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ABSTRACT 

Presented here is a description of a lateral collection pin 

solar cell. An intrinsic region serves as the active generation region 

of the cell, thus allowing long diffusion lengths for the optically 

generated carriers. Collecting junctions are formed in isotropically 

etched grooves which traverse the thickness of the cell in a nearly 

vertical manner. A method for the fabrication of this silicon device 

is presented, and processing problems which were encountered are dis

cussed. Testing of this solar cell was carried out in sunlight, and a 

method of determining the solar input power at the earth's surface based 

on the atmospheric attenuation is illustrated. 

A mathematical model for this lateral collection device has been 

derived which accounts for the solar spectral distribution, atmospheric 

attenuation, and the silicon optical absorption coefficient. The ambi-

polar transport equation is solved by means of the Green's Function 

method to determine the distribution of the optically generated electron-

hole pairs. Using this distribution, an analysis of the device arrives 

at a current-voltage characteristic from which the maximum output power, 

overall efficiency, and curve fill factor can be obtained. Computer 

solutions of the model are presented, and the results provide an insight 

to the effects of material parameters and device design on the overall 

performance of this pin solar energy converter. 

viii 



CHAPTER 1 

INTRODUCTION 

Silicon junction solar energy conversion began in 1954 when 

Chapin, Fuller, and Pearson [1954] from Bell Telephone Laboratories 

fabricated the first p-n junction solar cell. While the efficiency of 

this cell was on the order of 6%, the prospects for this method of 

solar energy conversion were high. A maximum efficiency for a silicon 

junction device was predicted to be approximately 22% [Chapin, Fuller, 

and Pearson, 1954; Prince, 1955]. This predicted efficiency, along 

with the lightweight and high reliability of solid state devices, made 

the silicon solar cell a prime candidate as a power source for satel

lites and other space oriented projects. 

With this impetus, research into the silicon solar cell 

flourished, but conversion efficiency fell somewhat short of the pre

dicted maximum. While efficiencies as high as 15% have been achieved 

in research laboratories, production cells generally range from 10 to 

12%. This apparent shortcoming can be attributed to several inherent 

limitations as discussed by Wolf [1960]. These limitations fall into 

two categories: those that are basic material limiting factors, and 

those that are technique or process limiting. 

The factors limiting solar cell performance are: 

1. Reflection losses on the surface 

2. Incomplete photon absorption 



3. Utilization of only part of the photon energy for electron 

hole pair production 

4. Incomplete collection of the generated electron hole pairs 

5. Squareness of the cell I-V curve defined by the Curve Fill 

Factor which is the ratio of maximum cell power output to the 

open circuit voltage times the short circuit current. 

6. Output power losses due to internal series resistances. 

Of the factors listed above, Nos. 2, 3, and 5 are basic material limit

ing factors arising from material properties or junction character

istics. The remaining three limitations can be minimized by appropriate 

geometries or fabrication techniques. As an example, addition of an 

antireflection coating will minimize the limitation of #1, whereas 

material of long lifetime or diffusion length will minimize the effect 

of #4. Wolf [1960] gives a complete discussion of the physical nature 

and implications of these limitations. 

Present day commercial silicon solar cells typically consist of 

a square piece of 1 ft-cm p-type silicon 2 cm on a side and approximate

ly 10 mils thick. The p-n junction is formed by diffusing an n-type 

impurity into one of the faces to a depth of approximately 1 micron. 

Contacts are provided on both surfaces. On the dark or p-type side of 

the cell the entire surface is metallized providing a large area contact, 

while the illuminated face consists of a finger-like metal pattern to 

contact the n-type diffusion. Incident solar illumination produces a 

distribution of optically generated electron-hole pairs throughout the 
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silicon cell. Carriers within a diffusion length of the p-n junction 

are collected to contribute to the photo current. The remaining thick

ness of the solar cell does not contribute to the photo current, and 

thus, this portion of the cell is not active in solar energy conversion. 

Also, the metal contact on the top of the p-n junction cell does prevent 

some of the incident radiation from reaching the silicon material. 

The structure and carrier collection of the pin solar energy 

converter differs from that of the conventional solar cell described 

above. The structure of the pin cell is illustrated in Fig. 1.1. The 

cell consists of a series of V-shaped grooves etched into the back side 

of the intrinsic silicon wafer. Alternate grooves are subsequently 

diffused p-type and the remaining grooves are diffused n-type, thereby 

forming the pin diode. Contacts are then provided on the n and p regions 

with like regions metallized together. 

The purpose of the grooves is to distribute the p and n collect

ing junctions through most of the thickness of the cell, thus enabling 

collection of electron hole pairs which are generated near the illumi

nated surface as well as those generated deep in the material near the 

dark side of the cell. Use of intrinsic silicon in the generation region 

allows long carrier diffusion lengths because of the long carrier life

time associated with the undoped material. The placement of the collect

ing junctions combined with the long diffusion length of the intrinsic 

material has the potential of av; increased collection efficiency over 

the standard cell configuration. As the generated carriers are collected 

laterally, the collecting junctions must be placed within a carrier 
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diffusion length apart to prevent electron hole pairs from being lost 

due to bulk recombination. All fabrication steps are performed on the 

dark side of the cell leaving the illuminated surface free of possible 

work damage. Also, the metallization for both contacts to the device 

are located on the dark side of the cell so there is no interconnecting 

pattern shadowing of the illuminated surface. Both p and n regions are 

heavily doped to provide low resistance regions and to assure ohmic con

tacts to the silicon. 

Several solar cell analyses and configurations have been dis

cussed in the literature. A thorough analysis of collection efficiencies 

for the conventional planar p-n junction solar cell was -c-arr-i-s-d—-fejr—*»-

Kleinman [1961] , where he considered the solar spectral photon distribu

tion and the wavelength dependent absorption coefficient in the produc

tion of generated electron hole pairs. Ascribing appropriate boundary 

conditions based on carrier diffusion lengths, surface recombination 

velocities and carrier concentrations at the junctions, insight may be 

gained as to the effects of these parameters on collection efficiency. 

Evaluating collection efficiency as a function of the ratio of junction 

depth to diffusion length in the presence of extreme surface recombina

tion velocities, Kleinman concluded that a junction depth of 1 micron 

is optimum for planar silicon solar cells. For such a cell constructed 

on silicon exhibiting a diffusion length of 100 microns, collection 

efficiencies range from .6 to .9 depending on the surface recombination 

velocities. Although this analysis is concerned with vertical collec

tion devices and not the lateral collection as employed in the pin solar 
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cell, the effects of material parameters is illustrated, and a method 

of accounting for the spectral distribution and wavelength dependent 

absorption coefficient is presented. 

A pin thermo-photovoltaic diode is described by Kim and 

Schwartz [1969] and is of a configuration closely resembling the pin 

structure described here. The Kim and Schwartz pin diode operates 

basically as a lateral collection device, but the collecting contacts 

are on the back or dark surface of the diode as shorn in Fig. 1.2 rather 

than being projected into the cell. The analysis carried out by Kim and 

Schwartz for their cell structure is similar to that carried out for the 

pin solar energy converter described here with the exception that Kim 

and Schwartz used monochromatic incident radiation, thus avoiding the 

solar spectral distribution and the functional dependence of the absorp

tion coefficient on wavelength. Also, their device was fabricated on 

germanium so that the numerical values of material parameters differ 

from those used in this study. Since the collecting contacts are placed 

on the planar back surface, the boundary conditions placed on the partial 

differential equation solution also are different. 

The pin structure with lateral collection was investigated by 

Johnson [1970], where a constant generation rate was assumed throughout 

the intrinsic region. This assumption considerably simplified the 

analysis since a one-dimensional solution would suffice, and the solar 

spectral distribution as well as the wavelength dependent absorption 

coefficient did not need to be directly taken into account. Expressions 

were derived for the junction potentials for the open circuit condition 
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and the maximum output power density. Upon substitution of assumed 

device and material parameters, calculated values for the open circuit 

voltage and output power were obtained. The generation rate assumed in 

these calculations was several orders of magnitude too high yielding an 

unusually high conversion efficiency. Assumption of a more appropriate 

generation rate results in an unusually low efficiency. 

