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ABSTRACT 

A more detailed model of the "vertical" junction 

effect was generated which investigates both the increase 

in light generated current due to enhanced collection at 

.the grain boundary and the increase in dark. current due 

to the increased junction area. Results show that there 

is an overall increase in the cell's maximum power; how

ever, the increase in power is negligible for grain widths 

exceeding a few tenths of a millimeter. Solar cells were 

fabricated on a longitudinal section of cast polysilicon 

which was analyzed crystallographically by means of x-ray 

diffraction patterns. Special crystallographic orienta

tion relationships are identified for the relative orien

tations of adjacent grains and for the alignment of their 

boundary interfaces'.along certain planar segments. The 

dark I-V characteristics of the polysilicon cells were 

dominated by recombination within the space-charge region. 

Scanning photoresponse pa·t terns are matched wi l:.h the 

microstructural information to show, in the absence of 

any detectable impurity effects, that an insignificant 

or reduced photoresponse measurement is associated with 

certain boundaries depending on their structural charac

ter. The special orientations of grains are indicated 

on the basis of a model example to be derived from single 

or multiple twinning relationships on {111} systems. 
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DESCRIPTION OF PROJECT 

This study is designed to increase the understanding 

of the mechanisms in thin film polycrystalline silicon 

solar cells that. limit the photovoltaic conversion effi

ciency under solar illumination conditions. Theoretical 

models will be generated to relate the photovoltaic conver

sion efficiency to the chemical, physical, and electrical 

characteristics of polycrystalline thin film solar cells; 

and measurement techniques will be developed to test and 

update the proposed models. Finally, theoretical and ex

perimental investigations o·f grain boundary effects will 

be conducted. 
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I. INTRODUCTION 

Considerable progress has been made during the past 

year in investigating the effects of grains and grain 

boundaries on the photovoltaic response and the task of 

characterizing the loss mechanisms in polysilicon solar 

cells. This report concentrates specifically on the 

relationship between the structural characteristics of 

the polysilicon material and the electrical characteristics 

of solar cells fabricated on the polysilicon material. 

In order to investigate the specific effect of individual 

grains and grain boundaries on· the photovoltaic properties 

of the cell, the crystallographic orientation relation

ships of several grains and the positions of their boundary 

interfaces within the microstructure of a cast polysilicon 

section were determined and then matched with scanning 

photoresponse measurements obtained for cells.fabricated 

~ithin these same regions of .the polysilicon sectiori. 

Section II summarizes the theoretical modeling work 

done on the "vertical" junction effect. "" Section III 

details the development of measurement techniques and the 

structural and electrical measurements made on the cast 

polysilicon section. Finally, Section IV summarizes the 

results of the past year and the major effects which 

limit efficiency in polysilicon solar cells. 
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II. THEORETICAL MODELING 

The "vertical" junctiori effect in polysilicon solar 

cells is being investigated using a two-dimensional model . 

. "Vertical" junctions, due to the diffusion of dopant 

along grain boundaries, show an increased photoresponse 

as compared to adjacent grains. Previous analysis of 

this effect examined only the increase in short-circuit 

current as a function of grain radi.us (cylindrical grain 

1 model) . This analysis investigates the increase in both 

the light and dark generated current as a function of 

grain size due to the "vertical" junction. The.results 

are used to estimate the change in the output power of 

the cell as a function of wavelength and grain size. 

The model shmvn in Figure lA can be divided into 

two basic regions: one where the generated carriers are 

collected by the surface planar junction and the other 

where carriers are collected by the vertical junction 

along the grain boundary. These two regions can further 

be· subdivided into five sub-regions for the convenience 

of analysis as shown in Figure lB. Sub-regions I, II, 

and III generate carriers which are collected by the 

vertical junction and sub-regions IV and V generate carriers 

which are collected by the surface junction. The grain 

width is W and the vertical penetration depth of the 

junci:ion is Y3 . 
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Figure lA. Vertical Junctions Along Grain Boundaries 
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Figure lB. Subdivision of Grain for Analysis 
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The contribution of each sub-region to the overall 

short-circuit current can be calculated with the follow-

ing expression: 

(1) 

where 

( 2) 

6I(i) = (z)ff g(.a.;y)e-x/L dxdy 
L 

-a.y g(a.,y) = $a.e = carrier generation rate 

a. = absorption coefficient 

$ = incident photon flux (.photons/area/time) 

L = minority carrier diffusion length 

e-x/L = fraction of carriers collected at junction 

In general, x is written in terms of y and YJ depending on 

the particular sub-region (Figure lB) when performing the 

integration for I . The total short-circuit current is . . sc 

given by the sum of the contributions from the five sub-

regions: 

5 ( i) 
(3) IL = E 6I 

. 1 L 
~= 

The fractional increase in short-circuit current over a 

planar. junction is: 

(_ 4) = 
5 
l: I (i) 

. 1 L 
~= 
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where IP is the short-circuit current from a planar junction 
L 

(i.e. no vertical junction). 

