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ABSTRACT 

 We report progress towards encapsulant characterization and the fabrication of passivated 

interdigitated back contact silicon solar cells using spin-on dopants for use in a luminescent solar 

concentrator.  For the luminescent solar concentrator to be successful, the encapsulants used to 

assemble the final device must not contribute to optical losses and the tandem cell must exhibit 

excellent passivation and low contact resistivity values.  The index of refraction of 

polydimethylsiloxane (PDMS) is calculated to be 1.405-1.415 for 600-800 nm and 1.475-1.505 

is calculated for ethylene vinyl acetate (EVA).  The absorption coefficient is calculated to be less 

than 0.1 cm
-1

 for PDMS and less than 0.5 cm
-1

 for EVA at wavelengths less than 1000 nm.  

Polysilicon / SiOx passivated contact symmetric structures grown using plasma-enhanced 

chemical vapor deposition (PECVD) and low pressure chemical vapor deposition (LPCVD) and 

subsequently doped using P, B, and Ga spin-on dopants are fabricated, and their passivation and 

contact properties are analyzed.  The n-type, P-doped passivated contact gives an implied open 

circuit voltage (iVOC) of 708 mV in PECVD and 727 mV in LPCVD.  The p-type, B-doped 

passivated contact gives an iVOC of 667 mV in PECVD and 689 mV in LPCVD.  The p-type, 

Ga-doped passivated contact, which has not been previously reported, gives an iVOC of 731 mV 

in PECVD and 714 mV in LPCVD.  For the n-type, P-doped contact a low metal to polysilicon 

contact resistivity of 23.8 mΩ-cm
2
 was measured for Al on PECVD and 15.8 mΩ-cm

2
 was 

measured for Al on LPCVD.  For the p-type, B-doped contact a low metal to polysilicon contact 

resistivity of 0.3 mΩ-cm
2
 was measured for Al on LPCVD.  These results are encouraging for 

the processing of passivated interdigitated back contact solar cells, and present a route towards 

high-efficiency Si PV at low cost. 
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CHAPTER 1 

INTRODUCTION 

In the last century, the deleterious effects of climate change caused by the emission of 

greenhouse gasses has gone from a fringe theory to a fact agreed upon by 97% of all climate 

scientists [1] [2].  These experts state that unless something is done to curtail these emissions, 

there will be catastrophic consequences, including the destruction of oceanic habitats [3], rising 

sea levels [4], increasing food and water scarcity [5], and an increasing number of severe 

weather events [6].  Given that the burning of fossil fuels for electricity production produces 

1.925 billion metric tons of CO2 a year in the U.S. alone [7], replacing conventional energy 

production methods with renewable ones would result in a substantial decrease in greenhouse 

gas emissions.  

 Photovoltaics are a particularly promising technology for replacing fossil fuels for energy 

production.  Despite the challenges of this technology, such as energy storage [8] and grid 

integration [9], the total amount of utility-scale energy production from photovoltaics in the U.S. 

has increased from 334 MW in 1997 to 13,406 MW in 2015 [10].  With a myriad of new 

photovoltaic technologies such as thin-film [11] and perovskite [12] cells being developed, this 

share of the U.S. power generation is widely expected to continue increasing substantially. 

Solar concentrators are one type of photovoltaic module capable of improving upon the 

power output of traditional crystalline Si cells.  Typically, solar concentrators involve an array of 

optics that focuses large amounts of solar radiation onto small high-efficiency solar cells, 

increasing the intensity of light incident on these cells [13].  The output current then increases 

linearly with intensity [14].  However, as the incident intensity increases, the temperature of the 
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concentrator cell increases, which in turn reduces the bandgap, increases the intrinsic carrier 

concentration, decreases the open circuit voltage, and decreases the efficiency of the cell [15]. 

 One solution to the problem of decreased efficiency due to heating is to replace 

traditional optics with an apparatus that only concentrates light that is directly useable by the 

concentrator cells.  Light that has energy below the bandgap of the cell is not used, and such 

long-wavelength (i.e. infrared) light will end up contributing to heating the cell.  Then, light that 

is significantly more energetic than the bandgap can be used by the cell, but the excess energy 

above the bandgap is thermalized and leads again to heating.  A Luminescent Solar Concentrator 

(LSC), shown in figure 1.1, can be designed to only absorb useful light (above the cell’s 

bandgap), and to shift the wavelength of the light to slightly above the bandgap of the cell to 

avoid heating losses under concentration [16].  The LSC is a tandem device structure where the 

top device is an array of InGaP solar cells, represented by the gray squares in figure 1.1, 

embedded in polymethacrylate (PLMA) along with CdSe/CdS quantum dots, which is between a 

distributed Bragg reflector (DBR) on the top and a patterned GaP reflective metasurface on the 

bottom.  This entire top device is attached to a bottom Si cell with an interdigitated back-contact 

(IBC) structure using an EVA or PDMS encapsulant.  The concentrating mechanism of this 

device will be discussed in detail in the following sections.   

 This novel LSC design and its component parts are being fabricated and tested as part of 

a large collaboration between multiple institutions.  The Atwater group at CalTech is responsible 

for the overall LSC design, modeling the LSC efficiency, and fabricating and testing the DBR 

and the patterned GaP reflective metasurface.  The Alvisatos group at Berkeley is responsible for 

the quantum dot fabrication and optimization.  The III-V solar cell group at NREL is responsible 

for the InGaP cell fabrication and optimization.  The Nuzzo group at the University of Illinois 
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Urbana-Champaign (UIUC) is responsible for incorporating the quantum dots and InGaP cells 

into the PLMA polymer.  Our group, the silicon PV group at NREL, is responsible for the 

optimization of the IBC silicon cell, the characterization of the EVA/PDMS encapsulant 

adhesive layers, and the assembly of the final LSC device. 

 

Figure 1.1: Schematic of the LSC, where the DBR is a Distributed Bragg Reflector that 

selectively reflects green light, the EVA/PDMS serves as an adhesive layer, the quantum dots 

absorb and reemit photons in the PLMA which acts as a waveguide, the InGaP cells absorb the 

emitted light, the patterned GaP is another wavelength selective reflector, and the IBC Si cell 

absorbs the red and IR light. 

 

1.1: Solar Cell Operation 

 Before discussing the specifics of an LSC, the basic scientific principles that govern solar 

cell operation must be discussed.  A simple solar cell is a p-n junction within a Si wafer [17].   

The p-n junction consists of a section of Si with intentional substitutional p-type impurities 

against a section of Si with intentional substitutional n-type impurities [18].  The p-type 

DBR    
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impurities have one less electron than Si, so they introduce conductive holes into the Si, and the 

n-type impurities have one more electron than Si, so they introduce free electrons into the Si 

[19].  When these two sections of oppositely-doped Si are placed together, the electrons from the 

n-type region diffuse into the p-type and the holes from the p-type diffuse into the n-type [20].  

When these free carriers diffuse to opposite ends, they leave behind an unbalanced positive or 

negative charge in the nucleus of the boron or phosphorus atom that creates an electric field 

opposing further carrier diffusion; this region of unbalanced charges is known as the depletion 

region [20].  If a majority carrier from either the p or n side of the junction reaches the depletion 

region, it can diffuse across the junction where it becomes a minority carrier; this is known as the 

diffusion current.  This diffusion current is in opposition to the electric field in the depletion 

region, which forces minority carriers that reach the junction to flow to the region in which they 

are majority carriers, this is known as the drift current.  In a p-n junction held at open circuit, 

these two currents will balance each other out so that there is no net current, as shown in figure 

1.2 a.  If a bias is applied across the p-n junction to oppose the electric field in the depletion 

region, i.e. forward-bias, the depletion region electric field and the drift current decrease, 

allowing for the movement of majority carriers across the junction and out through metal 

contacts on both the n and p side of the junction.   