Analyses carried out by Kleinman [1961] , and Kim and Schwartz 

[1969] , point out several important parameters that need be applied to 

the structure investigated by Johnson [1970]. The two-dimensional 

analysis described here takes into account the solar spectral distribu

tion, wavelength dependent absorption coefficient, and arbitrary surface 

recombination velocities at both the illuminated and dark side of the 

cell. This analysis is presented in Chapter 3. Numerical analyses were 

made with the CDC 6400 digital computer located at The University of 

Arizona Computer Center, and results from these calculations are dis

cussed in Chapter 4. The details of the solar cell fabrication are 

given in the following chapter. 



CHAPTER 2 

DEVICE FABRICATION AND TEST 

Fabrication 

The pin solar cells were fabricated in The University of 

Arizona Solid State Engineering Laboratory which provided many of the 

required processes as well as a maskmaking facility. Among the pro

cesses provided were the standard diffusion processes and the metal

lization process. 

The diffusions were of the two step type, i.e., deposition and 

drive-in. Both boron and phosphorus were deposited at 1050°C using 

gaseous sources. Drive-in was performed at 900°C in a steam ambient. 

The boron deposition is characterized by the complementary error func-

20 -3 
tion distribution with a boron surface concentration of 3x10 cm and 

-3 
a diffusion length of 3.7 x 10 ym. The phosphorous deposition is char-

21 -3 
acterized by a phosphorous surface concentration of 2x10 cm and a 

-3 
diffusion length of 3.1x10 ym. The n-type impurity profile is again 

described by the complementary error function distribution. Drive-in 

times were picked to give sufficient oxide growth to facilitate the 

subsequent process steps. A two hour boron drive-in results in a 

O 
3000 A oxide to mask against the subsequent phosphorous diffusion, 

O 
whereas a 75 minute phosphorous drive-in yields a 2000 A oxide which 

is necessary to convert the phosphorsilicate glass to a form which has 

better photoresist adherence properties. Despite the relatively long 



drive-in times, the diffusion coefficients of boron and phosphorus at 

the 900°C drive-in temperature are sufficiently low so that negligible 

diffusion results. 

Another established process which was used for the solar cell 

fabrication was that of the aluminum metallization. This process is 

the standard filament evaporation of high purity aluminum followed by 

a sinter to increase the adhesion between the silicon wafer and the metal 

as well as to form the contacts on the doped regions of the cell. The 

sinter is carried out at 500°C for 10 minutes in a forming gas atmo

sphere. 

The integrated circuits laboratory also provided the capability 

for the mask layout and the mask production. Artwork for the masks were 

generated on Rubylith using a precision cutting table. The artwork was 

then photoreduced by a factor of ten and this first reduction image was 

stepped and repeated in a contact printing process to produce a 5x5 

array of images on a photographic film. After developing and drying, 

this film was further reduced to achieve a total reduction of 125. It 

is this second reduction that produces the working set of masks which 

are used in the photoresist process. 

The masks which were drawn up to fabricate the solar cells con

sisted of two different groove spacings but with approximately equal 

areas. The purpose of this was to provide cells of sufficiently differ

ent size to assess the influence of groove width and spacings on cell 

efficiency. The mask set for the two cell geometries are shown in 

Fig. 2.1. 
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The large groove cells have an area of 3.22x10 m or 48 mils 

x 104 mils, and the grooves are spaced on 10 mil centers. The width of 

the window openings are 6 mils x 40 mils which results in a groove depth 

of 4.5 mils. In contrast, the small groove cells occupy an area of 

— 6  2  
3.03x10 m or 48 mils x 98 mils, and the grooves are spaced on 4 mil 

centers. The window openings which are 2 mils x 40 mils produce an 

etched groove 1.5 mils deep. This small geometry cell represents the 

minimum size which can be achieved with the existing laboratory capa

bilities . 

In addition to the available IC processes described above, two 

additional processes needed to be developed. These are: 

1. the characterization of the anisotropic or preferential silicon 

etch, and 

2. the development of the subsequent photoresist procedures for 

the non-monolithic surface. 

The preferential etch was empoyed to form the grooves in the 

silicon wafers and consisted of a water-amine-complexing agent of the 

type described by Finne and Klein [1967]. This etch was carried out in 

a glass refluxing system with nitrogen bubbling through the etchant to 

provide agitation and an inert atmosphere. The preferential nature of 

this etch is that the etch rate into the (l00/> planes of the silicon 

is significantly larger than the etch rate into the <[lll)> planes. In 

effect, the ^111^ planes act as terminators for the etch. An etch 

rate in the <^100^> silicon of 40 ym per hour was achieved at 95°C 

yielding a groove defined by the ^111^ planes which meet the surface 



at an angle of approximately 54°. Measurements of this angle were in 

good agreement with crystallographic predictions. Silicon dioxide is 

not significantly affected by this water-amine etch. 

13 

The (111) planes which form the groove walls intersect the 

surface of the wafer at right angles. To maintain the groove dimensions, 

it is necessary that the mask which defines the grooves be properly 

aligned along these crystal planes. A slight misalignment enlarges the 

grooves and produces bowed edges as shown in Fig. 2.2. Since the wafers 

used for the fabrication of these cells did not have crystal orientation 

reference flats, a method was developed to determine the crystal orienta

tion. The method was to cut a series of round holes through the thermal 

oxide on the periphery of the wafer and then subject t~e wafer to the 

preferential silicon etch. The effect of the etch was to form a pit in 

the silicon in the shape of an inverted pyramid; the four sides of this 

etched pit are the (111) planes to which alignment can be made. The 

standard monolithic photoresist process was then repeated to define the 

windows in the thermal oxide for the grooves, and the grooves were then 

etched. 

The grooves which result from the anisotropic etch exhibit a 

rather sharp edge at the wafer surface. To aid the subsequent photo

resist adhesion, it is necessary to round or smooth these sharp corners. 

Following the etching of the grooves, the oxide on the grooved side 

the wafer was removed and the wafer was etched in an isotropic etch 

consisting of HF, HN0
3 

and acetic acid for 30 s e 0nds. The effect of 

this step is shown in Fig. 2. 3. The \vafer was ... n reoxidized. 
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Fig. 2.2 Effect of Mask Alignment to <llO Planes 
on Groove Dimensions 

Before After 

Fig. 2.3 Groove Profile Before and After HFiHNO^tHAc Etch 
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After the grooves were etched and the wafer reoxidized, it was 

necessary to remove the oxide in alternate grooves and perform the p 

diffusion, then remove the oxide in the remaining grooves and perform 

the n diffusion to form the pin structure. The standard monolithic 

photoresist process of spinning the resist to a thin even coat cannot 

be used on the non-monolithic surface of this solar cell because the 

spinning results in a separation of the photoresist at the corners of 

the groove as depicted in Fig. 2.4. Drip applications of photoresist 

of various viscosities were tried as another approach. However, when 

sufficient resist was applied to keep the corners covered, the result

ing resist thickness on the surface could not be properly exposed to 

give reasonable line definition or complete development. Particularly, 

if a long expose time was used, the resist in the groove would not fully 

develop out, while for short expose times the resist would not fully 

polymerize and would flow into the unexposed areas during developing, 

thus destroying edge definition. From this, it became obvious that the 

resist on the surface must be thin to produce acceptable line defini

tion, but at the same time, the resist in the grooves must be thick to 

assure edge coverage. 

An alternative approach which was then explored was to fill the 

grooves and then apply a relatively thin coat of resist by spinning. To 

accomplish this, photoresist was drip applied to the wafer and the excess 

removed with a Teflon squeegee. This wipes the surface clean leaving 

resist in the grooves. When the grooves are filled, a thin coat of 
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Fig. 2.4 Separation of Resist at the Corners of the Groove 
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Fig. 2.5 Resist Build-up Due to Multiple Application 



resist can be applied by the conventional spinning procedure. The 

successful process is as follows: 

1. Apply resist and squeegee. Dry at 90°C for 10 minutes. 

2. Apply resist and squeegee. Dry at 90°C. 

3. Align mask and expose for 10 seconds. 

4. Apply resist and squeegee. Dry at 90°C for 10 minutes. 

5. Align mask and expose for 10 seconds. 

6. Apply resist and spin 0-5000 rpm. Dry at 90°C for 10 minutes. 

7. Align mask and expose for 30 seconds. 

8. Dip develop for 2 minutes. 

9. Post bake at 125°C for 25 minutes. 

The repeated exposures in the above described procedure are necessary to 

polymerize the resist near the corners of the grooves and so allow the 

resist to build up to insure that the spin coating will cover these cor

ners. This resist buildup within the groove is pictured in Fig. 2.5. 