Because of the junction penetration along the grain 

boundary into the bulk, there is additional collection of 

thermally generated carriers (saturation current). The 

thermal generation rate, G, is a function of temperature 

and the silicon energy gap. The contribution of each 

sub-region to the' overall saturation current can be cal-

culated using equation (1) with the substitu.tion of G for 

g(a,y). The total saturation current is then found from 

the sum of the contributions from the five sub-regions: 

(5) I s 

5 
= L: 
i=l 

The fractional increase in saturation current over a planar 

junction is: 

C6) 
5 (i) 

= ~ I 
i = 1 s 

p 

- I s 

where IP is the saturation current from a planar junction s 

CL e. no vertical junction). 

Using a minority carrier diffusion·length of 50 ~m, 

Figure 2 shows a plot of 6I/I versus grain width, w, for 

boundary junction penetration depths of YJ = 10 ~m (figu~e 2A) 
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Figure 2A Figure 2B 
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Figure 2. FRACTIONAL INCREASE IN LIGHT AND DARK CURRENT VERSUS GRAIN SIZE 
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and YJ = SO~m(Figure 2B) where 6IL/IL is 

A = 800 nm and 1100 nm (solid lines) and 

calculated for 
p 

6I /I is denoted s s 

by dashed lines. For Y = 10 ~rn, the fractional increase 
J 

in saturation current exceeds the fractional increase in 

light current for all wavelengths, and the fractional increase 

in both the light and dark generated current is less than 

1 percent for grain widths exceeding 0.7 mm. For YJ = 
p p 

50 ~m,6IL/IL exceeds 6I /I only at a wavelength of 1100 nm, . s s 

however, both increases are less than 1 percent for grain 

widths exceeding 6 mm. Thus, even for large junction pene-

tra tion depths (50 ~m) the fractional increase in saturation 

current, which decreases V , is generally greater than 
oc 

the fractionai increase in light generated current, which 

increases cell efficiency. The overall effect on the cells' 

maximum power is calculated below. 

The increase in short-circuit curren~, which increases 

the efficiency, is accompanied by an increase in the satura-

tion current which lowerc the open-circuit voltag~ and 

decreases the efficiency. The overall fractional change 

in maximum power due to both effects can be calculated as 

follows: 

(7) p~·1 = (F.F.) (IL) (Voc) 

(8) V
0

c (mV) ~ 25.9 In (IL/IS) at T = 25°C 
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The increase in power is: 

( 9) PH + 6P = (F.F.) (25.9) (IL + .6IL). ln lli +6~ + 6I s 

Solving the above equations for the fractional increase in 

maximum power yields: 

The fractional change in maximum power is a function of W, 

YJ, a., L and V oc 

Using equation (10), there will be a fractional increase 

in maximum power (6P/PM > 0) if: 

( 11) 

The ratio (V /25.9) oc 

> -ln 

is relatively insensitive to V oc 

for V in the range of .500 - 600 mV so a value of V /25.9 = oc oc 

22 was used for evaluation (corresponding to V = 570 mV). oc 

Since equation {11) is transcendental, a set of 

solutions is found by plotting both the left hand side 

and the right hand side of equation (11) versus 6IL/IL 

for various values of 6I /I . Such a graph is shown in 
s s 
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Figure 3 where the L.H.S. of eq. (11), which depends only 

on 6IL/IL' is denoted by a dashed line arid the R.H.S. of 

eq. (11), which depends on both 6IL/IL and 6Is/Is' is 

denoted by solid lines. Thus, 6P/PM ~ 0 for all p~ints 

lying on the dashed line which are greater thari points 

on the solid linesw Figure 3 shows only the relationship 

between 6Is/Is' 6IL/IL and 6P/PM and does not explicitly 

contain any information about grain size, .W, or vertical 

junction penetration depth, YJ. For example, using Figure 

3, if 6Is/Is ~ 0.5 (upper right hand corner of Figure 3), 

then 6P/PM ~ 0 for all values of 6IL/IL > 0.018. Thus, 

even a large fractional increase in the dark current is 

offset by a small increase in the light generated current. 

The fractional increase in maximum power summed over 

the N10 spectrum was calculated by partitioning the solar 

spectrum (Thekaekara) into eight components, calculating 

6IL/IL for each component and summing, then using equation 

(10). This calculation was done tor two cases using L ~ 

50 ~m: (1). YJ =·10 ~m, W ~ 0.1 mm and (2) YJ =50 ~m, v7 = 

0.1 mm. The results are summarized in Table l. 

9 
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Table 1 

Fractional Increase in Light Current, Dark Current 
and Maximum Power for AMO Illumination (L = 50 ~m, W = 0.1 mm) 

' 

YJ (~m). ~Is/Is 
6IL/IL 

~P/PM (TOTAL) 
. 

