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1. Introduction 

1.1 Background 

Energy demand has become the focus of attention in the whole world in the past several 

decades as remaining non-renewable energy resources such as petroleum, coal, and natural 

gas decrease rapidly. To address this problem, thousands of experts and researchers have 

spent billions of dollars on studying and developing renewable energy resources such as 

solar energy, nuclear energy, and thermal energy. Among these renewable energy 

resources, thermal energy is arguably the most significant and indispensable one due to the 

fact that two-thirds of all created energy is lost as heat.[1] Even though not all of them can 

be used again, there is additional heat energy lost that could be recovered. Additionally, 

environmental problems such as global warming, caused by the combustion of fossil fuels, 

are becoming increasingly aggravated. Therefore, studying and using high-performance, 

environmentally friendly and inexpensive thermoelectric materials to achieve efficient 

conversion from waste heat to electrical energy is momentous and imperative.  

 

1.2 Thermoelectric performance of silicon 

Each thermoelectric device consists of N-type and P-type materials shown in Figure 1.1. 

For the P-type materials, the main carriers are holes. For the N-type materials, the main 

carriers are electrons. The temperatures of two sides are different. There are more carriers 

at the hot side than cold side to form a voltage difference between them. Therefore, the 

device can generate the current through this voltage difference. 
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The thermoelectric performance of a device is usually evaluated by its efficiency (η), which 

can be expressed as: 

 η =  
TH−TC

TH
[

(1+ZT)1/2−1

(1+TZ)1/2+(TC/TH)
]                                                                                                                  (1) 

where TC and TH are the temperature of the cold and hot site. From equation (1), the 

thermoelectric efficiency depends crucially on the thermoelectric figure of merit (ZT), 

which is related to the electrical conductivity(σ), Seebeck coefficient (S), the thermal 

conductivity due to electrons (κe), the lattice thermal conductivity due to phonons (κl), and 

the absolute temperature (T), as shown in equation (2).  Specifically, better thermoelectric 

performance is achieved at higher ZT values. Simulation results visualizing the dependence 

of η and temperature difference are shown in Figure 1.2  

ZT =
σS2T

κe+κl
                                                                                                                                       (2) 

Figure 1.1. Electron kinetics within a thermoelectric module. 
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Depending on the desired scale of power generation, two different directions are explored 

for thermoelectric devices. For the large power case, researchers try to obtain a high ZT to 

achieve the maximum thermoelectric efficiency. For the small power case, device voltage 

is more significant, requiring a high Seebeck coefficient and a reasonable electrical 

conductivity.[3] High efficiencies have been found in materials like PbTe,[1] conjugated 

polymer,[3] Bi2Te3,
[4] Cu2S,[5] skutterudites,[6] Zintl,[7] and clathrates.[8] Among these 

materials, Bi2Te3 was the first promising thermoelectric material that had been studied,[9] 

and the alloy of Bi2Te3 and Sb2Te3 are now widely used due to their high figures of merit.  

For example, n-doped Bi2Te3/Bi2Te2.83Sb0.17 superlattice shows ZT around 1.4 and p-doped 

Bi2Te3/Sb2Te3 superlattice shows ZT up to around 2.4 at room temperature, as shown by 

Venkatasubramanian et al..[4] 

Figure 1.2. Simulation results of the dependence of the thermoelectric 

efficiency on figure of merit (ZT) and temperature difference. [2] 
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Although Bi2Te3 and Sb2Te3 are promising and attractive thermoelectric materials and have 

been studied for decades due to their high ZT values, the high costs make it challenging to 

apply them in practical thermoelectric devices. Therefore, a low-cost and high-yield 

material with promising high thermoelectric performance is needed. Silicon is one of the 

most abundant and widely used environmentally friendly semiconductor materials in the 

world. However, in its bulk form, silicon has high thermal conductivities on the level of 

150 Wm-1K-1 at room temperature,[10] leading to low ZT values around 0.01 at 300 K 

unsuitable for thermoelectric applications.[11] Since the 1990s, there has been a resurged 

interest in studying thermoelectric materials as it was theoretically predicted that 

thermoelectric efficiency can be improved significantly through nanostructuring.[12] Since 

then, an increase in literature that discusses the thermoelectric properties of porous silicon 

has been observed.[13]-[20] Nanostructuring of silicon has been studied because it was found 

to decrease the thermal conductivity without proportionally reducing the power factor 

(PF = σS2). Altering the nanostructures can result in grain sizes much smaller than the 

mean free path of the phonons to reduce the thermal conductivity significantly, while still 

larger than the mean free path of the electrons and holes, which does not affect the electron 

or hole transport significantly. To sum up, this decreases the σ/κ while S is kept somewhat 

constant and a higher ZT is achieved.[21] For example, ZTs of up to 1 have been found in 

silicon nanowires by reducing the thermal conductivity to around 1.6 Wm-1K-1 without 

changing the power factor significantly.[13], [14] Porous silicon shows ZT around 0.4 at room 

temperature, which is also much higher than the bulk silicon.[22] 
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1.3 Nonthermal plasma method 

In the literature, many kinds of methods like thermal,[23] laser pyrolysis,[24] superlattice 

nanowire pattern transfer (SNAP),[13] low pressure chemical vapor deposition (LPCVD) 

and etching,[15] deep reactive ion etching (DRIE),[17] PECVD,[25] and nonthermal plasma 

synthesis[26] were used to synthesize silicon with different nanostructures. In this paper, we 

propose to deposit doped silicon nanocrystal thin films via nonthermal plasma synthesis.  