The above process yields acceptable edge definition, but presents 

a developing problem if misalignment occurs in any of the expose steps. 

Such a misalignment on one edge of the groove causes polymerization of 

the resist on the opposite wall of the groove as shown in Fig. 2.6. When 

this occurs, the cell is carried through the remaining steps in the 

photoresist process and through the oxide etch. The wafer is then cleaned 

and dried, and the photoresist procedure as outlined above is repeated a 

second time so that the entire groove is free of the strip of unwanted 

masking oxide. 
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Fig. 2.6 Result of Mask Misalignment on Polymerization of Resist 
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The photoresist procedure is somewhat simpler for the metalliza

tion pattern, and it consists of the following steps: 

1. Sinter the aluminum for 10 minutes at 500°C. 

2. Spin on photoresist at 7000 rpm and dry at 90°C for 10 minutes. 

3. Align metallization mask and expose for 10 seconds. 

4. Spin on photoresist at 5000 rpm and dry at 90°C for 10 minutes. 

5. Align metallization mask and expose for 10 seconds. 

6. Dip develop and post bake at 125°C for 25 minutes. 

The sintered aluminum has a rough texture which is characteristic of large 

grain size. Thus the aluminum texture is considerably rougher than the 

surface of the SiO^ causing the photoresist to adhere much better. 

At this point in the fabrication of the solar cell, the pin 

structure is completed. The above fabrication processes were performed 

on silicon wafers 10 mils thick with V-grooves etched into the dark side 

of the cells to a depth of either 4.5 mils or 1.5 mils. For the cells 

to operate effectively, the wafers must be thinned so that the illuminated 

surface of the cell is in close proximity to the peaks of the grooves. 

The thinning was performed by waxing the wafers to glass microscope slides 

and subjecting the wafers to an isotropic silicon etchant. The etchant 

was mixed in the following proportions: 

HF - 10 ml. 

HN03 - 5 ml. 

Acetic Acid - 14 ml. 

The wafers were agitated in this mixture resulting in an etch rate of 

about 1 mil per minute. This process was performed for different time 
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intervals to provide wafers or cells of varying thickness so as to assess 

the influence of wafer thickness on cell efficiency. 

Test 

The completed solar cells were mounted on a probe station within 

a box which was constructed to permit testing of the cells by directly 

illuminating them with sunlight while making electrical contact via 

probes to the back side of the wafer. The illumination inlet on the 

box was apertured and baffled so that the cells under test could only 

receive directly transmitted solar radiation, and the box was manually 

steered to track the sun during testing. A sketch of the test station 

is shown in Fig. 2.7. 

Direct solar radiation was used for making the cell evaluation 

because it was felt that a more accurate assessment of cell efficiency 

could be made using sunlight rather than using simulated sources, 

weighting spectral scans, computer integration, etc.. The basis for this 

may be better understood if one examines the solar transmission equation 

which may be put in the form 

F(A) = FO(A) E~T(X)SEC4) , (2.1) 

where F(A) is the directly transmitted solar energy at wavelength \ 

received at the earth's surface, F (A) is the corresponding value at the 

top of the atmosphere (at airmass zero, or T(A) = 0), T(A) is the total 

optical depth at wavelength A referenced to the zenith, and sec<}> is an 

airmass factor which determines the increased optical path which a solar 

ray traverses at zenith angle <{> relative to that traversed by a ray 
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entering the atmosphere at the zenith. This expression is quite valid 

for zenith angles well above the horizon and for relatively clear 

atmospheres such as those typically observed in Tucson [Shaw, 1971; Shaw, 

Reagan, and Herman, 1973]. The factor F (^) is now known accurately on 

the basis of spectral measurements of the solar constant by several 

investigators. Recent results reported by Thekaekara [1970] are 

considered the most accurate, and his results yield a total solar input 

-2 
at the top of the atmosphere of 135.1 mw cm for the mean earth-sun 

distance. 

Knowing FQ(A), the solar spectral response at the earth surface, 

F(A), may accurately be determined if the total optical depth, T(A), is 

known. The optical depth accounts for attenuation due to molecular 

scattering, molecular absorption, and particulate scattering and 

absorption. The contributions due to molecular scattering and absorp

tion are well known and may be obtained from model atmosphere tables, 

whereas the particulate contribution is generally unknown. However, a 

unique multi-wavelength solar radiometer is now operating on a daily 

basis in Tucson. Results from the radiometer measurements have been 

compiled by Shaw [Shaw, 1971; Shaw et al., 1973] to determine the 

average particulate optical depth contribution for good clear days in 

Tucson. Making use of this information along with standard atmosphere 

information, the ground-level solar spectral distribution in Tucson can 

be fairly accurately determined. Numerically integrating the resulting 

distribution, it has been determined that the total solar input at the 
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-2 
surface in Tucson for good clear dry days is 105 + 5 mw em at the mean 

earth-sun distance for the zenith angle¢ 0°. 

Using the above surface level solar input value, corrections were 

made for the actual zenith angle and earth-sun distance on the day and 

time that a given cell was tested. It should be noted that such 

correction information is readily available from tables and charts, and 

it does not add any significant complexity to the calibration procedure. 

Tests were performed on only good clear days, and the tests were also 

made near local noon so that the solar zenith angle would be close to 

the minimum obtainable angle for the day in question. Considering all 

errors associated with determining the solar input on the test cells, 

it was estimated that cell efficiency could be accurately inferred to 

about ± 0.5% for efficiency levels typical of those determined for the 

test cells (i.e., efficiencies of approximately 10%). 

Cell measurements were made for various wafer thicknesses by 

first testing the cells at their original wafer thickness (10 mils) and 

then repeatedly subjecting the cells to the etch thinning process while 

retesting the cells after each thinning. In this fashion, it was 

possible to reduce the thickness of the cell wafers to as little as 

2.5 mils (for small groove cells only). Further thinning would cause 

the cells to break apart due to the grooves reaching the front surface. 

In addition, most of the cells were tested for two surface treatment 

cases, namely, 

1. illuminated surface left bare after etch treatment, and 



2. illuminated surface coated with a boron doped spin-on 

diffusion source. 

It should be noted that the boron coating was not used as a diffusion 

source in this case. It was found, somewhat by accident, that this 

coating generally improved cell performance. Details concerning test 

results will be presented in Chapter 4. 



CHAPTER 3 

THEORETICAL ANALYSIS 

The aim of the theoretical analysis is to arrive at a meaningful 

model to assess the performance of the previously described pin solar 

cell. Specifically, the voltage-current characteristic under solar 

illumination will be determined, and from this, the maximum output 

power and curve fill factor will be obtained. To this end, the ambi-

polar transport equation will be solved by means of the Green's 

Function Method to arrive at the density of optically generated 

electron-hole pairs. From this carrier distribution, the current 

voltage characteristic can be established. 

The principle of operation of the pin solar cell is that solar 

illumination generates electron-hole pairs within the intrinsic region. 

The internal fields at the p-i and n-i junctions are such that holes 

which diffuse into the p-i depletion region are swept toward the p 

region. Electrons are collected in a similar fashion at the n region. 

This flow of electrons and holes gives rise to the photo generated 

current and/or voltage. This voltage or current can be calculated with 

a knowledge of the distribution of photo generated electron hole pairs. 

To determine this distribution, the ambipolar transport equation, with 

the appropriate generation term, must be solved. The steady state 

ambipolar transport equation applied to the intrinsic region of the cell 

may be written as 
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D* V2 n(x,y) + G - R = 0 (3.1) 
xy 

where D* is the ambipolar diffusion coefficient, G the solar genera

tion rate, R the bulk recombination and n(x,y) is the distribution of 

optically generated carriers. 