10 .069 .018 .016 

50 .45 .098 .084 

For the two cases shown in Table 1, which are for small 

grain sizes, there is a noticeable fractional increase in 

maximum power only for YJ = 50 ~m. As the grain size increases 

by an order of magnitude (i.e. 1 iron) the fractional increase 

in power will decrease by almost an order of magnitude 

making it much less than 1 percent. The fractional increase 

in maximum power is greater than zero for all cases con-

sidered; however, it is negligible for grain sizes exceeding 

a few tenths of a millimeter. ·Hence, the "vertical" junction 

effect is most beneficial for small grain size material. 

11 



III. MEASUREMENTS 

A. Development of Measurement Techniques 

Deep Level Transient Spectroscopy 
(H. C. Lin and C. D. Wang) 

The calibration of the DLTS system has been completed 

by measuring the thermal emission rate of the midgap in a 

gold doped p+n diode. The data indicates good agreement 

with the value published by NBS. 

Conventional DLTS techniques employ (a) a lock-in 

amplifier or (b} the double-bo~car method .. The original 

measurement effort utilized the lock-in amplifier tech-

nique. However, choosing the phase between the capacitance 

transient signal and the reference signal is very critical 

with this method. In order ·to remove this difficulty, a 

CMOS switch was used to suppress all but the exponential 

part of the transient signal so that it was more suitable 

for analyzing. After studying the mechanism of the ~ock-

in amplifier in detail, another method was developed to 

filter out the noi~e and to improve the signal-to-noise 

ratio of the detected thermal recovery signal of the june-

tion capacitance after pulsing, i.e., the exponential signal. 

The measurement of trap levels as a function of dis-

tance from a grain boundary using DLTS is planned. The 

method will utilize a point contact Schottky diode which 

is moved along the surface of the grain towards the grain 

12 



boundary to measure the capacitance transient effect. 

However, when such a small point contact is used, th~ 

signal is small and the signal-to-noise ratio suffers. 

Therefore, the. signal from. the capacitance meter will 

first be correlated to improve the signal-to-noise.ratio 

so that the signal can be more accurately measured. 

Optical' Scanning system 

The fine l~ght spot .scanning system is fully opera

tional. The circuitry needed to interface the scanning 

tables and measurement apparatus with a PDP 11/03 micro

computer is completed and the software needed to control 

the tables, acquire and output the data to the x-y recorder 

was developed and implemented. Figure 4 shows a schematic 

of the system with all the components identified. 

Monochromatic light incident on the vertical illumina

tor of the microscope is focused onto the solar cell which 

is mounted on a brass block fixed to the precision x-y 

positioning tables. The short-circuit current is measured 

with a picoammeter, The microscope and positioning tables 

are mounted inside a light-prpof box. 

The optical scanning of the solar cell is controlled 

via the microcomputer. The microcomputer digitally steps 

the x-y tables (the size of the scanned area, x and y step 

13 
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sizes, and starting location are inputs to the program), 

reads the short-circuit current at each position (A/D 

conversion), and outputs I versus position to the·x-y sc 

recorder (D/A conversion) . Currently the spot size has 

a 60 ~m diameter and work is being done to reduce it ~o 

5 ~m. Additionally, software is being developed to allow 

an on-line analysis of the spatial dependence of I at sc 

different wavelengths. Optical scanning results are pre-

sented in the following sections. 

B. Structural Studies 
(R. W. Armstrong) 

In order to investigate the specific effect of individual 

grains and grain boundaries on the photovoltaic properties 

of a polysilicon solar cell, it was planned to determine 

the crystallographic orientation relationships of several 

grains and the positions of their boundary interfaces within 

the microstructure of a section of a cast polysilicon ingot 

and, then, to match this crystallographic information with 

electrical measurements (specifically scanning photoresponse 

patterns) obtained for cells fabricated from different 

regions selected within the known microstructure of the 

se~tioned ingot3 A longitudinal slice cut vertically 

through the cast polysilicon ingot which was chosen is 

shown in Figure 5 together with a sketch of the particular 

grains to be studied. Previously reported structural charac-

1 terization of grains 1 and 2 will be repeated for completeness 

15 



Figure 5. Optical Micrograph and Sketch of the Microstructure 
Within a Longitudinal Section of a Polysilicon 
Casting 

Hi 



In the longitudinal section in Figure 5, a main 

portion of the area is shown to be taken-up by a single 

grain. This large grain is designated as grain 1 in the 

sketch. Grain 1 has enveloped completely a second grain, 

designated as grairi 2, which originated at the base of 

the ingot. The envelopment of grain 2 by grain 1 was con-

firmed by s.erial sectioning of the casting. 