Nonthermal plasma synthesis is a viable alternative technology in the liquid or gas phase 

methods to synthesize high purity nanocrystal materials which require high synthesis 

temperature to be produced in crystalline form.[27] This technique emerged around twenty 

years ago for producing high-quality semiconductor nanocrystals. In 1997, spherical Si 

NCs and Ge NCs were produced with the inductively-coupled radio frequency (RF) plasma 

by Gorla et al..[28]  Mangolini, Thimsen, and Kortshagen showed a capacitively-coupled RF 

plasma reactor to control the size, shape, and mono-dispersion of NCs in 2005.[26] 

Compared with other methods, nonthermal plasma synthesis method has these 

advantages[27]: high-purity nanocrystals without solvents and ligands, narrow size 

distribution of nanocrystals, controllable and efficient doping, and low gas temperature. 

However, to achieve the wild applications of these nanomaterials, such as solar cells, gas 

sensors, and thermoelectrical device, after obtaining controllable NCs, it is quite significant 

to produce dense thin films consists of these NCs. Therefore, in 2010, Holman and 

Kortshagen introduced a new, flexible technique to synthesize dense Ge NC thin film with 

roll-to-roll process.[29]  
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1.4 Motivation 

In this research, phosphorus doped and boron doped silicon nanocrystal films were 

synthesized using nonthermal plasma with roll-to-roll process.[29] SEM and XRD were 

used to characterize these films. Electrical conductivities and Seebeck coefficients of these 

films were measured at the different temperatures in the vacuum chamber. The effect of 

doping level, annealing, thickness, and oxidation on electrical conductivities and Seebeck 

coefficients were studied and discussed to improve the thermoelectric performance.  
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2. Phosphorus-doped silicon nanocrystal films 

2.1 Background  

For each thermoelectric device, it needs both P-type and N-type materials, which have the 

similar coefficient of thermal expansion. This research focus on studying phosphorus-

doped silicon nanocrystals (P-doped Si NCs) as the N-type material, and boron-doped 

silicon nanocrystals (B-doped Si NCs) as the P-type material.  

In this chapter, some studies of thermoelectrical properties of P-doped Si NCs are shown. 

First, synthesis parameters to affect the density of films were studied. Dense films is the 

base to study the thermoelectric properties of films. Then, the relationship between the 

electrical conductivity and the temperature in different phosphorus doping level Si NC 

films were shown. Finally, the effect of annealing in the glovebox, thickness, and oxidation 

on the electrical conductivity and Seebeck coefficient of P-doped films were studied. A 

probable mechanism was found to explain the abnormal Seebeck coefficient change. 

 

2.2 Experimental methods 

In this research, both P-doped Si NC films and B-doped Si NC films were synthesized in 

nonthermal plasma reactor shown in Figure 2.1. Before synthesis, N2 was used to purge 

the reactor three times and basic pressure was pumped down lower than 20 mTorr. The 

leak rate was smaller than 8 mTorr/min. For the P-doped Si NC films, SiH4 and PH3 as 

precursors were injected into the quartz tube with Ar as the carrier gas. Two copper 

electrodes generated the nonthermal plasma with an Advanced Energy RFX 600 Radio 
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Frequency power supply at 13.56 MHz. Output power was 110 W. The upstream pressure, 

the pressure above the orifice in the tube was 4 Torr to 5 Torr during the synthesis. 

Precursors dissociated and nucleated in the plasma. Then, nanocrystals were generated and 

accelerated through an orifice with an adjustable slit and deposited onto the substrate 

attached to the pushrod. During the synthesis, the pushrod was moved forward and 

backward to get the smooth film. 

Due to the dangerous nature of precursors, PH3 is diluted 15% in H2 and B2H6 was diluted 

10% H2 to reduce potential exposure concentrations.[30]
 

Figure 2.1 Schematic of the plasma reactor. Continuous mixed gases forms NCs in 

the plasma and pass through the orifice to deposit a film on the substrate. [30] 
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Table 2.1 Process gases used in this work.[30] 

 Gas composition Structure Symbol Toxic hazard Fire hazard 

Silane 100%  SiH4 Slightly Yes 

Phosphine 15% in Hydrogen  PH3 Yes Yes 

Diborane 10% in Hydrogen  B2H6 Yes Yes 

Argon 100%  Ar In high levels No 

Hydrogen n/a  H2 Low Yes 

The properties of gases in this work are shown in Table 2.1. 