The generation of electron-hole pairs by photon absorption is 

described by Lambert's absorption law which, when expressed over the 

useful portion of the spectrum, gives 

f^2 
G(x) = 

*1 

a(X)N(X) e"a(X) X dX 

(3.2) 

The short wavelength limit of the solar spectrum is defined by X1, and 

X2 represents the cutoff wavelength of the silicon corresponding to the 

bandgap energy. The absorption coefficient, A(X), is a  function of 

wavelength as is the density of photons, N(X), in the solar spectrum 

output. The distance into the silicon from the illuminated surface 

is denoted by the variable x. The generation rate, G(x), is expressed 

3 
in carriers per cm per second. The recombination term R is expressed 

in the same units and is written as 

R(x y) = "(x»y) 
Ku,y; T , (3>3) 

where r is the bulk carrier lifetime in the intrinsic region. Using 

the above terms, the ambipolar transport equation becomes 
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D*V2 n(x,y) - - -
xy J x 

*2 

a(X)N(A)e~a(X)x dX 

(3.4) 

For simplification, a rectangular geometry will be used for the device 

analysis. Figure 3.1 illustrates the assumed geometry and coordinate 

system which will be used in the following analysis. The boundary 

conditions governing the intrinsic region are arbitrary surface recom

bination at the illuminated surface, x = 0, and on the dark surface 

x = a. These are expressed as 

3n 
9x 5? 

x=0 (3.5) 

for the illuminated surface, and 

_9n 
8x 

= - # n<a'y) 

x=a (3.6) 

on the dark surface of the cell. The terms S and S denote the 
o a 

surface recombination velocities at x = 0 and x = a, respectively. 

The boundary conditions for the y coordinates specify the carrier 

density at the intrinsic side of the junctions. These concentrations 

are assumed to be independent of the x coordinate, but are dependent 

on the junction potentials. The density expression at the intrinsic 

side of the p-i junction is given by 
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(o,o) (o,b) 

Intrinsic 

Fig. 3.1 Geometry and Coordinate System Used in Analysis 
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n(x,0) = n. ^eqVP/kT - l) = U(Vp), (3.7) 

where is the p-i junction potential. The corresponding density at 

the n-i junction is given by 

The above boundary conditions on y appear to be somewhat vague at this 

point; however, actual values for U and V will be determined later when 

the pin device is analyzed. 

The solution of the ambipolar transport Eq. (3.4) subject to 

the boundary conditions (Equations 3.5 - 3.8) yields the distribution 

of the optically generated electron-hole pairs. To obtain this distri

bution, the Green Function approach will be followed. For the moment, 

let's generalize the problem and rewrite the partial differential 

equation (PDE) and boundary conditions in a simpler, more general form. 

The PDE becomes 

n(x,b) = n ±  ( e
q V n / k T  -  l j  =  V ( V n ) .  (3.8) 

Ln = f(x,y) (3.9) 

The general form of the boundary conditions are: 

n'(0,y) = an(0,y) (3.10) 

n'(a,y) = -3n(a,y) (3.11) 

n(x,0) = U (3.12) 



n(x,b) = V 

The Green's Function, g, is expressed 

Lg(x,y) = 6(x-x')6(y-y1) 

(3.13) 

(3.14) 

where the operator L in Eq. (3.9) and (3.14) is 

L = V2 + - (3.15) 
xy t 

To obtain the Green's Function for the two-dimensional region, first 

consider the inner products 

<^n,Lg^> = <n, 6(x-x')6(y-y')=n(x',y') (3.16) 

and 

<^Ln,g^> = <^f,g)> (3.17) 

Taking the difference, 

<ji,Lg> - <(Ln,g> = n(x',y') - <(f,g)> (3.18) 

where n(x',y') is the solution to Eq. (3.9) and is t^e integral 

of the forcing function with the Green's Function. Expansion of the 

terms on the left hand side with the application of the boundary condi

tion 3.10 - 3.13 results in boundary terns for the solution to 3.9. 

Specifically, the PDE for the Green's Function g is 
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s < x » y l x ' » y ') - ̂ 2  g( x » y l x ' » y ' )  = <$(x-x' ) s (y-y') 
xy 

(3.19) 

where L* = /D*t' is the ambipolar diffusion length, and the associated 

boundary conditions for the Green's Function are 

la 
8x D* 

x=0 
x=0 (3.20) 

is. 
3x D* 

x=a 
x=a 

(3.21) 

y=0 

= 0 = g 

y=b (3.22) 

The total solution to Eq. (3.9) becomes 

n(x,y) = <\f,g)> - U Ifi. 
3y 

dx' - V 
3y 

y =0 

dx' 

y'=b 

(3.23) 

To obtain the Green's Function, an expansion in the y 

dimension is formed. 

g(x,y|x' ,y') = I an(x) -M"* sin ̂  
n ' (3.24) 

and 
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f i ( y - y ' )  - WF n ' 
sin 

niTy 

(3.25) 

These two equations are substituted into Eq. (3.19), and, using the 

orthogonality of the sin functions, an expression for the coefficients 

an is obtained. This expression is of the form of 3.14, but in one 

dimension. Following the Green's Function method, the coefficient is 

found. The resulting Green's Function is 

g1(x,y|x',y') U 
m 

x' x' 
K sinh — + cosh — 
a n  n  

K D* 
a 

n  s _  
- 1 

. x D* 
sinh h 

n s. 
cosh — 

n  

2 . mny . nmy 
— sm —r̂ - sin —r?~ 
b b b 

for x < x' (3.26) 

and 

g2(x,y|x',y') = I - n  
m 

. , x* , D* , x1 
sinh — + —— cosh — 

n  n  s n  n _  
K D* 
a 

n  s 0  
- 1 

K sinh — + cosh — 
an n 

b Sln b 
sin^ 

b 
for x > x1 (3.27) 

In the above expressions, n  and Ka are defined as 
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—  =  / — +  1—  
2 \b / *2 

(3.28) 

and 

K = 
a 

— sinh ~ + cosh — 
j] n D* rj_ 

i  s  1 . S Q. . , Q 
— cosh - + zrr sinh — 
n n D*  n  (3.29) 

With the Green's Function at hand, the density of optically generated 

carriers can be found from Eq. (3.23). For simplicity, Eq. (3.23) can 

be written as 

n(x,y) = A(x,y) + U B(x,y) + V C(x,y) (3.30) 

where 

A(x,y) = = 

xy 

, x 2 

a(X)N(X)e a(X)x'dX g(x,y|x',y')dx1dy' 

(3.31) 

B(x,y) = - is. 
9y 

dx' 

y'=0 (3.32) 

and 
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C(x,y) = 

c 

-I  3y dx' 

y'=b (3.33) 

The function A(x,y) is the density term arising from carrier generation 

stimulated by an optical source which has a photon spectrum described 

by N(X) . The remaining functions B(x,y) and C(x,y) are density terms 

which arise from the presence of junctions at the edges of the intrinsic 

region of the solar cell. 

The first term of the density expression can be integrated to 

obtain the actual functional form of the optically generated carriers. 

By interchanging the order of integration and evaluating the spatial 

integrals, the expression for A becomes 

A<x'y> = h I 4rV L* u mir 
m 

sin 
miTy Not 

l-a2ri2 

K sinh — + cosh — 
-ax., .a X] n 
e dA + 

K DA - n S 
a  o  

*1 

Nan (S + D*a)d,\ 

1-aV ° 

nS sinh — + D* cosh — 
o ri n  

K D* - n S 
a o 

(cosh — + K sinh —) 
n a n 

e °adX + (sinh — + K cosh —) 
1—a n n a n 

,^2 
Na 

l-a2n2 

-aa,. 
e dA 

(3.34) 
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Integration over the spectral density can be carried out analytically 

if N(X) is a known function. Although N(A) has been empirically deter

mined for the solar spectrum [Thekaekara, 1970] , it is not easily 

fitted to an analytic function. Instead, numerical integration can be 

incorporated. 

The boundary terms, B(x,y) and C(x,y) can be found by carrying 

out the operations described by Equations (3.32) and (3.33) to get 

B(x,y) = I 
m=l 

2m7rn2 
—2— sxn 

miry 
K D* -
a 

ns_ 
K n S sinh — (cosh — - 1) 
a o ri n 

+ D* cosh — (sinh — + K cosh —) + n S (sinh — sinh — - cosh —) 
n ti a ri ov n n n 

- 1 

(3.35) 

and 

C(x,y) = - I (-1)™ sin 
m=l K D* - nS 

a o 
K n S sinh — (cosh — - 1) 
a o n n 

+ D* cosh — (sinh — + K cosh —) + ri S (sinh — sinh — -
n ti a n ov n n 

cosh —) - lr 
n 

(3.36) 



The functional form of the optically generated electron hole pairs is 

thus known to within the constants U and V in Eq. (3.30). These 

constants can be found by examining the device operation. 