The boundary between grains 1 and 2 is indicated to 

have a planar morphology at two positions along its length 

corresponding to the linear traces which are observed at 

the upper left side and at the right sloping top of the 

mutual interface between the grains. Grains 3 ~nd 5 are 

also marked in·Figure 5. Near to the top of the casting, 

the roughly vertical boundary between grains 1 and 3 was 

observed to take on a wavy appearance. This type of. 

boundary morphology. has been categorized as a "sinuous" 

4 boundary because of its pronounced meandering nature . 

Such boundaries are found to be particularly susceptible 

to localized chemical attack, say, by NaOH etching. 

"Sinuous" boundaries have exhibited an enhanced photo-

1 5 response due to dopant penetration into the boundary ' . 

As indicated in the sketch in Figure 5, lamellar twins 

on {111} systems were observed to be present in each of 

the grains .chosen to be studied. 

17 



The orientations of individual grains were determined 

first by x-ray diffraction employing Laue back-reflection 

photographs. By comparison.of their orientations, the grains 

were found to exhibit special orientation relationships. 

The relative orientations of grains 1 and 2 are shown super-

posed in a stereographic projection in Figure 6. The final 

solidification direction of the casting is the top most 

direction along the vertical diameter of the basic circle 

in the Figure. 

Grains 1 and 2 are.shown in the second quadrant of 

Figure 6 to have a common <101> which is indicated as the 

[101]
1 

for grain 1 by its subscript and by the particular 

[l0l] 2 indices chosen for grain 2. Other particular direc

tions, each marked with its respective subscript for either 

grain 1 or 2 are shown in the stereographic projection. The 

misorientation of grains 1 and 2 is accounted for in Figure 

0 6 by a rotation of approximately 35 around the common <101>, 

say, between [OlOJ 1 ahd [001] 2 , awl this very nearly pro

duces a coincidence between the [111]
1 

and (110] 2 in the 

mutual {101} traced by the coincident arcs of great circles 

containing these four directions. 

The relative orientations of grains 1 and 3 are shown 

in a stereographic projection in Figure 7. These grains 

have a nearly coincident <112> rotation axis with the 

18 
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Figure 6. Orientations of Grains 1 and 2 in Cast Silicon 
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Figure 7. Orientation Relationship for Grains 1 and 3 of goo 
Rotation About Nearly Common <112> Axes 
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[ll2 ]1 shown to be at about the same position as the [ll2] 3 . 

A rotation of approximately 90° about the common <112> would 

bring the two crys~al orientations into register, say, by 

matching the [001] 1 and [001]
3 

as well as by matching the 

[OlO ]3 and [100 ]1 . 

Figure 8 shows the relative orientations of grains 3 

and 5. In this case, though the grain appearances in Figure 

5 give no obvious indication of any special relationship 

between themselves through the geometry of their interface 

morphology, they are found crystallographically to be in a 

twin orientation relationship~ This follows because the 

[111] 3 is coincident with the [111]
5 

and the grain orienta

tions are related by a 180° rotation about the coincident 

[111]. The twin relationship is able to be described equally 

well in Figure 8 by a rotation of 70.5° about the coincident 

[lOl] for both subgrains which is shown very near to the 

center of the stereographic projection. 

The observation of special orientation relationships 

between the three pairs of grains which have been described, 

including the {.111} twinning relationship between grains 3 

and 5, is in agreement with previous pioneering results 

reported for the_special orientations of grains as a 

21 



Figure 8. (111) Twin Orientation Relationship of Gtains 3 and 5 
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nnrmal occurrence within the cast microstructure of 

. . 6 german1um 1ngots When vertically solidified, the 

orientations of grains within germanium ingots were found 

to be related through multiple stages of twinning as if 

the grain structure came from a single nuQleus. Previous 

results were reported some time ago, also, for the now 

well-known occurrence of only {111} twinning being pro-

duced in silicon across the easily recognized coherent 

interfaces of twin boundaries 7 . 

In Figure 9 is shown a model of the orientation 

relationship measured in the c~rrent investigation between 

grains 1 and 2. The results in the Figure are obtained 

if both grains are in a {111} twin geometry relative to 

a third grain, thus giving what is termed a second order 

twinning relationship~ The relative ·twinning geometry 

is indicated in the inset diagram. The original (third 

grain) crystal orientation was chosen as a [111] standard 

projectiori which is represented by ~ small black triangle 

at the center of the projection encircled by three addi-

tional small black triangles representing the three re-

maining <111> syrrunetrically placed about the central one. 

The twinning operation for the orientation of grain 1 is 

represented by the large black triangles, and other accom-

panying black syrrunetry figures for <100> and <110>, all 

rotated 180° about the central [111]. The separately 

23 
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Figure 9. Second Order Orientation Re1ati~nship of Grains 
1 and 2 in· { 111} Twin Geometry Relative to a· Third Grain 
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twinned orientation of grain 2 is obtained in turn by a 

180° twinning rotation about the [lll] o.f the original 

crystal now represented by the open triangle at [lll] 2 

and by the accompanying open symbols shown for the various 

additional directions. The resultant relationship between 

the hypothetical grains 1 and 2 is then found to be given 

by their having a common (Oll] axis and a rotation of 38.9° 

about this axis. This seems to be in reasonable agreement 

with the measured result which has been described for 

Figure 6. The difference between the hypothetical and 

measured misorientations might easily be taken up by the 

presence of dislocations in the boundaries between the 

grains. 