Scanning Electron Microscopy (SEM): SEM images were obtained by a field emission 

gun scanning electron microscopy JEOL 6500 with the accelerating voltage 5 kV and 

working distance around 10 mm.  

X-ray Diffraction Diffreaction (XRD): The crystalline diffraction pattern was 

characterized by X-ray diffraction by using a Bruker D8 Discover 2D with a 2.2 kW sealed 

Cu X-ray source at the room temperature in the air.  

Annealing in the N2 glovebox: Samples were annealed on the heater at 450 °C for 1 h in 

the N2 glovebox. Both the O2 level and H2O level in the N2 glovebox were controlled less 

than 0.1 ppm to reduce the effect of the oxidation.  

Current-voltage measurement: The sample was placed across two copper blocks with 

heaters as shown in Figure 2.2. The current-voltage (I-V) characteristics of doped Si NC 

films were measured in the dark and vacuum chamber by Keithley model 617 

programmable electrometer and homemade LabVIEW programs at different temperature 

from 300 K to 400 K by Lakeshore 336 temperature controller with a fixed ramp rate of 

2.5 K/min.  
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Seebeck coefficient measurement: As shown in Figure 2.2, the temperatures of two 

blocks (T1 and T2) were measured and controlled by Lakeshore 336 temperature controller. 

The voltage of two blocks (V1 and V2) were measured by Keithley 617 source measuring 

units. Corresponding Seebeck coefficients were calculated by LabVIEW programs 

according to the equation (3).  

 S = −
V2−V1

T2−T1
                                                                                                                          (3)                                                                                    

 

2.3 Results and discussion 

2.3.1 Film density study 

Table 2.2 shows synthesis parameters for P-doped Si NC films with different Ar flow rates 

and orifice widths. Compared with sample A, sample B increases Ar flow rate from 50 

sccm to 100 sccm. Sample C decreases the orifice width from 0.610 mm to only 0.102 mm, 

resulting the enhancement of the upstream pressure from 1.03 Torr to 4.21 Torr.   

Figure 2.2 Schematic of the samples for thermopower measurement. 

T1 and T2 are attached to two red copper blocks. 
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Table 2.2 Synthesis parameters for P-doped Si NC films. 

 Ar Flow 

(sccm) 

SiH4 Flow 

(sccm) 

PH3 Flow 

(sccm) 

Deposition Time 

(s) 

Upstream Pressure 

(Torr) 

Orifice width 

(mm) 

Mean NC size 

(nm)  

A 50 0.81 0.60 20 1.03 0.610 5.2 

B 100 0.81 0.60 60 1.22 0.610 5.2 

C 100 0.81 0.60 60 4.21 0.102 8.2 

Figure 2.3 shows the cross-sectional SEM images and XRD of sample A, B, and C. SEM  

w the change of the film morphology and XRD shows the change of average nanocrystal 

size. Combining Table 2.2 and Figure 2.3, as Ar flow rate increases or orifice width 

decreases, the upstream pressure increases, resulting in a denser film with larger 

500 nm 

(a) 

500 

(b) 

Figure 2.3 Cross-sectional SEM images: (a) Sample A, (b) Sample B, (c) Sample C; (d) XRD 

images of Sample A, Sample B and Sample C. 

500 

(c) (d) 
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nanocrystals. The density of this film is up to 28% according to the spectroscopy 

ellipsometry. 

A simple model for the impaction process in synthesizing NCs from the paper by Holman 

and Kortshagen in 2010[29] is used to analyze the parameters for the doped Si NCs film. 

The density of the film is determined by the density of NCs per second and the velocity of 

NCs arriving the substrate. For the first point, the number of NCs per area per second is 

related to the reaction rate of NCs in the plasma, which is determined by flow rates of the 

precursors and the power. However, due to the danger of our precursors, flow rates of them 

are limited at a low level. For the second point, the velocity of NCs arriving at the substrate 

is related to both the upstream pressure (Pup) and the pressure drop (Pup/Pdown). From the 

model in Ref 29, gases and NCs are more strongly coupled by increasing Pup, resulting in 

higher velocity of NCs. Pup is determined by the flow rate and orifice width. To increase 

Pup, flow rate needs to be increased and orifice width needs to be decreased as shown in 

Table 2.2.  

 

2.3.2 Effect of different phosphorus doping level 

Using the nonthermal plasma reactor shown in Figure 2.1, different phosphorus doping 

level Si NC films were synthesized with different PH3 flow rates. The fractional 

phosphorus atom rate (XP) defined in equation (4), was used to represent the phosphorus 

doping level. 

XP =
[PH3]

[PH3]+[SiH4]
× 100%                                                                                                                          (4) 
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Table 2.3 Synthesis parameters for different phosphorus doping level Si NC films. 

 [PH3] is the flow rate of PH3 and [SiH4] is the flow rate of SiH4. For example, 30% P-

doped Si NC films means XP is 30% for these films. Undoped, 10% P-doped, 30% P-doped 

Si NC films were synthesized with the synthesis parameters in Table 2.3. 