Under illumination, the p-n junction will absorb photons that excite excess carriers in the 

doped silicon.  The electrical operation of this illuminated p-n junction is described by the ideal 

diode equation [21]:   

 � = �! �
!"/!"

− 1 − �!      (1.1) 

where I is the output current, I0 is the reverse saturation current, V is the bias voltage, and IL is 

the photo current.  The four essential figures of merit that characterize a solar cell, i.e. the open-
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circuit voltage, VOC, the short-circuit current, ISC, the fill factor, FF, and the efficiency, η, can be 

calculated from this equation.  The open-circuit voltage is calculated when I = 0, giving the 

following equation [21]: 

�!" =
!"

!
ln

!!

!!

+ 1       (1.2) 

The short-circuit current is calculated when V = 0, and since IL >> I0, ISC ≈ IL.  The fill factor 

describes the “squareness” of the current-voltage characteristics of a solar cell, and is defined by 

the following equation [21]: 

�� =
!!!!

!!"!!"

       (1.3) 

where Im and Vm are the current and voltage at the maximum power point as shown in figure 1.3.  

The efficiency is calculated by the following equation [21]: 

� =
!!" !!" !!

!!"

×100%      (1.4) 

where Pin is the solar power incident on the cell.   

 

Figure 1.2: Diagram of a p-n junction a) unbiased and b) forward-biased. [20] 

a.) b.) 
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Efficiency is the most common figure of merit used to compare solar cells, and world-record 

solar cell efficiencies range from 26.3% for single crystal Si cells to 46% for four-junction 

concentrators [22]. 

 

Figure 1.3: Representative J-V curve for Si solar cell. [20] 

 

 

A traditional crystalline Si solar cell has an n-type emitter diffused into the front of the 

wafer and a p-type base at the back of the wafer with a metal grid on the front and a full area 

metal contact on the back for carrier extraction [23].  However, diffusing dopants directly into 

the bulk wafer can unintentionally introduce defect states that can serve as recombination centers 

for electron-hole pairs; these defects are particularly damaging to carrier lifetime if they act as 

mid-gap recombination centers for electrons and holes in the bulk of the material [24].  Also, the 

minority carriers, i.e. holes in the n-type emitter, can recombine with majority carriers at the 

contact-wafer interface leading to a decrease in output current [25].  Finally, the front metal grid 

on a traditional solar cell produces shading losses by preventing some solar radiation from being 

absorbed in the Si wafer [26].  These three loss mechanisms can be mitigated by using a 

passivated interdigitated back-contact geometry.   
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1.2: Passivated Interdigitated Back-Contact (IBC) Cells 

 There are two distinctive features of a passivated IBC cell.  The first is the use of 

passivated contacts.  In general, passivated contacts are carrier-selective contacts (n-type for 

electrons and p-type for holes), which have low recombination rates for the respective minority 

carrier.  In our research, we are exploring passivated contacts that consist of thin layers of n- or 

p-type polycrystalline silicon (polysilicon) separated from the bulk wafer by a thin layer of SiO2.  

Typically a thin thermal oxide is grown on a high-lifetime n-type Si wafer, and a thin layer, 10-

200 nm, of amorphous or polysilicon is grown onto the oxide by plasma enhanced chemical 

vapor deposition (PECVD) [27] or low pressure chemical vapor deposition (LPCVD) [28].  

These Si layers are then doped by methods such as spin-on dopants, gas phase diffusion, or ion 

implantation. 

Since the n- or p-type dopants are only diffused into the thin polysilicon layer above the 

oxide, very few impurities pass through the oxide into the bulk wafer [29].  Since most of the 

incident light is absorbed in the bulk, the majority of excess electron-hole pairs are excited in this 

bulk, and without the introduction of impurities due to diffusion, the minority carrier lifetime in 

these cells can be higher than traditional solar cells [30].  The thin oxide layer also serves as a 

tunneling barrier to minority carriers entering into the polysilicon contacts.  Since the polysilicon 

contacts are highly doped with n- and p-type dopants, these contacts create either a high-low 

junction or a p-n junction with the underlying bulk wafer.  Both of these junctions produce 

electric fields that repel minority carriers from entering the contacts due to an alignment of the 

Fermi levels.  These passivated contacts also help to prevent Auger recombination, since the 

highly doped regions are no longer in the bulk wafer, but are instead in the thin polysilicon layer 

[20].  Finally, a passivated IBC cell also eliminates shading losses by placing both the positive 
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and negative metal contacts on the back of the cell, over the passivated contact regions, as shown 

in figure 1.4. 

 

 

Figure 1.4: Diagram of a passivated IBC cell showing n- and p-type contacts 

 

  

Prior to metallization of these IBC cells, the contacts are further passivated by depositing 

a blanket layer of Al2O3 onto the polysilicon, which is subsequently annealed at 400 °C for 15 

minutes in forming gas, 90% N2, 10% H2.  The current theory is that the Al2O3 and forming gas 

act as a hydrogen source, and the anneal forces hydrogen into the wafer.  This hydrogen then 

passivates defect states at the SiO2-wafer interface, which would normally act as recombination 

centers for electrons and holes [31]. 

1.3: Quantum Dot Photoluminescence 

 Having explaining the basic principles behind IBC cell operation, the concentrating effect 

of the LSC should now be elucidated. 

 In a traditional LSC, luminescent phosphors are dissolved in some transparent medium 

such as PLMA, and photovoltaic cells are placed on the edge of this medium.  Incident sunlight 

is then absorbed and reemitted as fluorescence, which is trapped within the transparent medium 

by total internal reflection.  The emitted photons will then travel to the edges of the transparent 

medium and will be absorbed by the photovoltaic cells.  Since the area of the face of the 

transparent medium, which is covered by photovoltaic cells, is greater than the area of the edge 

through which emitted photons can escape, there is a concentrating effect of approximately 100x 
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produced by this geometry [32].   Despite the benefits of this inexpensive concentrating 

geometry, it does have a few setbacks; namely that not all of the emitted photons will be 

contained by total internal reflection and the emission spectra of the phosphors are not easily 

tunable.  We aim to overcome these limitations with the inclusion of selectively reflective 

surfaces on both the front and the rear of the PLMA waveguide, and by using quantum dots with 

tunable emission spectra instead of phosphors.  Our geometry also improves upon a traditional 

LSC by including a second tandem IBC Si cell at the rear of the patterned GaP reflective 

metasurface that will absorb the red and infrared light not absorbed by the quantum dots or the 

InGaP cells, and the placement of the InGaP cells at the rear of the waveguide rather than on the 

sides will allow the LSC design to be easily scaled to full area devices.  

The primary action of the concentration is due to the quantum dots embedded in the 

PLMA polymer layer.  Quantum dots are very small, i.e. 1-50 nm, nanoparticles that can consist 

of a core made from one material and a shell made from a related, but different material.  In the 

case of this project these dots have a CdSe core and a CdS shell.  Previous work has shown that 

these Cd-based quantum dots can strongly absorb light over one wavelength range of light and 

strongly emit that light over a different wavelength range [33].  The wavelength of the emitted 

light can be tuned by changing the core/shell volume ratio as shown in figure 1.5, which allows 

the quantum dots to absorb the blue and UV light that is absorbed least efficiently by the solar 

cell and reemit it at a wavelength that is absorbed very efficiently by the cell.  This shift in 

wavelength allows the emission spectra of the dots to be tuned to closely match the quantum 

efficiency of the InGaP solar cells, therefore increasing the concentration factor of this geometry 

[34].  Additionally, this method of concentration prevents the severe heating of the cell typically 
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seen with mechanical concentrators, since only the luminesced wavelength is concentrated, not 

the full spectrum of sunlight [35]. 