At this point, we have evaluated the carrier density in the 

intrinsic region of the pin solar cell. Actual carrier concentrations 

can be obtained by numerical computation carried out by a computer. 

Let us now proceed to analyze the solar cell to determine the voltage-

current characteristic. From this, the open circuit voltage, short 

circuit current, maximum power output, efficiency, and curve fill factor 

can be found. 

To begin the characterization of this device, the current flow 

resulting from the optically generated carriers will be determined in 

terms of the excess carrier density in the intrinsic region. Consider 

the p-i junction of Fig. 3.1. The field in the depletion region is 

directed so that any holes which diffuse from the intrinsic region into 

the depletion region are swept across this region to the heavily doped 

p contact. Because of this field direction, the electrons will not 

traverse the depletion region, which indicates that 

J (x,0) = 0, (3.37) 
n 

but 

Jn(x,0) = qynE(x,0)n(x,0) + qD^ 
y=0 (3.38) 

so 
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E(x,0) = -
kT 1 8n(x,y) 
q n(x,0) 3y y=0 (3.39) 

D kT 
where, the Einstein's relation — = — has been employed. Writing the 

current density equation for holes 

J (x,0) = qy n(x,0) E(x,0) - qD 9n^X?y') 
P P P 9y y=0 (3.40) 

and substituting for E(x,0) from Eq. (3.39), 

Jp(x,0) = 
kT y 

-  q  
qn(x,0) 3y y=0 

-qD 
8n(x,y) 

P 9y y=0 

(3.41) 

or 

J (x,0) = 
P 

2 „ ISM 
p 3y y=0 (3.42) 

Substituting Eq. (3.30) for n(x,y) into Eq. (3.42), we obtain 

Jp(x,0) = - 2qDp[Ay(x,0) + U By(x,0) + V Cy(x,0)] (3.43) 

where 

A (x,0) - Mfezi 
y 9y y=0 (3.44) 
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By(x,0) 
= 3B(x,y) 

3 y  y=0 (3.45) 

and 

Cy(x,0) 
_ 8C(x,y) 

a y  y=0 (3.46) 

Integrating over the x dimension gives the. total current, 1^, flowing 

across the p-i junction per unit depth: 

where 

and 

I = 
P 

J (x,0) dx 
P 

(3.47) 

I = -2qD 
P P J 

[Ay(x,0) + U By(x,0) + V Cy(x,0)]dx 

(3.48) 

I = -2qD [A + U B + V C ] 
p p o o o (3.49) 

A = 
o 

Ay(x,0) dx (3.50) 

B = 
o 

By(x,0) dx 

(3.51) 
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C = 
o 

Cy(x,0) dx 

(3.52) 

At y=b, the n-i junction, we can similarly state 

J (x,b) = 0 
P 

(3.53) 

V«.b) -
y=b (3.54) 

J (x,b) = 2qD [A (x,b) + U B (x,b) + V C (x,b)] (3.55) 
n n y y y 

Again, integrating over the x variable, 

rn " 2<lDn[Ab + U Bb + V V 
(3.56) 

where A^, and have definitions similar to (3.50) - (3.52). 

Since the current through the device must be continuous, the hole 

current across the p-i junction (3.49) must equal the electron current 

across the n-i junction (3.56). Equating these two expressions and 

rearranging terms, a relationship between the boundary densities results, 

namely, 

U = -
D A . + D A  D C ,  +  D  C  
n d p o „ n b po 
D B + D B, 
p o n b 

D B + D B, 
p o n b 

(3.57) 



The previously unspecified boundary conditions, U and V, are 

fixed relative to one another. Although an analytic expression for 

either of these values has not been determined, an examination of the 

open circuit conditions does yield such a value for this single operat

ing point. Open circuit conditions dictate that the net junction 

currents be zero so that I =0 and I =0. Setting I and I equal 
p n p n 

to zero, we obtain from Eq. (3.49) 

A  + U B  + V C  = 0  ( 3 . 5 8 )  
o o o o o 

and from Eq. (3.56) 

A , + U B  + V C  = 0  ( 3 . 5 9 )  
b o b o b 

The subscript o attached to U and V denote open circuit densities. 

Elimination of Uq in the above two equations results in an expression 

for the boundary density Vq given by 

A B, - A..B 
y _ o b bo 
o C, B - C B ,, - . 

bo o b (3.60) 

Knowing the boundary density, Vq, the remaining boundary density Uq can 

be found either by eliminating Vq from (3.58) and (3.59), or by 

substituting (3.60) into (3.57). Thus, for open circuit conditions, 

the optically generated carrier density can be completely described. 

Also, with the boundary densities known, the junction potentials can be 
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found from the definitions given in Equations (3.7) and (3.8). In 

particular, 

and 

kT „ / Uo V = — £n — + 1 
p q \ni / (3.61) 

V ^ + 1) 
n * \ni / (3.62) 

These junction potentials, and V^, are the potential differences 

across the p-i and n-i junctions due to the presence of an excess carrier 

density within the intrinsic region. Hence, these potentials are in 

excess of the equilibrium junction voltages. The open circuit voltage 

of the solar cell is a result of these optically induced voltages. 

The open circuit voltage can be found by summing the optically 

induced potentials. The junction potentials have been found above, but 

the potential drop across the intrinsic region remains to be found. 

Because of the difference of diffusion coefficients for holes and elec

trons, the boundary densities are not equal in general. This inequality 

results in a nonsymmetric carrier distribution across the intrinsic 

region. Such a distribution gives rise to a voltage drop across the i 

region. When the cell is loaded and a current is allowed to flow, 

there is also an ohmic drop across the i region. To assess the magni

tude of these voltage drops across the intrinsic region of the solar 

cell, we must first determine the electric field within this region and 



then integrate the field expression from the p to the n junction to 

obtain the total drop across the active region of the cell. To deter

mine the expression which describes the electric field within the 

intrinsic region, first consider the sum of the current components at 

a point (x,y) given by 

JT(x,y) = Jp(x,y) + Jn(x,y) (3.63) 

or 

J (x,y) = q[y + y l[n(x,y) + n ] E(x,y) 
n 

+ QLD - 0 ] 
n p 3y 

(3.64) 

Recall that the total current across the p-i junction is composed of 

entirely hole current. From Eq. (3.42), we can write 

J (x,y) = J (x,0) = -2qD 8n^'y^ 
1 p p dy y=0 (3.65) 

Combining Equations (3.65) and (3.64), and rearranging terms, 

2D 

E<*.y) - - THhr-y + y 3y 
n p J y=0 n(x'y) + ni 

D - D  
_D E 3n(x.v) 
y + y n(x,y) + n. 3y 
p n ^ i } (3.66) 



Integrating this expression for the field, the voltage drop across the 

intrinsic region is given by 

V. = -
1 

E(x,y) dy 

2D 
V. = 2 3n(x,y) 

y + y 3y 
n p y=0 n(x,y) + n± 

D - D  
E. 

+ 
P n 

3n(x,y) dy 

3y n(x,y) + n. 
(3.67) 

From Eq. (3.67), we see that the potential drop across the 

intrinsic region arises from the two effects which have been mentioned 

above. The ohmic drop arising from current flow through the device is 

given by the first term on the right hand side of the equation, while 

the remaining term describes the potential drop due to the carrier 

gradient across the intrinsic region. The total drop across the 

intrinsic region as described by Eq. (3.67) is actually a function of 

the spatial variable x. Thus, the internal voltage drop at the top of 

the cell may be different than that at the bottom of the cell. This 

variation is a result of the carrier concentration gradient between the 

illuminated side and the dark side of the cell. This is often referred 

to as the transverse photo voltage, and it is a small effect on the 

order of millivolts. Hence, the x variation can be reasonably neglected. 