Special orientations of grains within silicon material 

have been determined also for the method of forming ribbon 

material by the Edge-defined Film-fed Growth (EFG) process, 

for example, as shown by the description which has been 

given of 32° grain boundaries form~d with a [flO] rotation 

axis aligned a~ong the material growth direction8 Direc-

tional solidification of solar grade silicon material in a 

carbon crucible is reported to produce grains with pre-

ferred <110> orientations although some have preferred 

9 axes along <111> as well . Most recently, particular dis-

location structures have been described by the method of 

Transmission Electron Microscopy (TEM) for a number of 

special grain boundaries in sintered silicon bicrystals
10 
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In a number of instances, the boundaries between 

grains in polysilicon are observed to take-up a crystallo

graphic appearance along certain segments of the inter

fac~s. This has been described earlier in this report for 

a portion of the upper left and right sloping top edges 

of grain 2 in the sketch of Figure 5. The planar appear

ance of the boundaries was observed to carry through the 

thickness of serial sections cut through the casting and, 

from such observations, the positions of the boundaries 

have been roughly determined thus far. The orientations 

of the two boundary segments described for grains 1 and 

2 are able to be described with re~pect to Figure 6. 

The reasonably straight boundary segment along the upper 

left edge of grain 2 was measured to run close to the dashed 

great circular arc drawn for the (II2) 1 . This boundary 

orientation, though only approximately planar, showed a 

changing orientation for different serial sections through 

the casting. The boundary alignment for the right sloping 

top segment of grain 2 was found to run very .close to the 

essentially coincident (111) 1 and (!10) 2 orientations of 

the grains. 

Finally, along the vertical solidification axis of 

the casting, the boundary between grains 1 and 3 takes on 

an alignment near to the (IIo) 1 and (111) 3 being coincident 

within the grains. The grains each have an approximate 

alignment of <112> axes both in these coincident planes and 

26 



in the plane of the section of the casting. As the boundary 

progresses along the vertical growth direction for the 

grains, the boundary takes on a "sinuous" appearance. 

Scanning photoresponse measurements in this case have 

revealed an increased photoresponse in the regions of such 

boundaries. The positions of such boundaries within the 

casting leads to the conclusion that they form so as to 

allow excess solute to be incorporated into the material 

during the solidification process. Further structural 

characterization is discussed in the next section, together 

with the electrical properties of the solar cells which 

were fabricated within the known microstructure of the 

sectioned ingot. 

c. Oriented Polys~licdn Cells 

Solar cellS were fabricated on an adjacent serial 

section of the longitudinal section shown in Figure 5. 

Fig~re 10 is a tracing of the serial section showing the 

locations of the experimental cells. The d,ark strip on the 

cells indicates the main buss bar where electrical contact 

is made to the front of the cell. 

Light and Dark I-V Characteristics 

The light and dark I-V characteristics of the cells 

are summarized in Table 2. To eliminate the effect of 

series and shunt resistance the dark I-V characteristics 
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Cell 1-1· 

Cell 1-4 

Figure 10. 

\ 
cell 1-2 

Tracing of the Longitudinally-Cut Cast 
Polysilicon Section Showing the Loc~tions 
of the Fabricated Solar Cells 
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N 
1.0 

CELL 

# 

1-1 

1-2 

1-3 

1-4 

2-2 

-
•' 

AMl 

Efficiency 

13.0 

13.1 

11.6 

13.3 

13.8. 

CELL AREA Grains Jsc voc Jsco 
2 frncluded 

2 2 
{em ) (rnA/em ) (mV) I (rnA/em ) 

- ~ 

j 

3.30 1, 2 29.7 580 
. -4 
3.52xl0 

3.99 1, 2 30.0 577 
. -3 

1.16xl0 

1. 71 1, 2 28.6 567 
-3 1. 77xl0 

i 
I " 

3.04 1, 2 30.5 585 
. -3 

! 
. 1. 6lxl0 

i 
! 

4 .. 00 1, 3, 5 30.6 582 
-4 

2. 72xl0 . 

Table 2. Light and Dark I-V Characteristics 

of Oriented Polysilicon Cells 

I 

JQNO n VE 
2 sc 

(rnA/em ) (mV) 

8.8lxl0 
-9 2 . 25 495 

8.40xl0 
-9 2.58 498 

7.9lxl0-9 : 2.48 532 
! 
I 

·! 

I 

. -9 
3.llxl0 2.53 567 

5.89xl0 
-9 2.25 500 
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were determined by measuring I -V at voltages above 
sc oc. 