 

 

Figure 1.5: Quantum dot absorption and emission spectrum for CdSe/CdS, blue corresponds to 

the 9 nm dot, orange corresponds to the 15 nm dot, and red corresponds to the 25 nm dot [36] 

 

 

 Another important part of this cell geometry is the containment of the light emitted from 

the quantum dots within the PLMA.  If the emitted light escapes from the polymer instead of 

being absorbed by the InGaP cells, the concentrating effect of this device will largely be lost 

[37].  In order to contain this emitted light a distributed Bragg reflector (DBR), which is a 

periodically repeating stack of materials with varying index of refraction [38], will be placed 

above the PLMA and a patterned GaP reflective metasurface will be placed below.  The DBR 

will allow the longer and shorter wavelengths of the solar spectrum to pass into the PLMA, while 

reflecting a small range of green light that corresponds to the emission spectrum of the quantum 

dots; the patterned GaP reflective metasurface is highly reflective at particularly wavelengths as 

shown in figure 1.6, and can be tuned to reflect the specific wavelength emitted by the quantum 
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dots and contain that wavelength within the waveguide [39].  Since the DBR and patterned GaP 

reflective metasurface both reflect the light emitted from the quantum dots, that light will be 

contained in the PLMA, and will largely be absorbed by the InGaP cells.   

 

Figure 1.6:  Reflectivity of a reflective metasurface from the Atwater group at CalTech [40] 
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CHAPTER 2 

ENCAPSULANTS 

 In order to ensure the long-term reliability and durability of photovoltaics, the issue of 

protecting the cell from UV radiation and other agents of degradation has generated a 

considerable body of research [41] [42] [43].  The typical solution has been encapsulating the 

cell with a transparent polymer that allows light though to the underlying cell, while acting as a 

barrier for contaminants and destructive chemistries [44].  In addition to acting as a barrier, 

encapsulants have also been used in tandem cell construction as an adhesion layer between the 

bottom and top cells [45]. 

 For the LSC geometry, the encapsulant layer must meet a few important criteria.  First, 

the index of refraction must be chosen relative to those of the patterned GaP reflective 

metasurface on glass to prevent the luminescent light emitted by the quantum dots from escaping 

the waveguide; these refractive index values can be determined by comparing different 

encapsulants in the device model rather than calculating a specific range of indicies.  Second, it 

must have very low absorption between 300-1200 nm, especially in the red and infrared ranges.  

Strong absorption in the encapsulant would prevent light from being absorbed and utilized by the 

bottom Si cell.  Finally, the encapsulant must have strong enough adhesion to both the patterned 

GaP reflective metasurface and the Si cell to maintain the tandem device geometry under the 

stresses of normal operation.   

 The characterization of both the optical and mechanical adhesion properties of ethylene-

vinyl acetate (EVA) and polydimethylsiloxane (PDMS) are described in the following sections.   
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2.1.1: Theory for Optical Characterization 

 There are several ways to characterize the optical constants of a material: ellipsometry, 

transmission and reflection measurements via a spectrophotometer, total internal reflection, etc.  

This work was done with a spectrophotometer because ellipsometry requires very thin samples 

and low surface roughness [46], and total internal reflection is less accurate with extremely 

transparent samples and is better suited for biological applications [47].  However, the 

measurement from a spectrophotometer only gives the total reflectance and transmittance of the 

sample, thus these data must be analyzed to determine the index of refraction, n, and the 

absorption coefficient, α.  

 First, it must be understood how the total reflectance and transmittance relate to the 

absorptivity and reflectivity of a material.  When a ray of light is incident on a sample, one could 

imagine that ray may be reflected or transmitted at the top surface (1), absorbed while passing 

through the material (2), reflected or transmitted at the bottom surface (3), absorbed on its 

second pass to the top surface (4), ad infinitum as shown in figure 2.1. 

 

          
Figure 2.1: Diagram of total transmittance and reflectance. 

 

	

	Total Reflectance 

	Total Transmittance 

1 

	

	

	
2 

 

3 

4 



	 14	

 

Therefore the total reflectance and transmittance can be related to the absorptivity and 

reflectivity of the material through the following equations: 

�! = � + � 1− �
!
1− �

! [�(1− �)]!!!

!!!    (2.1) 

�! = 1− �
!(1− �) [�(1− �)]!!!

!!!                (2.2) 

where �! and �! are the total measured reflectance and transmittance respectively, R is the 

reflectivity of the sample, and A is the absorptivity.  The summations in both of these expressions 

are simply geometric series, so with a little algebra, these equations [48] become: 

�! = �
!!(!!!)!(!!!!)

!!(!!!)!!!
     (2.3) 

�! =
(!!!)!(!!!)

!!(!!!)!!!
      (2.4) 

The values for �! and �! as measured by the spectrophotometer were then substituted 

into these equations, and then these equations were solved for � and �.  Finally, these values for 

� and � were substituted into the following formulas [49] to calculate n and α: 

� =
!! !

!! !
       (2.5) 

� =
!" (!!!)

!
       (2.6) 

where W is the thickness of the sample.   

The two formulas used to calculate n and α assume that the incoming light is normally 

incident on the sample, however, the spectrophotometer that was used has a minimum angle of 

incidence of 8°.  To ensure that the normal incidence approximation was valid in this situation 

and did not appreciably alter the data, a secondary analysis was also performed using the Fresnel 

equations [49] to find n: 

�! = (
!"# !! !! !"# !!

!"# !! !! !"# !!

)!     (2.7) 
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�! = (
!"# !! !! !"# !!

!"# !! !! !"# !!

)!     (2.8) 

� =
!

!
 (�! + �!)      (2.9) 

where RS and RP are the perpendicular and parallel components of reflectivity respectively, �! is 

the angle of incidence, and �! is the angle of transmission.   

 The index of refraction data were also analyzed using a Cauchy fit.  The Cauchy fit is an 

empirical formula relating the index of refraction to the wavelength and is as follows: 

� = � +
!

!
+

!

!!
      (2.10) 

where A, B, and C are the fit parameters [49].  In all cases, Mathematica was used to find the 

best numerical fit using the Levenberg-Marquardt method [50].  In most cases, there were 

portions of data that were disregarded for the purposes of fitting due to excessive noise or non-

monotonic behavior.   

2.1.2: Experimental Design for Optical Characterization 

Before taking data on the encapsulant materials, the analysis methods assuming 0° 

incidence (2.5) and 8° incidence (2.7-2.9) were compared.  For this comparison, reflectance and 

transmittance data were measured for quartz using two separate Cary UV-Vis 

spectrophotometers with integrating spheres and were analyzed using both methods.  The 

integrating spheres were used to collect scattered light to produce a more accurate measurement.  

It was determined that there is no discernable difference between calculating index of refraction 

with these methods, so the simpler approach of assuming normal incidence was used.    

 The data taken by this method were also examined for reproducibility and agreement 

with the literature [51].  It was observed that the calculated index was greater than the literature 

by about 0.008 at a maximum and about 0.004 at a minimum.  Comparing the data from both 

spectrophotometers shows that small variations in the experimental configurations from one 
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laboratory to the next can cause some deviation in the calculation of the index of refraction, even 

if multiple measurements have excellent precision on the same set-up as shown in figure 2.2.  

This confirmed that a small deviation (i.e. ≤ 0.01) from the literature data is acceptable as shown 

in figure 2.3. 

 

i.)  
 

ii.)  
 

 

Figure 2.2: Index of refraction for quartz calculated using (2.5) (i) and (2.7-9) (ii) 
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 The two encapsulants that were investigated as an adhesion layer between the patterned 

GaP reflective metasurface and the bottom Si cell were ethylene-vinyl acetate (EVA) and 

polydimethylsiloxane (PDMS), whose structures are shown in figure 2.4.  Both of these materials 

are known to have excellent adhesion [52] to glass and are optically transparent [53], meaning 

neither should produce significant optical losses in the final LSC device.   