Figure 2.4 shows the XRD results of undoped Si NCs, 10% P-doped Si NCs, and 30% P-

doped Si NCs. Compared with the standard peaks of silicon single crystals including (111),  

(220), and (311), all samples are silicon single crystals. The mean size of nanocrystals can 

 

 Ar Flow 

(sccm) 

SiH4 Flow 

(sccm) 

PH3 Flow 

(sccm) 

Upstream 

Pressure (Torr) 

Orifice 

width (mm) 

Mean size of 

NCs (nm) 

undoped Si NC 100 1.14 0.00 4.36 0.102 10.6 

10% P-doped Si NC 100 0.81 0.60 4.21 0.102 8.2 

30% P-doped Si NC 100 0.84 2.40 4.52 0.102 8.2 

Figure 2.4 XRD of undoped Si NCs, 10% P-doped Si NCs, and 30% P-doped Si NCs. 
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be calculated from the Scherrer equation and shown in table 2.3. 

L =
Kλ

β cos θ
                                                                                                                                                                       (5)  

L is the mean size of the crystalline. K is a shape factor related to different shape of the 

crystalline. λ is the X-ray wavelength and θ is the Bragg angle (in degrees). β is the line 

broadening at half the maximum intensity (FWHM). 

Then, two aluminum electrodes were deposited on the sample as shown in Figure 2.2. 

Electrical conductivities of undoped, 10% P-doped, and 30% P-doped Si NC films were 

measured in the vacuum chamber from 300 K to 400 K shown in Figure 2.5. At the same 

temperature, as the phosphorus doping level increases, the electrical conductivity increases 

due to more free electrons in the film.[31] As the temperature (T) increases, the electrical 

conductivity (σ) exponent increases according to the Arrhenius equation (6).  

      

Figure 2.5 Electrical conductivities of undoped Si NC films, 10% P-doped Si 

NC films, and 30% P-doped Si NC films from 300 K to 400 K. 
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σ = σ0exp(−
Ea

kT
)                                                                                                                                           (6) 

k is Boltzmann constant, which is 1.38064852×10-23·m2·kg·s-2·K-1. Ea is the activation 

energy, which is transport carriers need to overcome the potential barrier. From the slope 

of each line in Figure 2.5, the activation energy of the film was calculated and shown in 

table 2.4. As phosphorus doping level increases, the activation energy of the film decreases. 

Table 2.4 Activation energy for different phosphorus doping level Si NC films. 

 

2.3.3 Effect of annealing 

There are two annealing methods in this research. One is to anneal the sample on the heater 

at 450 °C for 1 h in the N2 glovebox. Both the O2 level and H2O level in the N2 glovebox 

are controlled less than 0.1 ppm. The other is to anneal the sample in the furnace at high 

temperature from 400 °C to 800 °C with the N2 flow rate. 

In this chapter, some 10% P-doped Si NC films were annealed on the heater in the N2 

glovebox. Figure 2.6 shows the cross-sectional and surface SEM images of films before 

and after annealing at 450 °C for 1 h. Compared with as-produced films, films after 

annealing do not change a lot. The thicknesses of them are both around 1 µm.  

Figure 2.7 shows electrical conductivities of undoped Si NC films and 10% doped Si NC 

films before and after annealing at 450 °C for 1 h in the N2 glovebox from 300 K to 400 K. 

At the same temperature, the electrical conductivity of the film increases 10 times after 

annealing. From the slope of lines, the activation energies of films were calculated and 

 undoped Si NC 10% P-doped Si NC 30% P-doped Si NC 

Activation energy (eV) 0.334 0.324 0.153 
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shown in table 2.5. Activation energies before and after annealing are similar.

 

1 µm 

(a) As-produced 

1 µm 

(b) 450 
o
C, 1 h 

1 µm 

(c) As-produced 

1 µm 

(d) 450 
o
C, 1 h 

Figure 2.6 SEM images of 10% P-doped Si NC films (a) cross-sectional image of the as-

produced film, (b) cross-sectional image of the film after annealing at 450 °C for 1 h, (c) surface 

image of the as-produced film, (d) surface image of the film after annealing at 450 °C for 1 h. 

Figure 2.7 Electrical conductivities of undoped Si NC films and 10% P-doped Si NC films 

before and after annealing at 450 °C for 1 h in the N2 glovebox from 300 K to 400 K. 
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Table 2.5 Activation energy for undoped and 10% doped Si NC films before and after annealing  

 

2.3.4 Effect of thickness 

30% P-doped Si NC films with different thickness were synthesized using the same 

synthesis parameters. From the cross-sectional SEM images in Figure 2.8, the thicknesses 

of them are 1 µm and 5 µm. 