400 mV (to eliminate series resistance) and subtracting 

out the shunt resistance contribution from the dark I-V 

below 400 mV. The dark current was separated into its 

two components - one originating from recombination in 

the space-charge region (JSCO' nsc) and the other from 

recombination in the quasi-neutral regions (JQNO' n = 1). 

The voltage where the current contribution from the two 

regions are equal is denoted by VE. The characteristics. 

of the cells are very similar with the exception of cell 

1-3 which bas a lower efficiency. The lower efficiency 

is due mostly to the decreased open-circuit voltage which 

may be due to the larger percentage of frbnt cohtact 

shadowing because of the smaller cell size (see 

Figure 10). The short-circuit current densities are 

also very similar for two apparent reasons: (1) the grain 

boundaries have little effect on the total short-circuit 

current because the grain sizes within the cells are 

large; and (2) the minority carrier lifetime within each 

grain is the same or very clo.se (the diffusioh length 

within a grain was determined to be 90 ~m from spectral 

response measurements). Additionally, although there is 

varia~ion in the components comprising the dark currents 

of the cells the dark I-V curves are all (except 1-3) very 

similar around the maximum power and open-circuit voltage 

regions (this was determined by ~uperimposing the dark 

I-V curves) . 
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Optical Scanning 

In order to determine the effect of the various 

grains and grain boundaries on the short-circuit current 

scanning photoresponse "maps" of various regions were 

made. Figure 11 is an optical photoresponse scan of a 

1.0 em x 1.75 ern area in cell 1-1 at a wavelength 

-1 . ·of 900 nrn. At 800 nrn the extinction length,a , 1s 

10 JJ which is much· greater than the junction depth of 

approximately 0.4JJro. Grains 1 and 2 are labelled in 

the Figure. The location (direction) of the main buss 

bar is shown and the scan lines are per~endicular to the 

buss bar (i.e. parallel with the arrow). The location 

of the cell within the longitudinal section is shown in 

Figure 10. 

The boundary between grains 1 and 2 can be clearly 

seen. Additionally, there is a crack in the cell that 

runs parallel to the vertlcal axis in the left hand 

side of the figure which shows a decrease in photoresponse. 

The current response within each grain is very uniform 

(the random variations in current within the grains are 

due to material on the surface su~h as bits of metalliza-

tion). The uniformity in photoresponse within the ~rains 
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Expanded area shown i n Figure 12 

Figure 11. I Versus Position of an Area in Cell 1-1 
sfi8wi ng Grains 1 and 2 ( A = 800 nm ) 



indicates that the minority carrier diffusion length is 

nearly constant throughout the cell with the exception of 

the small regions near electrically active grain boundaries. 

Thus the short-circuit current response can be modeled 

using a constant diffusion length within the grain and an 

effective minority carrier recombination velocity at elec

trically active grain boundaries and previous modeling 

results are applicable1 ' 2 

The pattern shows a reduced photoresponse at all points 

along the boundary interface except for an almost negligible 

effect at the upper region near to the top of grain 2 (to 

the right of the crack in ~he lower left hand corner of Figure 

11) where the boundary interface takes up an alignment for 

the near coincidence of the (111) 1 and (110) 2 . An enlarge

ment of the photoresponse pattern of this area (the area 

designated in Figure 11) is shown in Figure 12 and a tracing 

of the grain boundaries which are seen optically in a micro

sc9pe in this region is shown in Figure 13. Preliminary x

ray reflection topographs of this region of the juncture of 

the grains appear to show a locally changed orientation of 

grain 2 relative to the rest of its volume and this might be 

related to an absence of dislocations or a changed character 

for them within this region of the ce1111 . 

There are two further observ ations to be made. In the 

upper left hand corner of Figure 12 there is an electrically 
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Grain l 

Crack 

I 

Grain 2 

Gr ain l 

Figure 13. Tracing of Grain Boundaries Seen Optically in the Area Shown in Figure 12 



active grain boundary which is not optically visible (Figure 

13) and appears to be a subgrain boundary contained in grain 

l. Finally, in the lower left hand corner of Figure 12, 

there is a small included grain (see Figure 13) which ex

hibits recombination along only part of its boundary. As 

previously stated above, the change in photoresponse (i.e. 

no observable recombination) along a particular boundary 

may be related to an absence of dislocations or a changed 

character for them within this region. 

Figure 14 is an optical photoresponse scan of a 

1.0 em x 1.75 em area in cell 2-2 at a wavelength of 

800 nm. The scanned area contains grains l, 3, and 5. 

The main buss bar runs vertically along the left hand 

side of the pattern (note the reduced response) . The 

location of the cell within this longitudinal section is 

shown in Figure 10. Figure 15 shows an enlargement of 

the area designated in Figure 14 and Figure 16 is a 

tracing of the grain boundaries seen optically in this 

area using a microscope. 