 

 
 

Figure 2.3: Index of refraction for quartz, comparison with literature 
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Figure 2.4: Chemical structure of EVA [54] (i) and PDMS [55] (ii)  
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 The commercial EVA was taken as received and placed between two releasing sheets, 

then laminated and cured in a custom laminator under vacuum at 145°C for 15 minutes.  To 

obtain varying thickness, multiple sheets were stacked and cured into a single uniform sheet.   

EVA was extruded without the commercial additives to determine how this compared with both 

the additive films and the literature data. 

The additive-free EVA film was fabricated using a Brabender prep center, temperature 

control console, extruder, and a Univex take-off as shown in figure 2.5. 

 

 
Figure 2.5: Extruder set-up for fabricating additive-free EVA 
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The pellets were then pushed through the extruder along the temperature gradient until emerging 

as a melt.  The melt was then stretched onto the Univex take-off, which rolled the EVA into thin 
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perfluorodecyl-tri-chloro- silane (FDTS) was pipetted on a Si wafer, which was then placed 

under static vacuum for 1 hour.  During this treatment, the FDTS bonds to the Si, forming a 

monolayer of fluorinated tails on the surface, which allows the PDMS to be more easily removed 

from the Si as a free-standing film [56].  After wafer treatment, the PDMS base and curing agent 

were mixed in a 10:1 ratio at 3000 RPM for 30 seconds.  Depending on the volume of the 

mixture, this was sometimes done under vacuum.  The mixture was then held under vacuum for 

10 minutes to extract any remaining air.  Finally, the mixed and degassed PDMS was poured 

onto the Si wafer and cured at 100°C for 45 minutes in ambient. 

 The reflectance and transmittance of the PDMS, commercial EVA, and additive-free 

EVA films were then measured using a Cary UV-Vis spectrophotometer, and the index of 

refraction and the absorption coefficient of these films were calculated using equations 2.3-2.6. 

2.1.3: Results for Optical Characterization 

 The resulting index of refraction data, their respective Cauchy fits, and the absorption 

coefficient data for free-standing commercial EVA films were compared based on thickness as 

shown in figure 2.6 and the presence of additives as shown in figure 2.7.  These data, especially 

the index of refraction data, are particularly noisy in the 800-1400 nm range most likely due to 

increased noise in the detector.  At 800 nm, there is a detector and grating change, which gives 

rise to the noise in the 800-850 nm range, and from 850-1400 nm, the difference in noise is due 

to a difference in detectors.  In the index data, as thickness increases, the index of refraction also 

increases, especially in the shorter wavelengths.  There is also a drop in index before 450 nm, 

which does not correlate well with the Cauchy fit of the index, but this is most likely due to the 

UV absorber additive [57].  The absorption coefficient of the measured films does not differ 

much between films.  In both the index of refraction and the absorption coefficient, the measured 
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films exhibit higher values than the literature data, but this is consistent with the comparison of 

measured quartz films to the literature data.  Although for quartz the difference could 

conceivably be a difference in calculation techniques, these literature data for EVA were 

calculated with the same method [53]. 

 

i.)	 	

 

ii.)	 	
 

Figure 2.6: Comparison of EVA index of refraction (i) and absorption (ii) by thickness. 
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i.)	  

ii.)	 	
 

Figure 2.7: Comparison of EVA index of refraction (i) and absorption (ii) by type. 
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only about 6 percent, a 0.1 percent change in the composition of the film that greatly affects the 

reflectance could alter the total reflectance enough to change the index of refraction.  A proper 

study of this effect would measure and calculate n and α for EVA films with each additive in the 

commercial mixture and compare those data with the additive-free film, but the purpose of this 

measurement was to provide data to model the final LSC, so this type of study was outside the 

project scope.  Second, in the index of refraction data, the index at short wavelengths shows 

much better agreement with the Cauchy fit due to the lack of UV absorber.  This is corroborated 

by the large decrease in alpha at those same wavelengths for the additive-free films 

 For freestanding PDMS films, the index of refraction and absorption coefficient data 

were compared by thickness as shown in figure 2.8, and these data could not be compared to 

literature due to variations in PDMS composition between commercial brands.  These data for 

the PDMS films show that there is minimal difference in the index of refraction of these films, 

and the thick PDMS has a slightly lower absorption coefficient at shorter wavelengths and a 

slightly higher one at longer wavelengths.  Comparing these data to figure 2.7 for EVA, PDMS 

has approximately the same absorption coefficient as EVA, and a slightly lower index of 

refraction.  In addition, the absorption coefficient data for both EVA and PDMS show absorption 

peaks at 900-940 nm, 1000-1050 nm, and 1100-1300 nm, which correspond to the vibrational 

overtones of C-H absorptions [53].  Neither of these encapsulants have a large enough absorption 

coefficient to cause a significant loss of radiation to the bottom Si cell, and it’s not immediately 

obvious how the index of refraction would affect the overall LSC efficiency because of the 

complex relationship between index of refraction across all wavelengths, the percentage of each 

wavelength of light that will be reflected at the patterned GaP reflective metasurface and 
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encapsulant interface, and how those percentages will affect the final LSC performance.  These 

data were submitted to CalTech for modeling the final LSC prototype.   

 

i.) 	

 

ii.)	 	
 

Figure 2.8: Comparison of PDMS index of refraction (i) and absorption (ii) by thickness. 
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CHAPTER 3 

SPIN-ON DOPANTS FOR PASSIVATED CONTACTS 

Passivated contacts with polysilicon / SiOx are a promising technology for realizing high 

efficiency n-type Si solar cells [59].  However, for these passivated contacts to be used in an IBC 

silicon solar cell, the doped regions on the rear of the cell must be selectively patterned for n- 

and p-type doping.  Presently, ion-implantation has been the primary approach for patterned 

doping of these passivated IBC silicon cells, but this method is time consuming and expensive 

[60].  

Here, we investigate the use of spin-on dopants for patterned doping of passivated IBC 

cells.  Spin-on dopants, or dopant inks and pastes, could lead to a simplified and inexpensive 

method of patterned doping, and these methods have been demonstrated to be effective for 

doping non-passivated IBC cells [61].   

Although a final, commercial LSC would have a full area, i.e. 156 cm
2
, IBC Si cell 

underneath the luminescent waveguide, an experiment designed to optimize the implied open-

circuit voltage (iVOC) and contact resistivity of passivated polysilicon contacts doped by spin-on 

dopants had to be designed. 

3.1.1: Theory for iVOC 

 As discussed in section 1.1 the open-circuit voltage or VOC of a solar cell is the voltage at 

which the current passing through the cell is zero, and is a very useful way to predict poor cell 

performance; a low VOC is indicative of some performance degrading mechanism.  However, in 

order to measure the VOC of a cell, that cell must have a functioning p-n junction and metal 

contacts.  Therefore a true VOC measurement is only feasible at the end of cell processing and 
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cannot be tracked throughout.  One solution to this problem is to measure in implied open circuit 

voltage or iVOC. 

 If a semiconductor is under illumination the current density from the generation of 

electron-hole pairs is equal to the recombination current density of these pairs.  This leads to an 

excess of charge carriers in the semiconductor, which can be related to the current density of 

photogeneration, JP, by the following: 

�! =
∆!!"!"

!!""
       (3.1) 

where Δnav is the average excess minority carrier density: Δnav = Δn/W, W is the sample 

thickness, and τeff is the effective minority carrier lifetime.  These excess carriers, which are 

generated at the same rate, also produce an excess photoconductance, σL in the material as shown 

by the following: 

�! = ���!" �! + �! �     (3.2) 

where µn and µp are the electron and hole mobilities respectively, assuming thermal equilibrium 

and uniform carrier generation [20].  By measuring the photoconductance at multiple 

illumination intensities, and iterating this equation, the excess minority carrier density can be 

calculated for a given value of excess photoconductance.  With this value known, an implied 

open circuit voltage can be calculated from the following:  

��!" =
!"

