysis of the QE response will help explain how 

the current can be increased. 

 

A representative IV curve of a device fabricated with a 500 Å p-layer is shown 

below in Figure 30. The important device parameters are labeled on the curve. It 

can be seen that the parameters are similar to those of the 2000 Å p-layer 

device, with the exception of the short-circuit current. ISC has doubled to 

approximately 3 mA. This is due to shorter wavelength photons being collected. 

The thinner p-layer reduced absorption in the p-layer and brings the depletion 

region closer to the surface. Both of these effects help increase absorption at 

shorter wavelengths. This is important because the sun’s output spectrum, 

which is shown above in Figure 16, peaks around 550 nm and then trails off 

towards the IR. Again, this effect will be further explained when the QE 

response is shown in the next section. 
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Figure 30. Representative IV curve of a PV device fabricated with a 500 Å p-layer. 
 

 

3.2.3. Photovoltaic Device Quantum Efficiency 

 

The QE of a 2000 Å p-layer device is shown below in Figure 31. It can be seen 

that the device has a strong response at longer wavelengths. A reverse bias was 

placed on the device and the bias/unbiased QE ratio (not shown) was only 

greater than one for the short wavelengths. This indicates that increasing the 

width of the depletion region help collect these photons which are absorbed near 

the surface. The lack of response at short wavelengths helps explain why the 



 75 

photocurrent was somewhat low, because much of the sun’s output occurs over 

this range of wavelengths. 
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Figure 31. QE of PV device with 2000 Å p-layer. 
 

 

The p-layer was thinned down to 500 Å in order to reduce absorption in the p-

layer and collect more of the short wavelength photons. The QE for this device is 

shown below in Figure 32. The figure shows that the response has is now 

collecting shorter wavelengths while the response is flatter over the range of 

750-1050 nm, and maintains the same response over the longer wavelengths. 
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This increase in collection efficiency of photons which are more intensely emitted 

by in the solar spectrum explains why the photocurrent doubles when decreasing 

the thickness of the p-layer from 2000 Å to 500 Å. 
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Figure 32. QE of PV device with 500 Å p-layer. 
 

 

The strong response of the devices at long wavelengths can be explained by the 

diffusion length, which is presented in the following section. 
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3.2.4. Diffusion Length 

 

It is expected for the PV devices to have a strong response at the long 

wavelengths because they were fabricated on Si wafers. Crystalline Si has a very 

large diffusion length compared to amorphous or nanocrystalline Si. The 

background doping of the wafers was measured to be approximately 4·1014 cm-3. 

The expected diffusion length is found from reference material to be 

approximately 5·10-2 cm for holes in n-type Si, and this is shown in Figure 33 

[15]. 

 

 

Figure 33. Reference data on diffusion length of holes in n-type crystalline Si [15]. 
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The diffusion length of holes in the n-type crystalline Si substrate was measured 

from the plot shown in Figure 34. The diffusion length is found to be 4·10-2 cm, 

which is very close to the expected value found in the reference literature [15]. 
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Figure 34. Plot used to extract the diffusion length of holes in the substrate. 
 

 

 

The diffusion length of 400 µm is equal to the thickness of the substrate, which 

is specified by the manufacturer to be in the range of 350-400 µm. This means 
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that any photogenerated carrier can diffuse the entire length of the device and 

be collected. This helps explain why the devices have a strong response to the 

long wavelength incident light, which is absorbed throughout the bulk of the 

material. 
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CHAPTER 4. CONCLUSIONS 

 

A research scale LPCVD reactor was built in an effort to grow p-type doped Si 

films. Disilane was used as the source gas so that a low-temperature process 

may be implemented while maintaining a suitable growth rate. Very little work 

is reported in the literature for use of disilane, and no work has previously been 

reported on the fabrication of photovoltaic devices from disilane. Disilane is 

typically not used due to the cost, but its higher growth rate compared to 

monosilane makes it an attractive candidate for a low-temperature CVD process. 

 

The atomic structure of the films remained amorphous for growth temperatures 

less than 500 °C. The crystallinity rose sharply as growth temperature 

increased, reaching a crystalline fraction of 90% at a growth temperature of 550 

°C. It was shown that high quality films resulted from this process with strong 

optical absorption and low optical bandgaps in the range of 1.4-1.1 eV. The films 

show a good conductivity for non-crystalline semiconductors, on the order of 10-3 

S/cm, and allow excellent junctions to be made for devices. 

 

Undoped films were attempted and found to have significantly lower growth 

rates than films doped with diborane. This behavior was expected, however, it 

was found that for growth temperatures lower than 500 °C the growth was far 
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too slow to be practical. Future work will attempt to use a gas cylinder with a 

higher disilane concentration and an increased flow rate in an effort to improve 

the undoped film growth process. 

 

The devices, both diodes and PV devices, showed the expected pn junction and 

PV behavior. These are the first pn junction devices to be reported for any 

comparable process. The devices displayed a series resistance problem which 

limited the performance somewhat. Nevertheless, the devices exhibited modest, 

but promising performance, and they serve as a solid foundation for further 

development in future work. 

 

The process described in this work is very simple and provides an excellent 

platform to build upon in future studies. Plans for future work include: more 

work on undoped films and varying dopant flow, refining the device design and 

process to help reduce the series resistance in order to achieve better performing 

PV devices, using black-Si etching techniques to microstructure the surface in 

order to reduce reflection and increase absorption, and fabricating thin-film 

devices. 