The boundary between, grains l and 3 and between 

grains l and 5 is clearly visible both electrically 

(Figure 14 and 15) and optically (Figure 16) . No change 

in photoresponse is observed in crossing the boundary 

between grains 3 and 5. The approximately vertical 

boundary segment between grains 3 and 5 in the sketch 
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Grain ·1 
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Figure 14 . ISC Versus Pos~tion of an Area in Cell 2-2 

Showing Grains l, 3, and 5 (1 = 800 nm) 
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Grain 3 

Grain 5 





I 

Grain 1 

Grain 3 

Grain 3 

Grain 5 

Figure 16. Tracing of Grain Boundaries Seen Optically 
in the Area Shown in Figure 15. 
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in Figure 5, though not very planar, runs fairly close 

to the coherent (111) interface for the twinned grains 

as can be recognized in the stereographic projection in 

Figure 8. The absence of electrical response at this 

boundary is consistent with the previous observations 

that twin boundaries exhibit no electrical activity during 

o~tical photoresponse scanning. 

A large disruption of the photoresponse is observed 

to occur within grain 1 to the left of the triple junction 

of it and grains 3 and 5~ A careful examination of the 

optical micrograph in Figure 5 shows that several sub~ 

grain boundaries are running nearly vertically through 

grain l into this region. The pronounced decrease in 

photoresponse in this case of a small misorientation of 

a region within a grain, though totally accountable in 

terms of dislocations, is interesting to compare with 

an absence of any change in photoresponse at the appre

ciable misorientation which occurs without the need for 

dislocations being present at the boundary between grains 

3 and 5. More detailed measurements of the misorienta

tions of particular grains and of the crystallographi-c 

character of the boundaries within the microstructure of 

grains in polysilicon should allow the specific disloca

tion content of boundaries to be determined so as to 

match their photoresponse characteristics with the 

electrical and optical ~rop~rties predicted for individual 

dislocations as one-di~ensional conductorsl2 
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IV. SUMMARY OF ACCOMPLISHMENTS/RESULTS 

The next section summarizes the results of the pre

vious four quarters of study on "Photovoltaic Mechanisms 

in Polycrystalline Thin. Film Solar Cells". The summary 

is presented according to the three tasks: (1) Theoretical 

Modeling, (2) Development of Measurement Techniques, and 

(3) Theor~tical and Experimental Investigations of Grain 

Boundary Effects. Finally, a summary of the major effects 

which limit efficiency in polysilicon solar cells is 

given. 

(1) Theoretical Modeling 

Two theoretical models were generated to investigate 

various properties of polysilicon solar cells: the 

cylindrical grain model and the "vertical" junction model. 

Cylindrical Grain Model - The effect of grain size 

on short-circuit current density was investigated by approx~

mating individual silicon grains as right circular cylinders 

and solving the diffusion equation within the base region. 

Two effects were investigated: the degradation in JSC due 

to grain boundary recombination, and the effect of enhanced 

current collection at grain boundaries due to dopant 

penetration into the boundary creating a "vertical" junction. 

The results show that for grain radii exceeding a few 

tenths of a millimeter - which is the case for the poly

silicon investigated in this program - the minority 
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tarrier lifetime in a grain essentially determines the 

short-circuit photoresponse and neither recombination 

nor col~ection of minority carriers at the grain boundary 

will have a substantial effect. 

"Vertical" Junction Model - A more detailed model 

of the "vertical" junction effect was generated which 

investigates both the increase in light generated current 

due to enhanced collection ·at the boundary and the 

increase in the dark current due to the increased junction 

area. Results show that although the fractional increase 

in dark curtent, which decreases V and lowers cell oc 

~fficiency, is generally greater than the fractional 

increase in light generated current, the fractional in-

crease in cell maximum power increases due to the loga-

rithmic dependence of V on the dark current. However, oc 

the fractional increase in power is negligible for grain 

widths exceeding a few tenths of a millimeter. 

(2) Development of Measurement Techniques 

Optical Scanning System - The fine light spot scanning 

system is fully operational. The optical scanning of 

polysilicon cells is controlled with a PDP 11/03 micro-

computer which allows for an on-line analysis of the spatial 

dependence of I in the cell. Additionally, the use of sc 

a monochromator as an illumination source allows the 

evaluation of the wavelength dependence of I (which can sc . 
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be used to determine the minority carrier diffusion length). 

Results are discussed in sub-section 3. 

Deep Level Transient Spectroscopy (DLTS) - The DLTS 

system is fully operational and the calibration of the 

system shows good agreement with a standard supplied by 

NBS. The DLTS technique will be used to determine defect 

concentrations, energy levels, capture cross-sections and 

emissioq rates of recombination centers within the band 

gap. Since theoretical modeling has shown that the 

short-circuit current is most sensitive to the minority 

c~rrier lifetime within the grain, for the polysilicon 

studied here, DLTS measurements are essential to deter

mine the levels w~thin the energy gap which are most 

detrimental to the lifetime. 