!
ln

!"(!!!!")

!
!
!

+ 1      (3.3) 

where ND is the wafer dopant density and ni is the intrinsic dopant density [62].  This method is 

known as a quasi-steady state calculation, but some of the iVOC values were obtained through a 

transient measurement method, which produces a similar value.  In order to use this method to 

measure iVOC the samples must be symmetric, because this technique cannot differentiate 

between recombination at the upper and lower surface of the wafer [63]. 
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3.1.2: Experimental Design for iVOC 

 In order to test the iVOC of symmetric structures doped with P, B, and Ga spin-on 

dopants, the following experiment was carried out.  First, an as-sawn n-Cz Si wafer, 4 Ω cm, was 

immersed in a 25% KOH solution for 15 minutes at 70°C to remove any saw damage, then the 

wafer was RCA cleaned [60].  Next, a ~1.5 nm tunneling oxide was grown on both sides of the 

wafer in a quartz furnace with 6:1 N2/O2 gas mixture at 700 °C.  Next, amorphous Si was grown 

via 13.56 MHz PECVD at approximately 350 °C and 1 Torr in a multichamber cluster tool from 

MVSystems, Inc, resulting in a 20-50 nm layer on each side.  Finally, the symmetric structure 

with amorphous Si passivated contacts was heated at 850 °C for 1 hour after a ramp from 200 °C 

to 850 °C in 4 hours in an N2 environment to crystallize the amorphous Si resulting in the 

symmetric structure shown in figure 3.1.   

                 
Figure 3.1: Doped symmetric structure with a tunneling oxide on an n-type wafer 
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 To achieve this measurement a Sinton WCT-120 lifetime tester was used.  This apparatus 

shown in figure 3.2 a.) has a flashlamp that turns on quickly and decays in 2.3 ms, which allows 

for a variation in light intensity and therefore minority carrier concentration.  Software provided 

with the instrument measures the photoconductance of the sample as a function of time and 

calculates the minority carrier density, a sample graph of which is shown in figure 3.2 b.).  The 

minority carrier density at approximately 1 sun was substituted into equation 3.3 and the iVOC of 

the sample was calculated.   

Figure 3.2: a) Sinton WCT-120 lifetime tester, b) Sample minority carrier density graph 
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was then rinsed with DI water and dried with forced N2.  Next, the P, B, or Ga spin-on dopant 

from Desert Silicon, with concentrations of 5x10
21

, 7.8x10
21

, and 4x10
21

 atoms/cm
3
 respectively 

[65], was pipetted onto the wafer and spun at 3000 RPM for P and 2000 RPM for B and Ga for 

30 seconds.  The wafer was then hard baked at 200 °C for 5 minutes in air to remove residual 

solvents, and the wafer was allowed to cool.  Then, the opposite side of the wafer was coated and 

hard-baked using the same procedure.   

 Next, the doped symmetric structures were placed in a quartz furnace tube and subjected 

to a temperature ramp from 200 to 850 °C over four hours and held at 850 °C for 30, 60, or 120 

minutes to drive the dopants into the polysilicon.  After diffusion, the iVOC of these structures 

was measured and the remaining dopant glass layer was stripped by immersion in a 10% HF 

solution for 3-5 minutes.  Finally, these structures were coated with a 15 nm layer of Al2O3 and 

annealed in forming gas at 400 °C for 15, 30, and 60 minutes for PECVD and were annealed a 

total of 105 minutes for LPCVD.  The iVOC of the structures were measured after each annealing 

step.   This diffusion process is the same as the crystallization anneal for the amorphous Si, and 

was chosen with industrial relevance in mind.  If this process were adapted to for assembly line 

manufacturing, it would be much simpler to deposit the amorphous Si, spin on the dopants, then 

crystalize and diffuse within the same step. 

 This experiment tracking the iVOC of the symmetric structures was to confirm that very 

few mid-gap impurities are being introduced to the wafer and the polysilicon contacts.  If the 

iVOC drops dramatically from the starting value, it can be assumed that the spin-on dopant is not 

pure enough to be used in this process.  This experiment could also strongly suggest the presence 

of dopant at the polysilicon/oxide interface, because without sufficient dopant concentration at 

this interface, the electric field preventing recombination would be insufficient for a high iVOC. 
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3.1.3: Results for iVOC 

 First, the initial results for iVOC must be discussed.  The iVOC measurements for the P-

doped symmetric structures are shown in figures 3.3 and 3.4.  The two PECVD samples had 

initial iVOC values of 702 mV and 704 mV just prior to dopant diffusion, and the values after 

doping and passivating the samples, including a 60 minute dopant diffusion, Al2O3 deposition, 

and a 15 minute anneal at 400 °C in an N2 environment, were 708 mV and 701 mV respectively.  

The four LPCVD samples that were diffused for 60 minutes and annealed in forming gas for 105 

minutes total had initial iVOC values of 588 mV, 602 mV, 588 mV, and 586 mV and final iVOC 

values of 712 mV, 727 mV, 719 mV and 724 mV respectively.  

 

 

Figure 3.3: Graph of iVOC measurements for P-doped symmetric structures from PECVD 
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forming gas anneal (FGA), it can be assumed that the P spin on dopant is clean enough that very 

few defect states are being introduced during dopant diffusion and subsequent anneals, and that 

the dopant is present in significant quantities at the interface.  P1-P4 are the designations for each 

identically processed sample; similar designations are used throughout this section and do not 

indicate differences in samples or specific processing conditions. 

 

 

Figure 3.4: Graph of iVOC measurements for P-doped symmetric structures from LPCVD 
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Figure 3.5: Graph of iVOC measurements for B-doped symmetric structures from PECVD 

 

 

Figure 3.6: Graph of iVOC measurements for B-doped symmetric structures from LPCVD 

 

 At first glance, it is surprising that the PECVD material performed so poorly and was 

almost 40 mV lower than the best P-doped samples, even though we do expect B-doped samples 

to have slightly lower iVOC values compared to P-doped samples, i.e. about 10 mV lower.  This 

difference is especially striking since the B-doped LPCVD material was only about 15 mV lower 

than the corresponding P-doped samples.  In previous literature there is evidence of light induced 

0.54	

0.59	

0.64	

0.69	

iV
O
C
	(
V
)	

50	nm	B-doped	PECVD	iVOC		

Sample	3	

Sample	4	

0.54	

0.56	

0.58	

0.6	

0.62	

0.64	

0.66	

0.68	

0.7	

0.72	

Initial	 After	

Diffusion	

15	min	

FGA		

30	min	

FGA	

60	min	

FGA	

iV
O
C
	(
V
)	

220	nm	B-doped	LPCVD	iVOC	

Sample	4	

Sample	5	

Sample	6	



	 32	

degradation in p-type Cz Si cells that are caused by B-O complexes [66].  If these B-O 

complexes are also present in n-type Si cells, and these complexes act as recombination centers, 

it would explain why the LPCVD material performs better than the PECVD material; namely the 

PECVD is so much thinner, that more B atoms are able to diffuse to the interface in question, 

and thus are able to more significantly degrade the lifetime of the subsequent structure.    

Having anticipated some of these complications with B from other results in the literature 

[67], it was decided that a Ga spin-on dopant should also be tested.  The iVOC measurements for 

the Ga-doped symmetric structures are shown in figures 3.7 and 3.8.  The three PECVD samples 

were diffused for 60 minutes and had initial iVOC values of 700 mV, 684 mV, and 707 mV and 

final iVOC values of 729 mV, 725 mV, and 731 mV respectively.  The two LPCVD samples were 

diffused for 120 minutes and annealed in forming gas for 105 minutes and had initial iVOC values 

of 588 mV and 587 mV and final iVOC values of 714 mV and 705 mV respectively.   