The terminal voltage of the pin solar cell can be calculated using the 

values obtained from Equations (3.67), (3.61) and (3.62) which yields 

V = V + V - V. (3.68) 
term p n l 

For the open circuit condition, a simplification can be made 

to Eq. (3.67). Since there is no ohmic drop for this case, only the 

distribution related term contributes to the lateral voltage drop so 

that 

D - D  b  

v = E 
ioc pn + yp 

8n(x,y) dy 
3y n(x,y) + n 

o (3.69) 

At this point, all the equations necessary for the determination of the 

current voltage characteristic have been derived. Although a closed 

form current-voltage equation cannot be written, iterations using the 

above expressions can generate a current voltage curve for the pin 

solar cell. 

With the aid of a computer, iterative calculations would proceed 

as follows. To begin, the boundary densities for open circuit condi

tions can be found from Equations (3.60) and (3.57). These densities 

specify the junction potentials as defined in Equations (3.61) and (3.62). 

The voltage drop across the intrinsic region can be calculated from Eq. 

(3.69), and the terminal open circuit voltage can be obtained from Eq. 

(3.68). This now gives the first point on the current voltage curve. 

To obtain the remaining curve, the following process is repeated: 
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1. Decrease the junction potential, V , by a specified increment 

and calculate V using the boundary condition (3.8). 

2. Calculate the p boundary condition U using the expression 

(3.57). The junction potential can be found for the p-i 

junction from (3.61). 

3. The voltage drop across the intrinsic region can now be 

found with (3.67). 

4. The above three potentials sum to the terminal voltage as 

described in (3.68). 

5. The terminal current can be calculated from Eq. (3.49). 

The above sequence arrives at another point on the curve. By 

repeating this process, the entire characteristic can be found for the 

pin solar cell. With the aid of the CDC 6400 computer located at The 

University of Arizona Computer Center, the above procedure was carried 

out to obtain current voltage curves for several pin solar cell con

figuration and illumination variations. Results from these computations 

are presented in Chapter 4. 



CHAPTER 4 

RESULTS 

A method of fabricating the pin solar energy converter has been 

described and details of the testing procedure were outlined in Chapter 

2. A model for the solar cell was derived in Chapter 3. The test 

results of the actual fabricated devices will now be presented and dis

cussed along with the expected results obtained from the computer solu

tion of the model. 

Experimental Results 

Two lots of the solar cell were processed, and each lot con

tained both the large groove cells and the small groove cells. Process

ing of the various cell types was identical except for the longer etch 

time required for the large groove devices. The starting material used 

in the fabrication of the solar cells was lightly doped p-type silicon 

of 20 to 40 ohm-cm resistivity. 

Completed devices were observed on a curve tracer, and the DC 

characteristic, I vs. V curve, served as an initial screening of the 

solar cells. In particular, devices which were shorted, displayed soft 

or leaky characteristics or exhibited low sensitivity to illumination 

by a microscope light were not further tested. Additional data was 

taken under solar illumination on a total of nineteen (19) small groove 

cells and nineteen (19) large cells from the two lots. Testing was 
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performed in accordance with the procedure described in Chapter 2. 

Example results from these tests are summarized below. 

Lot 1, Cell No. 4-E2 Large Grooves 

This cell was tested at its original thickness of 10 mil and 

after successive etch thinning of the wafer. Figures 4.1 and 4.2 show 

open circuit voltage (V ) and short circuit current (I ) dependence 
oc sc 

on wafer thickness for this particular cell. The dip in curves is 

attributed to surface effects resulting from a variation in surface con

ditions obtained in the etch thinning process. The etch process, which 

lacked the proper process control, produced these variable results, and 

not all wafers exhibit the same characteristics. Two extreme surface 

conditions could give rise to reduced output at the 7 mil thickness. 

First, a highly reflective surface would result in fewer optically gener

ated electron-hole pairs and a reduced output. The other extreme condi

tion would be a rough, highly damaged surface which is characterized by 

extremely high surface recombination velocities. Under this condition 

the electron-hole pairs would be lost to surface recombinations and again 

a reduced output would be experienced. Curves shown in Figures 4.1 and 

4.2 show that both V and I are significantly affected by the surface 
oc sc 

condition. Theoretical results presented in the next section show that 

variations in surface recombination velocity does not significantly 

affect Isc* Thus, the surface recombination explanation seems unlikely, 

and surface reflectance appears the probable cause of reduced output. 

V and I values are poor at best: efficiency for this cell is somewhat 
oc sc r 
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Fig. 4.2 I Versus Cell Thickness, Cell #4-E2 
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less than 2%. This low level of performance is representative of that 

obtained for all large groove cells. 

Lot 1, Cell No. 1-A2 Small Grooves 

O 
This cell was tested before thinning with an 800 A thermally 

grown silicon dioxide coating over the illuminated surface. An open 

circuit voltage of 240 mv and a short circuit current of 63 ya were 

obtained for this case. Figures 4.3 and 4.4 show the V and I 
° oc sc 

variations with wafer thickness for both the coated and bare silicon 

surfaces. The steady increase in Vqc and I with decreasing cell thick

ness is expected. The carrier generation, as described by Eq. (3.2), is 

greatest at the illuminated surface. Thus, one would expect the cell 

output to increase as this surface is brought closer to the collecting 

junctions. The best voltage current characteristics was obtained for a 

wafer thickness of 3.0 mil, and the V-I curve for this case is shown in 

Fig. 4.5. This curve shows a V of 444 mv and a I of 0.99 ma. The 
oc sc 

curve fill factor, CFF, for this curve was found to be 0.51, and the 

maximum power output was 0.22 mw. Taking the cell area into account, 

this corresponds to a maximum power output yield of 7.42%. This was the 

highest cell efficiency obtained for any of the cells. 

Lot 2, Cell No. 2-B2 Small Grooves 

The V and I variations with wafer thickness were found to be 
oc sc 

somewhat erratic for this cell, and the observed values are listed in 

Table 4.1 for both coated and bare silicon wafer surfaces. The erratic 

behavior is again attributed to surface effects resulting from the etch 
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Table 4.1 V and I Variation with Thickness 
oc sc 

Thickness Voc(mv) Isc(ma) Surface 

10.0 390 .390 Bare Si 

8.0 360 .078 Bare Si 

5.5 350 .390 Bare Si 

4.5 430 .660 Bare Si 

4.5 390 .870 Coated 

3.0 430 .760 Coated 
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thinning process. The optimum V-I characteristic was found for a wafer 

thickness of 3 mils, and this curve is shown in Fig. 4.6. The output 

-2 
power density for the cell was found to be 4.67 mw cm , whereas the 

solar input to the cell for the day and time it was tested was estimated 

-2  
to be 86.72 mw cm . This yields a cell efficiency of 5.38%. 

Discussion of Test Results 

The performance of the solar cells fabricated as described in 

Chapter 2 has exhibited several shortcomings. The most detrimental of 

these is the low curve fill factor which was 0.51 for the best cell 

tested. This degradation agrees with findings which were published sub

sequent to the fabrication period of this investigation. Fischer and 

Gereth [1971] have found that sintered aluminum contacts degrade the 

curve fill factor typically to a value of approximately 0.4. They also 

show that an alternative metallization system, namely titanium-silver, 

produces contacts which raise the CFF to a value of 0.7. While Fischer 

and Gereth do not postulate the physical cause of the aluminum contact 

degradation, a mechanism of silicon dissolution into aluminum at sinter

ing temperatures in excess of 450°C has been reported [McCarthy, 1970], 

This silicon dissolution occurs in localized areas and results in deep 

pits which can extend in excess of 1 ym into the silicon. This reaction 

is particularly evident in shallow junction devices, such as this solar 

cell, and results in localized junction shorts. 

If a non-dissolution type contact was employed on the solar cell 

and the CFF could be increased to 0.7, then the efficiency of the best 

cell (Cell No. 1-A2) would be raised to about 10%. The V-I curves 
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presented by Fischer and Gereth also show that the sintered aluminum 

contacts reduce the maximum open circuit voltage as well as the CFF. 

If the percentage degradation in VQC by aluminum contacts compared to 

the Ti-Ag contacts is removed, then the 10% efficiency level cited 

above would be raised to 12.5%. Hence, by employing the proper contact 

material, the small groove, 3 mil thick, pin solar cell should be cap

able of achieving this 12.5% level of efficiency. 