(3) Theoretical and Experimental Investigations of Grain 

Boundary Effects 

The emphasis of the latter half of the study has 

been the investigation of the relationship between the 

structural characteristics of the polysilicon a~d the 

electrical characteristics of the solar cell by: (1) 

measuring the spatial dependence of the dark I-V charac

teristics by fabricating small diodes on a polysilicon 

wafer; (2) optically scanning solar cells which were 

fabricated on a longitudinal section of polysilicon 

which has been analyzed crystallographically (x-ray 
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diffraction,SEM, electron channelling). 

Spatial Dependence of I-V Characteristics - The spatial 

dependence of the dark I-V characteristics within a poly

silicon wafer was investigated by fabricating small diodes 

on the wafer and then measuring their dark I-V character-

istics. Illuminated I-V characteristics were generated 

by assuming a short-circuit current density and then using 

the shifting approximation. The dark current of the diodes 

was dominated by recombination within the space-charge 

region well past the one-sun maximum power point and 

although the dark I-V charact~ristics of the diodes varied 

considerably, the illuminated characteristics did not vary 

greatly. Measurements made on diodes containing grain 

boundaries and on diodes within· boundary free regions 

showed little difference in their dark I-V characteristics. 

These measurements, together with the fact that the grain 

sizes are large, lead to the conclusion that the space

charge dominated dark current originates within the 

grains. Finally, the degradation of cell performance 

due to areal inhomogenity was not observed for these 

diodes. 

Oriented Polysilicon Cells - Solar cells were fabri

cated on a longitudinal section of a cast polysilicon 

ingot which was analyzed crystallographically. ·rhe rela

tive orientations of adjacent crystal grains and the 
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nature of the boundaries between the grains were studied 

by x-ray diffraction, x-ray topography, electron channelling, 

optical microsco~y, and scanning electron microscopy 

methods. Macroscopic cell characteristics (light and dark 

I-V characteristics) were measured; grain and grain 

boundary effects were investigated by optical photore-

sponse scanning. 

By means of x-ray diffraction.:la.nd electron channelling 

patterns obtained from cast polysilicon material, special 

crystallographic orientation relationships are identified 

for the relative orientations of adjacent grains and for 

the alignment of their boundary interfaces along certain 

planar segments. Scanning photoresponse patterns are 

matched with this microstru.ctural information to show, 

in the absence of any detectable impurity effects, that 

an insignificant or reduc~d photoresponse measurement is 

associated with certain boundaries depending on their 

structural character. The origin of "sinuous" grain 

boundaries, which show an increased photoresponse due 

to the diffusion of dopant into the boundary, is attributed 

to the incorporation of substantial impurities, even as 

micro-precipitates, at bounda~ies during the initial 

material solidification process. 

The special orientations of grains are indicated on 

the basis of a model example to be derived from single 

or multiple twinning relationships on {111} systems. The 
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dislocation structure associated with the single or 

multiple incoherent twinning relationship and associated 

with the difference between the model orientation re

lationships as compared with the measured ones is pro

posed to be responsible for the photoresponse charact~r

istics of particular boundaries, either directly through 

their own structural effect or through their cooperative 

effect with impurities, say, at "sinuous" boundaries. 

Dark I-V characteristics of the cells were again 

dominated by recombination within the space-charge region. 

The short-circuit curreht density was very unif6rm between 

the cells for two apparent reasons: (1) the grain bound

aries had little effect on the total short-circuit current 

because the grain sizes within the cells are large, and 

(2) the minority carrier lifetimes within the individual 

grains are very uniform. Optical photoresponse scanning 

showed that the current response withiri each grain is 

very uniform except in small regions around electrically 

active grain boundaries. These observations confirm the 

hypothesis that the lifetime is nearly constarit throughout 

the grains and that the short-circuit current response 

can be modeled using a constant diffusion length within 

the grain and an effective recombination velocity at the 

grain boundary. 
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Major Effects Which Limit Efficiency in Polysilicon Solar 

Cells 

The major effects which limit efficiency in poly

silicon solar cells are summarized below~: 

Short Circuit Current - For grain radii exceeding a 

few tenths of a millimeter the short-circuit current is· 

determined by the minority carrier diffusion length within 

the grain. Recombination at grain boundaries has a large 

effect only on small grain size material. Additionally, 

increases in short-circuit current occur at some grain 

boundaries due to dopant diffus:i,on into the boundary and 

theoretical modeling indicates that the increase in dark 

current due to the increased junction area is not enough 

to decrease the overall efficiency of the cell. 

Fill Factor and V0 c - The domination of the dark 

current by the space-charge component in the grains 

decreases the fill factor and the open circuit voltage. 

Ohmic .shunts - Ohmic shunts are believed to be 

caused by dopant penetration along grain boundaries to 

the back contac~ of the solar cell. This effect is 

most often observed in cells containing "sinuous" grain 

boundaries. 
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