 

 

Figure 3.7: Graph of iVOC measurements for Ga-doped symmetric structures from PECVD 
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Figure 3.8: Graph of iVOC measurements for Ga-doped symmetric structures from LPCVD 

 

 Unlike with B, the Ga-doped samples have very high final iVOC values, suggesting that 
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low diffusion coefficient of Ga in Si at 850 °C, 3.5x10
-15

 cm
2
/sec vs. 2x10

-13
 cm

2
/sec for P [68] 

[69].  It is also true that the solid solubility limit of Ga in Si is 2x10
19

 atoms/cm
3 
[70], which 

further limits the Ga concentration at the oxide interface.  As discussed in section 1.2, the 

concentration of Ga at the oxide interface must be high in order for holes to tunnel through the 

oxide from the wafer to the contact.  Since the LPCVD material is so thick, and the diffusivity of 

Ga is so low, the concentration at the oxide interface will be lower, which could inhibit the final 

iVOC values of these structures.   

 The iVOC measurements for the Ga temperature series are shown in figure 3.9.  The initial 

iVOC values for the 120 minute diffusion were 610 mV and 679 mV, and the final iVOC values 
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were 688 mV and 714 mV respectively.  The initial iVOC for the 60 minute diffusion was 638 

mV, and the final iVOC was 679 mV.  The initial iVOC values for the 30 minute diffusion were 

664 mV and 596 mV, and the final iVOC values were 663 mV and 697 mV.  

Given the wide variation in initial iVOC values and the seemingly large effect of initial 

iVOC on final iVOC, no clear trend between diffusion time and final iVOC could be extrapolated, 

although diffusing for 120 minutes might be slightly preferable.  This process was not studied 

further due to complications that arose in the contact resistivity measurements that will be 

discussed in the following section.   

 

 

Figure 3.9: Graph of iVOC values for Ga temperature series. 

 

3.2.1: Theory for Contact Resistivity 

The total resistance between contacts as measured by a four-point probe is given by 
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where RT is the total resistance between two pads as measured by the four-point probe, RC is the 

contact resistance, RSH is the sheet resistance, l is the distance between contacts, and W is the 

width of the contacts.  Therefore, if RT is plotted as a function of l and these data are fit with a 

linear regression, the y-intercept of this line is twice the contact resistance [71]. 

3.2.2: Experimental Design for Contact Resistivity 

  In order to measure the metal to polysilicon contact resistivity and the contact resistivity 

through the wafer, the following experiment was designed.  The doped and passivated symmetric 

structures that were described in section 3.1.3 were taken immediately from the final iVOC 

measurement and had Shipley 1818 positive photoresist spun onto one side at 4000 RPM for 30 

seconds.  The positive resist was then hard baked on a hotplate at 110 °C for 3 minutes.  Then 

AZnlof negative photoresist from MicroChemicals was spun onto the opposite side of the 

symmetric structure at 2500 RPM for 30 seconds, which was then hard baked at 110 °C for 1 

minute.  Next, the negative resist was exposed under UV light in a ABM USA mask aligner for 

4.2 seconds underneath a glass sheet patterned with 8 sets rectangular TLM pads in Fe2O3 shown 

in figure 3.10.  

 

 

Figure 3.10: Patterned Fe2O3 shadowmask for patterning TLM pads on negative resist. 
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Since negative resist is being patterned, the exposed regions around the pads will be 

cross-linked by the UV light [72].  After exposure, the negative photoresist was hard baked for 

another minute at 110 °C, then the entire structure was immersed in AZ300 photoresist developer 

from MicroChemicals for 45-60 seconds until the pattern was fully developed.  Since the Fe2O3 

pattern protected certain regions from the UV light, these regions will be removed by the 

developer and expose the doped contact underneath [72].  The structure was then rinsed in DI 

water and inspected under the microscope to ensure the pattern was fully developed.   

After this photolithography process, the samples were immersed in a 1% HF solution to 

remove the Al2O3 and the native oxide layer from the exposed doped contacts, and then various 

metals were deposited onto the patterned substrate via ebeam evaporation.  After metal 

deposition, the samples were soaked in Technistrip photoresist remover from MicroChemicals at 

75 °C for 1 hour, then were allowed to cool in the solution.  The Technistrip solution would then 

be cooled and reheated until the unwanted portions of metal above the photoresist had lifted off 

the substrate.  Next the resistance of the metal to polysilicon contacts were measured using an 

Alessi Industries four-point probe station and a Keithley 2420-C SourceMeter by placing two 

probe tips on each adjacent contact pad, then sourcing current and measuring resistance.  The 

metal to polysilicon contact resistivity was extracted from these measurements using the methods 

described in the previous section.   

3.2.3: Results for Contact Resistivity 

 First, the resistivity of the metal to polysilicon contacts for the P samples must be 

discussed.  For these samples there were three different sample types: 1 µm of Al on PECVD and 

LPCVD samples and 1 µm of Ag on PECVD samples.  An example calculation for each of these 



	 37	

structures is shown in figure 3.11; the lowest calculated metal to polysilicon contact resistivity is 

24 mΩ-cm
2
 for Al on PECVD, 19 mΩ-cm

2
 for Ag on PECVD, 16 mΩ-cm

2
 for Al on LPCVD. 

All of these contact resistivity values are similar to those of other devices reported in the 

literature [73]. 

 

Figure 3.11:  Graphs of resistance vs. distance between contacts for a) Al on P-doped PECVD 

polysilicon, b) Ag on P-doped PECVD polysilicon, and c) Al on P-doped LPCVD polysilicon. 

 

 For the B-doped samples, there was only 1 µm of Al on LPCVD samples due to the low 

iVOC of the B-doped PECVD samples.  An example graph used for calculating contact resistivity 

a.) b.) 

c.) 
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for this structure is shown in figure 3.12; the lowest calculated metal to polysilicon contact 

resistivity is 0.31 mΩ-cm
2
 for Al on LPCVD. 

 

 

Figure 3.12:  Resistance vs. distance between contacts for Al on B-doped LPCVD polysilicon. 

 

 The contact resistivity value that was calculated for this sample is very low when 

compared to other values reported in the literature [73].  It seems possible from the contact 

resistivity values for Al on P-doped and B-doped LPCVD that this material could be used in a 

functioning device.  

 Finally, there are the results for the contact resistivites of the Ga-doped symmetric 

structures.  With Ga, there were three metallization schemes that were used in an attempt to 
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contact the Ga-doped polysilicon: 1 µm of Al on PECVD, 50 nm Ti / 1 µm of Ag / 50 nm Pd on 

PECVD, and 50 nm Pd / 500 nm Ag / 50 nm Pd on PECVD, but none of these metal 

combinations yielded RT values of less than several kΩ or even MΩ between pads when the 

typical value is 1-200 Ω. Due to the high iVOC values of the Ga samples, two more experiments 

were planned in an attempt to contact these samples as discussed in the following section.   

3.3.1: Theory for Attempting to Contact Ga-doped Structures 

 The first experiment was planned to utilize the beneficial properties of both B- and Ga-

doping.  Since it was shown that B-doped symmetric structures produce a low-resistance contact 

to metal, while Ga-doped symmetric structures have high iVOC values, it was decided that a 

mixture of Ga and B doping would have the best chance of creating a functioning device.  Since 

Ga has a much lower diffusion coefficient than B at 850 °C, 3.5x10
-15

 cm
2
/sec vs. 1x10

-13
 

cm
2
/sec [68] [69], and Boron is needed at a high concentration at the surface to produce a low-

resistance contact [74] but a low concentration at the oxide-wafer interface to prevent the 

formation of B-O complexes, a 100:1 and 1000:1 Ga:B mixture was formulated.   