The performance of the large groove cells was found to be 

significantly poorer than that of the small groove cells. This is 

attributed in part to the fact that the optically generated electron-

hole pairs have a greater distance to diffuse before being collected, 

so that more carriers are lost to recombination. However, as will be 

shown in the next section, the greater separation of the collecting 

junctions does not account for the greatly reduced output of the large 

groove cells. Consider, however, the effect of aluminum into the 

silicon junction which can cause junction shorting. The large groove 

cells are composed of ten (10) grooves, each 4.5 mils deep, separating 

nine (9) active generation regions. Compare this to the small groove 

cells formed by twenty-four (24) grooves of 1.5 mil depth separating 

twenty-three (23) active generation regions. The large groove cells 

have a larger aluminum-silicon contact area, larger than the small 

groove cells by a factor of 1.25. One can then expect a proportionately 

higher number of junction shorts. For such a short on the large struc

ture which degrades a single generation region, 11.1% of the entire 



cell is affected by this degradation. In contrast, for each generation 

region which is degraded on the small structure, only 4.35% of the cell 

is affected. As the large groove cells have a larger contact area than 

the small groove cells, the large grooved structures are also more 

susceptible to junction shorting or degradation. More importantly, 

because of the fewer number of generation regions in the large struc

ture, each such junction degradation has a more pronounced overall 

effect on the entire cell performance. Since the fabrication phase of 

this study had been completed before the appearance of the Fischer and 

Gereth paper which alluded to the silicon dissolution mechanism, experi

ments could not be performed to verify the dissolution effects, but the 

large groove cell degradation due to these effects is highly probable. 

Analytical Results 

An analytical model which describes the pin solar energy con

verter was derived in Chapter 3. In addition to the stated assumptions, 

several implicit assumptions should be noted. Specifically, the model 

does not account for reflections from the front surface. The density 

of generated carriers obtained in the analysis should therefore be 

larger than the density established in the actual cell. The vertical 

junction geometry used in the analysis results in a larger volume of 

active generation region which makes the number of generated carriers 

larger in the theoretical analysis than in the actual cell. Both of the 

above assumptions tend to increase the cell output. Thus, the results 

of the analysis tend toward an upper bound on tha cell performance. 



59 

Also presented with the derivation of the model was an iterative 

scheme to generate the current-voltage characteristic of the diode. 

This iterative approach begins by imposing open circuit conditions to 

obtain the first point on the curve, and succeeding iterations calculate 

points on the curve until a negative voltage results which indicates a 

reverse biased diode. As the reverse characteristic of the diode is 

extremely flat, a terminal voltage within several millivolts of true 

short circuit conditions yields an accurate short- circuit current. 

Similarly, if one chooses a sufficiently low boundary carrier density, 

indicative of a reverse biased junction, a single pass through the 

density and voltage calculations lead directly to the short circuit 

current. Thus, by imposing the open circuit conditions and assuming 

a low boundary density, the extreme points of the I-V characteristic 

can be found with only two sets of calculations. This method of compu

tation had to be employed to characterize the effect of several parame

ters of the pin solar cell because the complete program execution time 

was rather long and only a limited amount of computer time was avail

able. By obtaining the open circuit and short circuit parameters, the 

output power of the cell can be inferred if a constant curve fill 

factor is assumed for all parameter variations. 

Previous mention was made that as the groove spacing is 

increased, more of the optically generated carriers in the i region are 

lost to recombination. The effect was studied by observing the open 

circuit voltage and short circuit current as a function of L*/B, the 

ambipolar diffusion length to groove spacing ratio. The results are 
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shown in Figures 4.7 and 4.8. This evaluation was carried out by hold

ing the surface recombination velocity and spectral input constant. 

A 200 cm/sec recombination velocity was assumed for the illuminated 

surface and 500 cm/sec on the dark surface. The spectral input was 

adjusted to be representative of solar illumination at the earth's sur

face by weighting the solar spectrum with the optical depth data given 

by Shaw [1971], and also Shaw, Reagan, and Herman [1973], which yielded 

2 
105 mw/cm . The small arrows appearing on Figures 4.7 and 4.8 indicate 

a diffusion length of 0.04 cm which is typical for the fabricated pin 

solar cell. Figure 4.7 shows that the open circuit voltage for the large 

groove cell is greater than the small groove structure. This is due to a 

larger carrier concentration generated in the correspondingly larger 

intrinsic region. The existence of this larger electron-hole pair con

centration in the intrinsic region of the larger structure also gives 

rise to a correspondingly larger short circuit current density. However, 

the total short circuit current is less for the large groove cells 

because the total collection length, i.e., metal contact length, is less 

for the large nine region cell. 

Figure 4.8 clearly shows the effect of diffusion length on the 

short circuit current. The flattening of the curves at the larger L*/B 

ratios is indicative of the fewer number of carriers which are lost to 

bulk recombination. As the diffusion length is defined as the average 

distance a carrier diffuses before it is lost to recombination, the flat 

portion of the curve is expected to occur for diffusion lengths several 

times greater than the groove spacing. The computer data displayed in 

Fig. 4.8 shows this indeed to be the case. Both figures show that for 
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L*/B ratios larger than three, no significant increases in Vqc or I 

is obtained. Thus, a design rule for this solar cell is that groove 

spacing should be maintained at one third of the ambipolar diffusion 

length or less. 

The presence of surface recombination causes the optically 

generated carrier concentrations to be reduced at the surfaces. The 

pin solar cell analysis program was written to accept surface recombina

tion velocity as an input parameter for both the illuminated and dark 

surfaces of the device. Since there are an infinite combination of front 

and backside recombination velocities, this study was limited to several 

typical values to evaluate the effect of these parameters on device 

performance. The backside surface recombination velocity was chosen to 

be higher than that on the illuminated side as all device processing is 

carried out on the dark side. Table 4.2 presents the combinations of 

surface recombination velocities that were considered. The correspond

ing open circuit voltage and short circuit currents obtained for a pin 

cell of 3 mil thickness and 3 mil groove spacing with a .04 cm diffusion 

length are also given in this table. 

Results of this evaluation show that the short circuit current 

is not significantly affected by the variations, but the open circuit 

voltage is significantly influenced by surface recombination. Examina

tion of the distribution function described by Equations (3.34), (3.35) 

and (3.36), shows the carrier distributions to be related to surface 

recombination in a rather complex manner. Referring to the equations 

used to obtain the junction potentials, (3.61) and (3.62), we see that 
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Table 4.2 V and I Variations with Surface Recombination 
oc sc 

Parameter Variation V I 
oc sc 

S = 0 
o 

S = 0 
a 

S = 20 
o 

S = 50 
a 

S = 200 
o 

S = 500 
a 

. 62  .88  

.59 .89 

.52 ,84 
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the boundary densities determine these values. The boundary densi

ties, which are equal for the open circuit case, are given by 

expression (3.60). The boundary densities, Uq and Vq, are determined 

by the boundary related terms AQ, A^, BQ, , Cq and . Additional 

output from the computer evaluation gives the values of these terms. 

Using these numerical values in Eq. (3.60), one finds that the numera

tor of Eq. (3.60) is relatively insensitive to surface recombination 

variations, but the resulting variations in the denominator are 

responsible for the variations in the boundary densities. 

Chapter 3 presented a derivation for the voltage drop across 

the intrinsic region of the pin solar cell, and the result was given 

in expression (3.67). As was pointed out there, the lateral voltage 

drop is a function of the spatial coordinate x, the depth into the 

cell. This variation was cited to be small. The 3 mil thick cell with 

3 mil groove spacing was analyzed to verify the magnitude of this x 

dependence on the lateral voltage. The points chosen for this evalua

tion were x = 0.1 and 0.9 of the cell thickness. Table 4.3 gives the 

calculated values of the intrinsic voltage drop, V^, at these points 

under short circuit conditions. 

Table 4.3 Lateral Voltage Drop as a Function of Depth 

Depth into Cell (mil) V-j^ (volts) 

.3 

2.7 

.1313 

.1259 
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As the difference between these points is less than 6 mv, the 

assumption that this transverse (vertical) voltage is negligible is 

indeed justified. Examination of computer output shows that the resis

tive component of the potential drop decreases with depth into the cell 

while the distribution component increases with the depth into the cell. 

Since the sum of these individual contributions decreases toward the dark 

side, the resistive contributions is seen to dominate. Referring to Eq. 