Figure 2.9 (a) shows electrical conductivities of 1 µm and 5 µm 30% P-doped Si NC 

films. At the same temperature, the electrical conductivity of 5 µm film is higher than 1 

µm film. Several reasons can be considered. First, the connection of nanocrystals is better 

in 5 µm film because it is thicker than 1 µm film. Second, films were oxidized differently 

before measurements because samples were exposed in the air for several minutes before 

the electrical conductivity measurement. Figure 2.9 (b) shows Seebeck coefficients of 1 

 undoped Si NC 

before annealing 

undoped Si NC  

after annealing 

10% P-doped Si NC 

before annealing 

10% P-doped Si NC  

after annealing 

Activation 

energy (eV) 

0.334 0.358 0.324 0.322 

1 µm 1 µm 

Figure 2.8 Cross-sectional SEM images of 30% P-doped Si NC films (a) the thickness is around 1 µm, 

(b) the thickness is around 5 µm. 
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µm and 5 µm 30% P-doped Si NC films. An interesting phenomenon was found in 1 µm 

30% P-doped Si NC films. Its Seebeck coefficients are positive, which means main carriers 

in this film are holes according to the introduction part and equation (3). However, for P-

doped Si NC films, main carriers should be electrons. For 5 µm 30% P-doped Si NC films, 

Seebeck coefficients are negative, which is normal for N-type materials. This interesting 

phenomenon was thought to be related to the oxidation process before the Seebeck 

coefficient measurement. More studies were done on the effect of oxidation in the next part. 

 

2.3.5 Effect of oxidation 

5 µm 30% P-doped Si NC films were synthesized and moved to the vacuum chamber to 

measure the electrical conductivity and the Seebeck coefficient from 300 K to 400 K. Then, 

the same sample was exposed in the air for 5 minutes, 30 minutes, an hour, a day, and a 

week. After the oxidation, electrical conductivities and Seebeck coefficients of it were 

measured in the vacuum chamber again.

Figure 2.9 30% P-doped Si NC films (a) electrical conductivities of 1 µm and 5 µm films from 300 K 

to 400 K, (b) Seebeck coefficient of 1 µm and 5 µm films from 300 K to 400 K. 
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Figure 2.10 shows electrical conductivities of films from 300 K to 400 K. From (a) to (f), 

as the oxidation time for the same film increases from 5 minutes to a week, the electrical 

conductivity decreases at the same temperature, and the slope of each line increases, 

representing the increasing of the activation energy. The activation energies of the sample 

after different oxidation time were calculated and shown in Figure 2.10.  

Figure 2.11 shows Seebeck coefficients of films from 300 K to 400 K. Also, from (a) to 

(f), the oxidation time increases from 5 minutes to a week. An interesting and amazing 

phenomenon was found. Seebeck coefficients of the film after 5 minutes oxidation (b) are 

similar to those of the as-produced film (a) at different temperatures. All of them are 

negative, which means main carriers are electrons. As the oxidation time increases 

continuously, Seebeck coefficients increases apparently at higher temperatures, while 

Figure 2.10 Electrical conductivity of 5 µm 30% P-doped Si NC films from 300 K to 400 K (a) as-

produced, (b) after 5 minutes oxidation, (c) after 30 minutes oxidation, (d) after an hour oxidation, (e) 

after a day oxidation, (f) after a week oxidation. 
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Seebeck coefficients are closed at low temperatures. The Seebeck coefficient of the film 

after an hour oxidation first time transfers from negative to positive when the temperature 

is around 390 K, which means main carriers in this film change from electrons to holes. 

When the oxidation time is larger than one day, the Seebeck coefficient becomes positive 

at all temperatures. This oxidation effect can explain positive Seebeck coefficients in 30% 

P-doped Si NC films with 1 µm thickness, while negative Seebeck coeffients in the same 

films with 5 µm thickness.  The probable mechanism for this abnormal behavior is still 

unclear. More studies need to be done. 

 

2.4 Conclusion 

The density of P-doped Si NC films can be improved when the flow rate increases and the 

orifice width decreases. As the phosphorus doping level increases, the electrical 

conductivity increases, and the activation energies decreases. Annealing can improve the 

electrical conductivities 10 times but have little effect on activation energies.  Electrical 

Figure 2.11 Seebeck coefficient of 5 µm 30% P-doped Si NC films from 300 K to 400 K (a) as-

produced, (b) after 5 minutes oxidation, (c) after 30 minutes oxidation, (d) after an hour oxidation, (e) 

after a day oxidation, (f) after a week oxidation. 
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conductivities and Seebeck coefficient of films with different thickness are different 

probably due to the different oxidation levels for them. The oxidation layer traps free 

electrons, resulting in the decrease of electrical conductivities, the increase of the activation 

energy, and the transfer of Seebeck coefficient from negative to positive.  



22 
 

3. B-doped silicon nanocrystal films 

3.1 Background 

In this chapter, some study of thermoelectrical properties of B-doped Si NCs are described. 

First, the effect of different boron doping level on electrical conductivities of films from 

300 K to 400 K was studied. Then, the effect of annealing in the furnace on the film was 

found. Finally, the oxidation effect on the electrical conductivity of films was studied. 

 

3.2 Experimental methods 

The synthesis method and characterization methods were similar in the last chapter 2.2. 

The only difference is that B2H6 (diluted 15% in H2) replaced PH3 (diluted 15% in H2) to 

produce B-doped Si NC films. 