A calculation was performed to approximate the concentrations of these dopants within 

the symmetric structure contacts with different processing conditions to determine the 

appropriate process to achieve the highest Ga and lowest B concentration at the interface while 

maintaining a relatively high B concentration at the surface.  This calculation was performed by 

modeling the diffusion surface using Fick’s second law [75]: 

!"

!"
= �

!
!
!

!"!
        (3.5) 

where C is the doping concentration and D is the diffusion of the dopant in Si.  This equation 

makes the assumption that the diffusion coefficient is independent of concentration, which is not 

necessarily valid for this experiment; the high doping concentration means this diffusion is 
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extrinsic rather than intrinsic.   Assuming that this experiment follows constant surface 

concentration conditions, the solution to equation 3.5 is: 

� �, � = �!����
!

! !"
    (3.6) 

where CS is the initial concentration, x is the depth in the sample, and t is the diffusion time [76].  

Since the typical doped oxide layer on each side of the symmetric structure prior to diffusion is 

approximately 400 nm [65], the approximation of a constant surface concentration is valid.  

Another assumption of this method is that diffusion of dopants into polysilicon is not as well 

characterized as diffusion into Si, so the diffusion constants for the dopants into Si were used for 

this calculation.  This calculation was performed in Mathematica.   

 Figure 3.13 compares the doping profiles for Ga and B at various temperatures and initial 

concentrations.   

 

 

Figure 3.13: Calculated dopant concentration profile of a) Ga, b) 100%B, c) 1% B,  

and d) 0.1% B in Si 

a.)	 b.)	

c.)	 d.)	
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First, it is important to note that the initial concentration of Ga and 100% B are not the nominal 

concentration in the dopants, but is rather that of the solid solubility of Ga and B in Si, i.e. 2x10
19

 

and 1x10
20

 atoms/cm
3
 [70].  Since the concentration of Ga at the oxide-wafer interface, i.e. 20 

nm depth, would be too low if the diffusion was performed at lower than 850 °C and the 

polysilicon may be damaged at temperatures above 900 °C [77], only these two temperatures 

were considered.  There is a small increase in the Ga concentration at the oxide-wafer interface, 

i.e. 20 nm depth, for 900 °C vs 850 °C, but there is also an increase in B concentration.  It was 

determined that the lower B concentration is more important, so the diffusion was performed at 

850 °C.   

 The second experiment was to quickly diffuse a light concentration of Boron into the 

surface of a Ga-doped symmetric structure in order to create a thin layer of B- and Ga-doped 

structure.  This would allow enough B to penetrate the surface of the polysilicon to enable a good 

contact, but would ensure that little to no B penetrates through to the oxide-wafer surface.  While 

this method is less industrially relevant, it has a higher chance of success because the 

temperature and time of diffusion for the second B step can be tuned to create the optimum 

doping profile in the polysilicon.   

 As in the previous experiment, the doping profiles for a short Boron diffusion were 

calculated, and these profiles are shown in figure 3.14.  Even after a 5 minute diffusion at 750 

°C, the Boron concentration at the oxide-wafer interface was 6.58x10
18

 atoms/cm
3
 as opposed to 

5.82x10
17

 atoms/cm
3
 for the 1 minute diffusion.  This was considered a minimum time for 

diffusion to allow the wafer to sufficiently heat up to 850 °C in the diffusion furnace. 
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Figure 3.14: Calculated dopant concentration profile of low concentration B in Si 

 

3.3.2: Experimental Design for Ga/B Mixture 

 The first experiment was carried out in a similar manner to the previous P, B, and Ga 

experiments in sections 3.1 and 3.2.  First, the 2.5 mL of Boron spin-on dopant was added to 15 

mL of Ga spin-on dopant to produce a 10:1 mixture.  1.5 mL of glycerol and 5 mL of 2-

methoxyethanol were also added to the mixture to prevent aggregation of borosilicate polymers; 

these volumes were chosen to approximate the concentration of these solvents in the B dopant 

[65].  This mixture was then diluted in 10:1 and 100:1 mixtures with the Ga spin-on dopants and 

the same volumes of glycerol and 2-methoxyethanol were added.  This finally produced two 

dopant solutions of approximately 100:1 Ga:B and 1000:1 Ga:B.  These solutions were then spun 

onto symmetric structures with 20 nm polysilicon contacts grown by PECVD and diffused into 

those contacts as detailed in section 3.1.2; iVOC measurements were taken in a similar manner.  

The structures were then patterned with photolithography and metallized with 1 µm of Al via 

ebeam evaporation as detailed in section 3.2.2; contact resistivity measurements of the metal to 

polysilicon layer were taken in a similar manner. 

 The second experiment was also carried out in a similar manner to the previous P, B, and 

Ga experiments.  The Ga-doped PECVD symmetric structures described in section 3.2 were 

coated with a low concentration B spin-on dopant, i.e. 2x10
19

 atoms/cm
3
, on each side and 

a.) b.) 
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processed as before, except these structures were annealed at 750 °C for 1 minute, iVOC 

measurements were taken in a similar manner.    The structures were then patterned with 

photolithography and metallized with 1 µm of Al via ebeam evaporation as detailed in section 

3.2.2; contact resistivity measurements of the metal to polysilicon layer were taken in a similar 

manner. 

3.3.3: Results for Ga/B Mixture 

 The iVOC measurements for these samples are detailed in figures 3.15 and 3.16.   

 

Sample 100% B 1 100% B 2 1% B 1 1% B 2 0.1% B 1 0.1% B 2 

Initial 0.714 0.709 0.715 0.709 0.721 0.715 

After Diffusion 0.564 0.554 0.595 0.592 0.628 0.624 

15 min FGA  0.67 0.685 0.68 0.671 0.702 0.691 

30 min FGA 0.674 0.686 0.686 0.67 0.701 0.688 

60 min FGA 0.673 0.688 0.693 0.67 0.699 0.693 

 

Figure 3.15: Table of iVOC values for Ga/B mixture series. 

 

 

 

Figure 3.16: Graph of iVOC values for Ga/B mixture series. 
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 The samples doped with 100% B had iVOC values consistent with our previous 

experiment detailed in section 3.1.  At 699 mV and 693 mV, the samples doped with 1% and 

0.1% B had higher iVOC values than any previous B samples, which confirms the hypothesis that 

the inclusion of Ga in the dopant mixture improved those measurements.   

 Having shown that the Ga/B mixture improves upon the iVOC of the pure B, the next step 

was showing that the mixture improves upon the contact resistivity of the pure Ga.  Example 

graph used to calculate the contact resistivity of these doped structures is shown in figure 3.17; 

the lowest calculated contact resistivities were 73.15 mΩ-cm
2
 for 0.1% B and 164 mΩ-cm

2
 for 

1% B.  A contact resistivity for the 100% B could not be calculated due to the nonlinearity of the 

data.  Although the contact resistivity for the 0.1% mixture was greatly improved compared to 

the pure Ga, it was still too high to create a good contact.  It is also worth noting that several of 

the 1% and 100% B patterns exhibited extremely non-linear behavior.  However, even if these 

measurements had shown good linearity, it is likely that the resistivity values would have also 

been too high to make a good metal to polysilicon contact. 

 

 

Figure 3.17: Contact resistivity for symmetric structures doped with a) 0.1% B and b) 1% B 

 

a.) b.) 
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The Ga-doped samples that were subsequently doped with B nearly maintained the high 

initial iVOC values of 729 mV, 725 mV, and 731 mV respectively with final iVOC values of 727 

mV, 721 mV, and 728 mV respectively as shown in figure 3.18. 