(3.67), the first term on the right hand side is the resistive component. 

The form of the generation term, expression 3.2, indicates that the car

rier density n(x,y) decreases with depth into the cell. Thus, the total 

current flow is expected to decrease and the resistivity is expected to 

increase as a function of depth. The total current flow is represented by 

the term 

3n 

9y y-0 

and the resistivity is proportional to the integral term. Of these two 

opposing tendencies the decrease in current flow is the influence factor 

which results in an overall decrease in the resistive component of the 

lateral voltage of the cell. 

Now let's focus attention on the second term on the right hand 

side of (3.67), the distribution term of the lateral voltage drop. As 

explained above, n(x,y) decreases as a function of depth so that the term 

l/[n(x,y) + n±] 

will cause the distribution tern to increase with depth. The density 
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of generated carriers is expressed as an expansion of sine functions in 

the y dimension. Thus, the term 8n/3y within the integral takes on both 

positive and negative values over the range of integration. The net 

result is that the integral of the product of the partial derivative and 

the reciprocal of the density yields an increasing potential as a function 

of depth into the cell. 

All of the computer analysis to this point has been directed at 

obtaining insight to the effect of material parameters using the open 

circuit voltage and short circuit current to evaluate the results. These 

device terminal parameters are related to the maximum output power, Pmax> 

of the solar cell by the expression 

P = CFF • I -V (4.1) 
max sc oc 

where CFF is the curve fill factor. The CFF can be inferred from a plot 

of the I-V characteristics of the pin solar cell The iterative scheme 

developed in Chapter 3 was employed to obtain these curves which are 

shown in Fig. 4.9. The three curves shown represent the characteristics 

of the pin cell under illumination conditions at the earth's surface, 

above the atmosphere, and above the atmosphere under the influence of 

solar concentrators to effectively double the solar input to the cell. 

For the case of illumination at the earth's surface, the solar spectral 

distribution was modified by the atmospheric effects as described by the 

optical depth data referred to in Chapter 2 under testing. Device 

material parameters used for these runs were Sq = 200 cm/sec, = 500 

cm/sec, cell thickness = 3 mil, groove spacing = 4 mils and diffusion 
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length = .04 cm. The small arrows on the curves of Fig. 4.9 indicate the 

maximum power point, P . The results of this evaluation are summarized 
max 

in Table 4.4. 

The maximum power point, P , curve fill factor, CFF, and the 
v max 

efficiency were calculated from the curve and were not direct output 

of the computer analysis. The CFF obtained from all three curves is in 

the range of .67 to .70 which is very close to the expected results as 

indicated by Fischer and Gereth [1971]. 

The conversion efficiency shows an interesting tendency. At 

increasing illumination levels, the overall conversion efficiency 

increases. Recall from Chapter 3 that the influence of the solar spec

trum is reflected only in the A function in the carrier density expres

sion 3.30 and 3.34. A doubling of the solar photon spectral output 

results in a doubling of the A function. This is also reflected in a 

doubling in the short circuit current as can be seen in Table 4.4 for 

the topside and topside X2 results. From (3.57) and (3.60) one can see 

that the boundary densities also reflect this doubling. However, the 

resulting junction potentials are related to the natural log of these 

densities so a lesser increase results. Examination of the expression 

for the lateral voltage drop across the intrinsic region, (3.67), 

indicates that for a doubling of the carrier concentration n(x,y) and 

a corresponding doubling of the current, which is proportional to 

8n 

8y y-o , 

no increase in the resistive component of the lateral drop is to be 



Table 4.4 Summary of I-V Curve Analysis 
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Earth Topside Topside X2 

V (volt) 
oc 

.5156 .5275 .5634 

1 (ma) 
sc 

P (mw) 
max 

1.0746 

.3730 

1.3497 

.4850 

2.6994 

1.0500 

CFF .6740 .6820 .6920 

% Efficiency 11.7200 11.8200 12.8500 



expected. Similarly a doubling of n(x,y) results in a doubling of 

3n/3y. Hence, the net effect of the doubling is not expected to show 

any change in the distribution term. The above statements only apply 

for n(x,y) large compared to the intrinsic concentration n^. Computer 

output verifies that v , under short circuit conditions, does not change 

significantly between the topside and topside X2 illumination cases. 

The terminal voltage for the pin solar cell which is the sum of the 

junction potentials minus the drop across the intrinsic region directly 

reflects the individual junction potential increases. The internal 

voltage drop essentially remains constant for varying illumination con

ditions. Thus, the increase in conversion efficiency is a result of the 

increase in boundary densities which are reflected by an increase in 

junction potentials. 



CHAPTER 5 

CONCLUSIONS 

This work has presented a description of the experimental realiza 

tion and theoretical analysis of a new type of solar cell. A method for 

the fabrication of this silicon device was discussed, and a mathematical 

model for the device has been derived. Results obtained for the fabri

cated devices, including a discussion of the problems encountered in the 

fabrication, were discussed. Computer solutions of the model were pre

sented which revealed the effects of material parameter variations and 

device design modifications on the overall performance of the pin solar 

energy converter. 

The results obtained for the fabricated pin solar cell, which 

yielded a maximum conversion efficiency of 7.3% at the earth's surface, 

were not encouraging. However, it appears that this conversion effici

ency could be raised to over 12% with the development of an improved 

metal contacting scheme. This conclusion is supported by theoretical 

analysis of the cell which indicated that a conversion efficiency of 

11.7% should be possible at the earth's surface. This efficiency rises 

slightly to 11.8% above the earth's atmosphere. Another rise in conver

sion efficiency to 12.8% can be obtained, according to computer solutions 

by use of reflectors or lenses to double the solar input to the cell. 

Commercially available solar cells which are presently being used 

on communication satellites typically have a conversion efficiency of 
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10.5% [Stofel, 1974]. Due to recent advances in the standard vertical 

collection cells, future satellite solar panels will be assembled using 

12% efficient cells. Meanwhile, research and development efforts are 

producing cells in the 13-14% range; however, difficulties have been 

encountered in the production of large quantities of this class of cell. 

Experimental results described here as well as the theoretical 

analysis indicates that the pin cell of three mil thickness and four 

mil groove spacing will convert approximately 12% of the solar input 

power to electrical power. The dimensions for this cell were dictated 

by existing processing limitations, and therefore cannot be considered 

an optimum design configuration. One can conclude that the best cell 

described here compares favorably with present day solar cells. The 

fact that this cell is not of optimum design implies that conversion 

efficiencies above 12% can be achieved with an optimized pin structure. 

To advantageously use the enhanced conversion efficiency, solar 

concentrators must be implemented to increase the illumination level 

for an energy conversion system. This method is, of course, impractica

ble for satellite or space application because of weight and volume 

limitations. However, for application on the earth's surface, where the 

use of solar concentrators is not restricted, it appears that the pin 

cell may offer an advantage because of the illumination level depend

ency of conversion efficiency. It should be noted that the analysis 

performed here did not consider the effects of cell temperature under 

the increased illumination level. 
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Future investigation of the pin solar energy converter should 

be directed toward the following theoretical and fabrication con

siderations : 

1. Implement an appropriate metallization system to obtain a 

maximum curve fill factor. 

2. Investigate and optimize antireflection coatings for the cell. 

3. Develop processing steps which simplify device fabrication. 

Also, develop a method to fill the grooves to increase the 

mechanical strength of the cell. 

4. Investigate the effects of a lightly doped region as an 

alternative to the intrinsic region to reduce the ohmic drop 

within the device, and optimize the cell with respect to 

resistivity, thickness and groove spacing. 

5. Investigate the spatial dependence^of the boundary densities, 

U and V, i.e., these quantities were assumed constant for the 

analysis performed here. 

6. Account for the sloping grooves, i.e., extend the analysis to 

a trapezoidal structure which is more representative of the 

actual cell. 

The suggested fabrication improvements, 1 through 3, can be 

carried out independent of the remaining theoretical considerations. Of 

these fabrication improvements, only No. 3 is unique to this new struc

ture cell, whereas the other two are already in common use in the solar 

cell industry. Suggestion No. 4 may be approached using the analytical 
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methods described in this paper, while the last two considerations would 

involve changing the boundary conditions used in deriving the electron-

hole carrier distribution. The device analysis can still be used for 

the new carrier distribution. 
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