Fourier-transform infrared spectroscopy (FTIR): Nicolet Series II Magna-IR System 

750 FTIR was used to measure the absorption of beam from 9600 – 350 cm-1. 

Annealing in the furnace: Samples were annealed in the furnace at high temperature from 

400 °C to 800 °C with the N2 flow rate. 

 

3.3 Results and discussion 

3.3.1 Effect of different boron doping level  

10% B-doped Si NC films were first synthesized using the nonthermal plasma reactor 

shown in Figure 2.1. The fractional boron rate (XB) defined in equation (7), was used to  

represent the boron doping level. 
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XB =
2[B2H6]

2[B2H6]+[SiH4]
× 100%                                                                                                                         (7) 

[B2H6] is the flow rate of B2H6 and [SiH4] is the flow rate of SiH4. 10% B-doped Si NC 

films means XB is 10% for these films. Synthesis parameters for these films were shown 

in Table 3.1. 

Figure 3.1(a)-(c) show the cross-sectional SEM images of 10% B-doped Si NC film. The 

film is dense and consists of nanocrystals. The thickness is around 1.2 µm. Figure 3.1 (d) 

Table 3.1 Synthesis parameters for 10% B-doped Si NC films. 

Ar Flow 

(sccm) 

SiH4 Flow 

(sccm) 

B2H6 Flow 

(sccm) 

Power 

(W) 

Deposition Time 

(s) 

Upstream Pressure 

(Torr) 

Orifice width 

(mm) 

100 1.14 0.64 110 60 4.62 0.102 

 

1 µm 

(d) 

5 µm 

(a) 

1 µm 

(b) 

200 nm 

(c) 

Figure 3.1 SEM images of 10% B-doped Si NC films (a) cross-sectional, 10000 times, (b) cross-

sectional, 20000 times, (c) cross-sectional, 60000 times, (d) surface, 20000 times. 
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shows the surface SEM image of 10% B-doped Si NC films. The morphology of 5% B-

doped, 0.5% B-doped, undoped Si NC films are similar. The synthesis parameters for these 

films were shown in Table 3.2. 

Figure 3.2 shows the XRD results for undoped Si NCs and different boron doping level Si 

NCs. Compared with standard peaks for silicon single crystals, all these samples consist of  

Table 3.2 Synthesis parameters for different boron doping level Si NC films. 

 

 Ar Flow 

(sccm) 

SiH4 Flow 

(sccm) 

B2H6 Flow 

(sccm) 

Upstream Pressure 

(Torr) 

Orifice width 

(mm) 

undoped Si NC 100 1.14 0.00 4.36 0.102 

0.5% B-doped Si NC 100 1.14 using tank  4.16 0.102 

5% P-doped Si NC 100 1.14 0.30 4.47 0.102 

Figure 3.2 XRD of undoped Si NCs, 0.5% B-doped Si NCs, 5% B-doped Si 

NCs and 10% B-doped Si NCs. 
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single crystal particles. From the Scherrer equation, equation (5), the mean size of 

nanocrystals in each film can be calculated and were shown in Figure 3.2. As the boron 

doping level increases, the mean size of nanocrystals decreases. The reason is that the 

diborane gas for boron doping was 10% diluted in the hydrogen gas. As diborane gas flow 

rate increased, the hydrogen gas also increased. There is a balance between the diborane, 

boron, and hydrogen from the equation (8).  

B2H6 ↔ 2B +  3H2                                                                                                                  (8)                           

As the hydrogen concentration increases, some boron atoms at the surface will be etched 

to form diborane again.[27] Therefore, the mean size of nanocrystals decreases when 

diborane flow rate increases. The similar phenomenon was found in P-doped Si NCs from 

many experimental results, although the average size of 10% P-doped Si NCs is the same 

as that of 30% P-doped Si NCs from table 2.3 according to Figure 2.4.  

Electrical conductivities of undoped, 0.5% B-doped, 5% B-doped and 10% B-doped Si NC 

films were measured in the vacuum chamber from 300 K to 400 K shown in Figure 3.3. As 

the boron doping level increases, the electrical conductivity increases due to more free 

holes in the film.[31] The relationship between the electrical conductivity and temperature 

satisfies the Arrhenius equation, equation (6). From the slope of lines, the activation energy 

was calculated and shown in Table 3.3. The activation energy decreases after boron doping. 

For so small activation energies close to 0 eV, there are two possible reasons. One is that 

B-doped films were probably degenerate. Similar results were found in the previously 

paper.[33] This can be explained that as the number of boron increases in each silicon 

nanocrystal, activated boron atoms shift the Fermi energy down to the valance band, which 

means the film becomes a degenerate semiconductor and the electrical conductivities 
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are independent with temperatures. The other is that in B-doped Si NC films, the transport 

mechanism is multi-phonon hopping. However, due to the narrow temperature range and 

big temperature steps, it is hard to find out the transport mechanism. More studies need to 

be done on this part in the future. 