 

 

Figure 3.18: Graph of iVOC values for Ga- and B-doped structures 

 

Despite the high iVOC values of these samples, the resistivity values between metal pads were kΩ 

to MΩ, similar to pure Ga as reported in section 3.1. 

3.4.1 Ga Contact Theory 

 After a search of the literature regarding the formation of gallium oxides, it was 

hypothesized that the high metal to polysilicon contact resistivity in the gallium samples may be 

due to the formation of GaO and Ga2O at the polysilicon surface, given the presence of oxygen 

within the SiO2 and the high temperature of diffusion.  Passalck et al previously reported that a 

gallium oxide deposited by ebeam evaporation onto GaAs and Si were highly resistant to etching 

with 10% HF after a post-deposition anneal of more than 700 °C as shown in figure 3.19 [78], 
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which suggests that a thin gallium oxide layer formed during diffusion would remain at the Si 

surface after both the 10% and 1% HF etch in the sample fabrication process.  

 

 

Figure 3.19: Etch rates of annealed Ga2O in 10% HF [78] 

 

A thin gallium oxide layer above the polysilicon would explain the extremely high contact 

resistivity of the Ga-doped samples compared to the low values of identically processed P- or B-

doped samples.  It has also been reported in the literature that gallium oxides can be removed by 

a concentrated (33%) HCl etch as shown in figure 3.20 [79], so an experiment was designed to 

remove a possible gallium oxide at this interface with HCl.   
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Figure 3.20: Etch rates of Ga2O3 in various concentrations of HCl [79]. 

 

3.4.2 Ga Contact Experiment 

 In an attempt to remove the possible GaOx on the surface of the Ga-doped symmetric 

structures, the following experiment was designed.  First, 100 nm intrinsic polysilicon was 

grown via LPCVD onto an n-type wafer, and the symmetric structures were doped with Ga and 

processed as described in section 3.1; to account for the greater thickness, the dopants were 

diffused at 850 °C for 2 hours.  Then after the final FGA, the structures were immersed in 1% 

HF for 45 seconds to remove the Al2O3, and were immediately etched with 33% HCl for 1, 2, 5, 

and 10 minutes.  The samples were then patterned for metallization via photolithography as 

described in section 3.2, including the 1% HF dip prior to metallization to remove any residual 

native SiO2.  Two control samples were also etched with only 1% HF prior to metallization. 
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These samples then had 1 µm of Al deposited by ebeam evaporation and the excess metal and 

photoresist was removed as described in section 3.2; contact resistivity measurements of the 

metal to polysilicon layer were taken in a similar manner. 

3.4.3 Ga Contact Results 

 Despite the many attempts to contact these Ga-doped samples, which had similar iVOC 

values to those reported for 100 nm LPCVD in section 3.1.3, the RT values were again in the kΩ-

MΩ range, which is too high for a functioning device.   
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CHAPTER 4 

CONCLUSIONS AND FUTURE WORK 

 An inexpensive and scalable LSC tandem device that addresses the limitations of both 

traditional LSCs and traditional concentrator devices could be an integral step on the path 

towards a world powered mostly be renewable energy.  Our novel device that uses quantum dots 

instead of phosphors for a tunable emission spectrum and incorporates a DBR and a patterned 

GaP reflective metasurface to further contain the emitted photons will only be successful if the 

correct encapsulants are chosen to assemble the final device, and if the bottom tandem IBC Si 

solar cell has an excellent efficiency and can be manufactured inexpensively.  In this project, we 

optically characterized two different encapsulant materials for use in the LSC, and we tested 

polysilicon / SiOx passivated contact symmetric structures doped using spin-on dopants for use 

in an IBC Si solar cell.   

The optical characterization of PDMS and EVA encapsulants was necessary to ensure 

that the encapsulant used to assemble the LSC device did not contribute to optical losses of 

photons within the device.  We optically characterized these encapsulants by UV 

spectrophotometry, and we showed that PDMS has indices of refraction of 1.405-1.415 for 600-

800 nm, additive-free EVA has indices of 1.475-1.485 for 600-800 nm, and commercial EVA 

showed indices of 1.495-1.505 for 600-800 nm.  The absorption coefficients of these films were 

measured at wavelengths shorter than 1000 nm to be less than 0.1 cm
-1

 for PDMS, less than 0.5 

cm
-1

 for additive-free EVA, and less than 10 cm
-1

 for commercial EVA.  The next steps in this 

part of the project would be to incorporate these data into a model for the luminescent solar 

concentrator and to determine the best overall encapsulant for this application.  The change in 
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index of refraction for EVA as a function of additive presence is also an interesting result that 

warrants further investigation.  
 
 

Polysilicon / SiOx passivated contact symmetric structures grown using PECVD and 

LPCVD and subsequently doped using P, B, and Ga spin-on dopants have been shown to be a 

promising path towards low-cost, high efficiency IBC cells that can be mass produced.  In order 

for these passivated contacts to be used in full-area IBC cells, they must exhibit excellent 

passivation, i.e. high iVOC values, and low contact resistivity values.  The n-type, P-doped 

passivated contact showed an iVOC of 708 mV in the best PECVD symmetric structure and an 

iVOC of 727 mV in the best LPCVD symmetric structure.  The p-type, B-doped passivated 

contact showed an iVOC of 667 mV in the best PECVD symmetric structure and an iVOC of 689 

mV in the best LPCVD symmetric structure.  The p-type, Ga-doped passivated contact, which 

has not been previously reported, showed an iVOC of 731 mV in the best PECVD symmetric 

structure and an iVOC of 714 mV in the best LPCVD symmetric structure.  The p-type, passivated 

contacts doped with the Ga/B mixture showed an iVOC of 708 mV in the best 1% B PECVD 

symmetric structure and an iVOC of 699 mV in the best 0.1% B PECVD symmetric structure.  All 

of these iVOC values, especially the Ga on PECVD polysilicon and the P on LPCVD polysilicon 

indicate excellent passivation, and show suitability for use in full-area devices.  For the n-type, 

P-doped contact a low metal to polysilicon contact resistivity of 23.8 mΩ-cm
2
 was measured for 

Al on PECVD polysilicon and 15.8 mΩ-cm
2
 was measured for Al on LPCVD polysilicon.  For 

the p-type, B-doped contact a low metal to polysilicon contact resistivity of 0.3 mΩ-cm
2
 was 

measured for Al on LPCVD polysilicon.  For the p-type Ga-doped contact, high resistance values 

between metal pads were observed for symmetric structures etched with both 1% HF and 33% 

HCl, and a contact resistivity value was not able to be extracted.  For the p-type passivated 
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contacts doped with the Ga/B mixture a moderate metal to polysilicon contact resistivity of 164 

mΩ-cm
2
 was measured for Al on 1% B and 73.15 mΩ-cm

2
 was measured for Al on 0.1% B.  

With the exception of the Ga/B mixture, all of these metal to polysilicon contact resistivity 

values were excellent, and show that these polysilicon contacts are suitable for use in full-area 

devices.  The next steps for this part of the project would be to first make further attempts to 

successfully contact Ga-doped polysilicon so that these contacts could be utilized in a working 

device.  The through-wafer contact resistivity values of the P-, B-, and Ga-doped contacts must 

also be investigated to ensure that these contacts are suitable for a full-area device.  Finally these 

dopants should be used to fabricate a two-sided cell with n-type and p-type passivated contacts.  

With only the current results, the device would be fabricated with P as the n-type dopant and B 

as the p-type, but if further progress could be made toward contacting Ga-doped polysilicon 

contacts, the use of this dopant in the n-type contact would be preferable due to it’s superior 

passivation quality as evidenced by the high iVOC values obtained in the Ga-doped symmetric 

structures.   
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