 

 

 

 



 82 

REFERENCES 

 

[1] Andersohn, L., Th. Berke, et al. “Nucleation Behavior in Molecular Beam 

Epitaxy and Chemical Vapor Deposition of Silicon on Si (111)-(7x7).” Journal of 

Vacuum Science Technology A v. 14, no. 2 (March/April 1996): 312-318. 

 

[2] Grahn, J.V., J. Pejnefors, et al. “Characterization of In Situ Phosphorus-

Doped Polycrystalline Silicon Films Grown by Disilane-Based Low-Pressure 

Chemical Vapor Deposition.” Journal of the Electrochemical Society v. 144 no. 11 

(November 1997): 3952-3958. 

 

[3] Greenlief, Michael, Michael Armstrong. “Hydrogen Desorption from Si: How 

Does This Relate to Film Growth?” Journal of Vacuum Science Technology B v. 

13, no. 4 (July/August 1995): 1810-1815. 

 

[4] Jaeger, Richard. Introduction to Microelectronic Fabrication. Upper Saddle 

River: Prentice Hall, 2002. 

 

[5] Kamins, Ted. Polycrystalline Silicon for Integrated Circuits and Displays. 

Boston: Kluwer Academic Publishers, 1998. 

 



 83 

[6] Kasap, S.O. Optoelectronics and Photonics. Upper Saddle River: Prentice 

Hall, 2001. 

 

[7] Lin, D.S., E.S. Hirschorn, et al. “Scanning-Tunneling-Microscopy Studies of 

Disilane Adsorption and Pyrolytic Growth on Si (100)-(2x1).” Physical Review B 

v. 45, no. 7 (February 15, 1991): 3494-3498. 

 

[8] Mieno, F., T.S. Sukegawa, et al. “Thermally Deposited Amorphous Silicon.” 

Journal of the Electrochemical Society  v. 141 (August 1994): 2166-2171. 

 

[9] Neamen, Donald. Semiconductor Physics and Devices, 3rd edition. New Delhi: 

McGraw-Hill, 2003. 

 

[10] Pierson, Hugh. Handbook of Chemical Vapor Deposition. Park Ridge: Noyes 

Publications, 1992. 

 

[11] Plummer, James, Michael Deal, and Peter Griffin. Silicon VLSI Technology. 

Upper Saddle River: Prentice Hall, 2000. 

 

[12] “Raman Spectroscopy.” Wikipedia. 17 April 2006. < 

http://en.wikipedia.org/wiki/Raman_spectroscopy>. 

 



 84 

[13] “Raman Tutorial.” Kaiser Optical Systems, Inc.17 April 2006. < 

http://www.kosi.com/raman/resources/tutorial/>. 

 

[14] “Reference Solar Spectral Irradiance: Air Mass 1.5.” National Renewable 

Energy Laboratory. 17 April 2006. <http://rredc.nrel.gov/solar/spectra/am1.5/>. 

 

[15] “Semiconductors on NSM.” Ioffe Physio-Technical Institute. 17 April 2006. < 

http://www.ioffe.rssi.ru/SVA/NSM/Semicond/index.html>. 

 

[16] Schrader, Benhard. Infrared and Raman Spectroscopy: Methods and 

Applications. New York: Weinheim, 1995. 

 

[17] Sherman, Arthur. Chemical Vapor Deposition for Microelectronics. Park 

Ridge: Noyes Publications, 1987. 

 

[18] Streetman, Ben, and Sanjay Bannerjee. Solid State Electronics, 5th edition. 

Upper Saddle River: Prentice Hall, 2000. 

 

[19] Sze, S.M. Physics of Semiconductor Devices. New York: John Wiley and 

Sons, 1981. 

 



 85 

[20] Tsukune, A., H. Miyata, et al. “Low-Autodoping Disilane Epitaxy on 200 mm 

Wafers at 800 °C.” Proceedings of the Eleventh International Conference on 

Chemical Vapor Deposition v. 90, no. 12. (1990): 261. 

 

[21] Zumdahl, Steven, and Susan Zumdahl. Chemistry, 5th edition. Boston: 

Houghton Mifflin, 2000. 

 

[22] Wang, Nanlin. “Improving the Stability of Amorphous Silicon Solar Cells by 

Chemical Annealing.” Diss. Iowa State University, 2005. 

 

[23] Yamada, K., T. Ohmi, et al. Abstract 555. The Electrochemical Society 

Extended Abstracts v. 91-92 (October 13-17, 1991): 829. 

 

 

 

 

 

 

 

 

 



 86 

ACKNOWLEDGEMENTS 

 

First I would like thank my parents, family, and friends for always being 

supportive. They have never pressured me into anything; rather they have given 

me the freedom to discover for myself what I would like to do. I especially thank 

my major professor Dr. Vikram Dalal for accepting me into his research group, 

giving me the opportunity to improve my situation by doing research on 

semiconductors, and for providing the funding which helps put a roof over my 

head while I do that research. Thanks to NSF for providing funding for this 

project. I also would like to thank the other members of my committee, Dr. Gary 

Tuttle and Dr. Joseph Shinar, for always helping me when I needed it. Much 

gratitude is owed to Max Noack for sharing his knowledge and experience with 

me and helping to build and design the LPCVD reactor. I owe very special 

appreciation to Nanlin Wang and Kay Han for their constant encouragement 

and advice. I would also like to thank the students of Iowa State University’s 

Microelectronics Research Center for their friendship and help: Justin Dorhout, 

Dan Stieler, Kamal Muthurkrishnan, Vishwas Jaju, Durga Panda, Debju Ghosh, 

Satya Saripalli, Atul Madhavan, and Ted Li. I also cannot forget Jane Woline for 

helping me figure out how we do business at the MRC and also for her delicious 

birthday cakes. 