Compared with the similar phosphorus doping level, electrical conductivities of B-doped 

Si NCs films are higher and activation energies are much smaller. There are two probable 

reasons. One is the boron doping efficiency is higher than phosphorus doping efficiency. 

The other is phosphorus atoms are mainly at the surface of silicon nanocrystals, while more 

boron atoms are at the core.[32] [34] Therefore, there are more activated carriers in boron 

doped films.  

 

Figure 3.3 Electrical conductivities of undoped Si NC films, 0.5% B-doped Si 

NC films, 5% B-doped Si NC films and 10% B-doped Si NC films from 300 

K to 400 K. 
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Table 3.3 Activation energy for undoped and B-doped Si NC films. 

Figure 3.4 (a) shows Seebeck coefficients of 5% B-doped Si NC films and 10% B-doped 

Si NC films from 300 K to 400 K. All of them are positive, which means main carriers are 

holes. Seebeck coefficients of 5% B-doped Si NC films are larger than those of 10% B-

doepd Si NC films at the same temperature. This is consistent with electrical conductivities 

of 5%  B-doped and 10% B-doped Si NCs. They are probably degenerate. For degenerate 

semiconductor films, Seebeck coeffificient of them is like that of metal. Films with lighter 

doping level have lower Seebeck coefficient. Combining Figure 3.3 and Figuere 3.4 (a), 

power factors (PF = σS2) of 5% B-doped Si NC films and 10% B-doped Si NC films from 

300 K to 400 K can be calculated and shown in Figure 3.4 (b). To calculate the ZT value 

of films, thermal conductivities of them need to measure. This is what will be done in the 

future. 

 

 undoped Si 

NC films 

0.5% B-doped Si 

NC films 

5% B-doped Si 

NC films 

10% B-doped Si 

NC films 

Activation energy 

(eV) 

0.334 0.061 0.018 0.022 

Figure 3.4 (a) Seebeck coefficient of 5% B-doped Si NC films and 10% B-doped Si NC films from 

300 K to 400 K, (b) Power factor of 5% B-doped Si NC films and 10% B-doped Si NC films from 

300 K to 400 K. 

(a) (b) 
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3.3.2 Effect of annealing 

In the last chapter, the effect of annealing the sample on the heater in the N2 glovebox was 

studied for undoped Si NC films and 10% P-doped Si NC films. In this chapter, another 

annealing method for B-doped Si NC films were discussed. 5% B-doped Si NC films were 

first synthesized for 5 minutes using the nonthermal plasma reactor in 2.2. Some of them 

were annealed in the furnace with N2 flow rate from 400 °C to 800 °C. 

Figure 3.5 (a)-(c) show the cross-sectional SEM images of some samples before and after 

annealing. From Figure 3.5 (a), the thickness of as-produced film is around 5 µm.  Figure

 

Figure 3.5 5% B-doped Si NC films (a) cross-sectional SEM image of as-produced films, (b) cross-

sectional SEM image of films after annealing at 600 °C for 0.5 h, (c) cross-sectional SEM image of 

films after annealing at 800 °C for 0.5 h, (d) XRD for as-produced films and films after annealing in 

the furnace from 400 °C to 800 °C. 

(d) 

(a) (b) 

(c) 
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3.5 (b) is from the sample after annealing in the furnace at 600 °C for 0.5 h. It looks similar 

with the as-produced film and the thickness is still around 5 µm. When the annealing 

temperature is up to 800 °C, the sample looks like Figure 3.5 (c). Nanocrystals in the film 

accumulated together and thickness of the film decreased to only 1 µm. Some nanocrystals 

were annealed and sublimated during the process. 

Figure 3.5 (d) shows XRD results for as-produced films and films after annealing in the 

furnace from 400 °C to 800 °C. As annealing temperature increases, the peak intensities of 

the sample decreases, especially, when temperature is higher than 700 °C. The thickness 

of films decreased a lot after annealing at the temperature over 700 °C, which is consistent 

with SEM images. From the Scherrer equation, equation (5), the mean size of nanocrystals 

can be calculated. It decreases as the annealing temperature increases.   

Then, resistances of 5% B-doped Si NC films before and after annealing in the furnace 

from 400 °C to 800 °C were measured in the vacuum chamber at the room temperature and 

shown in Table 3.4. After annealing, the resistance decreases rather than increases. Two 

possible reasons were come up with. First, boron doping level decreases due to the form of 

B2H6 gas during the annealing process, which is consistent with SEM and XRD results. 

Second, oxidation layer was formed during the annealing process. Although N2 flow rate 

passed through the furnace, oxygen was not eliminated completely. Oxidation layer can 

increase the resistance because silicon oxide is insulated.  

Table 3.4 Resistances of 5% B-doped Si NC films before and after annealing from 400 °C to 800 °C. 

Films As    

produced 
400 °C,     

0.5 h 

600 °C,     

0.5 h 

700 °C,     

0.5 h 

800 °C,      

0.5 h 

800 °C,        

1 h 

Resistance ~105 Ω ~107 Ω ~107 Ω ~1010 Ω ~1014 Ω ~1014 Ω 
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3.3.3 Effect of oxidation 

To study the effect of oxidation on B-doped Si NC films, 5% B-doped Si NC films were 

synthesized and exposed in the air for different time. Figure 3.6 shows FTIR results of 5% 

B-doped Si NC films after oxidation in the air from 5 minutes to a day. From the intensity 

of the Si-O-Si peak, the oxidation happened. The oxidation process can be explained with 

the Cabrera-Mott mechanism.[35] During the oxidation, an oxide shell covers Si NC at the 

surface. Electrons can pass freely from the core to the oxide surface to ionize oxygen atoms. 

This also results in an electric field that points from the core toward the surface. Oxygen 

ions can diffuse and oxidize Si NCs in the core under the electric field. Phosphorus doping  

 

Figure 3.6 FTIR for 5% B-doped Si NC films after oxidation for different time from 5 

minutes to a day. 
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increases the speed of the oxidation because the tunneling of P induces free electrons to 

enhance the electric field. While boron doping weakens the speed of the oxidation.[34] 

The effect of oxidation on electrical conductivities of 5% B-doped Si NC films is shown 

in Figure 3.7. After oxidation, the electrical conductivity of films decreases at the same 

temperature. For a fixed oxidation time, an abnormal phenomenon is found that as the high 

temperature, the electrical conductivity decreases as temperature decreases, while at the 

low temperature, the electrical conductivities increases as the temperature decreases. There 

is a transition point between the 300 K and 430 K. As the oxidation time increases, the 

transition point moves from 340K to 400 K. This is much more like the metal-insulator 

transition in the metal. The similar behavior was found in P-type Si:B samples at very low 

Figure 3.7 Electrical conductivities of 5% B-doped Si NC films after oxidation for 

different time from 5 minutes to a day. 
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temperatures (55 mK to 4.2 K).[33] To learn more about the transport mechanism for B-

doped Si NC films after oxidation, more studies need to be done. 

 

3.4 Conclusion 

The effect of different boron doping level on Si NC films was studied. As the boron doping 

level increased, the mean size of NCs decreased due to the H2 etching. The electrical 

conductivity of the film increased several orders and the activation energy decreased   

probably because the film was degenerately doped. But doping was not good for the 

enhancement of Seebeck coefficients. Annealing in the furnace increased the resistance of 

films, especially when annealing temperature was over 700 °C. The effect of the oxidation 

on electrical conductivities were complicated. It appeared a transition point after the 

oxidation. To learn more about the transport mechanism for B-doped Si NC films, more 

electrical conductivities in a wider range of temperatures need to be measured. 
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4. Summary and proposed work 

Studying high-performance and inexpensive thermoelectric materials to transfer the 

thermal energy to electrical energy is significant. Silicon is a low cost and widely used 

semiconductor material. To increase electrical conductivities and decrease thermal 

conductivities, doped nanostructured silicon has been studied and caught much attention 

in the past 20 years. 

In this research, phosphorus doped and boron doped silicon nanocrystal films was 

synthesized using nonthermal plasma because of the low air temperature, high-purity 

nanocrystals, narrow nanocrystal size distribution, and controllable and efficient doping in 

this method. First, the synthesis parameters for dense films were studied. To obtain dense 

films, high argon flow rate and small orifice width were used. SEM, XRD, and 

Spectroscopy Ellipsometry were used to characterize films. Then, effects of the phosphorus 

doping level, the thickness, and the oxidation on electrical conductivities and Seebeck 

coefficients of films were studied. Phosphorus doping can increase electrical conductivities 

and decrease the activation energy of films fitting the Arrhenius expression. Annealing can 

increase the electrical conductivities 10 times but cannot affect the activation energy a lot. 

The electrical conductivities and Seebeck coefficients of films with defferent thicknesses 

are different due to the different oxidation level. The oxidation decreases electrical 

conductivities and increases activation energies of films through electron traps at the 

surface. This also explains an abnormal phenomenon that Seebeck coefficient transfer from 

negative to positive during the oxidation. Finally, for boron doped silicon nanocrystal films, 

effects of the doping level, annealing in the furnace, and the oxidation on the electrical 

conductivities and Seebeck coefficients were studied. Boron doping can decrease the 
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activation energy of films a lot and probably form the degenerate semiconductor films. But 

annealing in the furnace cannot improve the electrical conductivities of films probably due 

to the oxidation and the lose of boron atoms. A transition point for electrical conductivities 

of films appeared after the oxidation. More studies need to do to find the transport 

mechanism for this phenomenon. 

To obtain ZT value of doped silicon nanocrystal films, thermal conductivities of films need 

to be measured in the next step. Then, these films can be compared with other 

thermoelectrical materials. To study transport mechanism for B-doped silicon nanocrystal 

films, electrical conductivities of films should be measured with narrow steps in a wider 

temperature range. Then, the Zabrodskii plots can be used to find out the transport 

mechanism in these films. After that, the effect of the oxidation on electrical conductivities 

and Seebeck coefficients can be understood more profoundly. 
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