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PREFACE

This is the first quarterly report. During this quarter
we have made great progress in the area of modelling, while initiating
fabrication and characterization studies of Heterostructure, MIS and
diffused polycrystalline silicon solar cells. The present report details
our work on modelling. Reports on other areas will be forthcoming in

the future.

AIM OF PROJECT

The aim of the project is to model, fabricate and characterize
heterostructure, p/n junction and MIS polycrystalline silicon solar cells,

with a view toward evaluating the best fabrication process for low cost

cells.
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ABSTRACT

A theory capable of predicting the performance of polycrystalline
silicon solar cells is formulated. It relates grain size to mobility, life-
time, diffusion length, reverse saturation current, open circuit photovoltage
and fill factor. Only the diffusion lengths measured by the surface photo-
voltage technique for grains s 5 ym do not agree with our theory. The
reason for this discrepancy is presently being investigated. We conclude
that grains > 100um are necessary to achieve efficiencies > 10 percent at AM]
irradiance. The calculations were performed for the case of no grain boundary
passivation. At present we are investigating the improvements to be expected
from grain boundary passivation.

We have determined that the parameters that best fit the available
data are as follows:

1. Number of surface states at grain boundaries acting as recombination
centers - 1.6x1013/cm2

2. Capture cross section - 2x10~18

3. Surface recombination velocity at grain boundary - 3.2x104 cm/sec.

The following types of solar cells are considered in the model:
SnOZ/Si Heterostructure, MIS, and p/n junction. In all types of solar cells
considered, grain boundary recombination plays a dominant role, especially
for small grains. Though the calculations were originally expected to
yield only order of magnitude results, they have proven to be accurate
for most parameters within 10 percent.

It is almost impossible to cover every aspect of solar cell perform-
ance in one theory. But we feel that the present theory is the most extensive
theory ever postulated for polycrystalline silicon solar cells. In the future,

as more data becomes available, we will try to refine and modify the theory.



-]a-

As a result of the theory we are capable of directing an experimental
effort in a more Togical fashion. The data base of the theory involves
almost all the DOE funded projects, and more. The theory provides a basis

to judge the status and capabilities of the different polycrystalline efforts.
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2. THEORY OF POLYCRYSTALLINE SILICON SOLAR CELL
I. INTRODUCTION

The potential of polycrystalline silicon for large scale terrestrial
photovoltaic device application is well recognized. It shares with single
crystal silicon numerous desirable physical and chemical properties such
as abundance, low toxicity, and stabiljty, while also showing great promise
of reduced costs by circumventing many of the complex and energy intensive
steps associated with the growth of single crystals, These facts have prompted
many scientists to investigate various forms and shapes of polycrystalline
silicon, with the principal objective of approaching the efficiencies obtained
with single crystal silicon (> 10%) while minimizing the cost of the

1-13 14-17 results have

material. Several experimental and theoretical

indicated that there is an increase in the efficiency of polycrystalline

silicon solar cells with increasing grain sizes, and some of these results

are shown in Fig. 1. The theoretical results are based on a variety of

assumptions, and the experimental results are for devices prepared under

widely different conditions. There exists a gap between theory and experi-

ment which the present paper attempts to fill. Our formulation will allow

for the first time that polycrystalline silicon prepared under different

conditions can be compared on the same basis. It will be shown that the

dif%erences in the photovoltaic properties of materials deposited under

widely varying conditions can be understood in terms of grain size effects.
Fig. 2 shows a solar cell with grain boundaries at different

physical locations. Type 1 grain boundaries are associated with columnar

growth, Type 2 grain boundaries are in the bulk of the crystal, and Type 3

grain boundaries are in the barrier region. Most theoretical calculations]4']7

have been made for the short-circuit photocurrent of columnar-growth polycrystalline

solar cells. The open circuit photovoltages and fill factors were



were assumed to be the same as in single crystals. In our theory, all three
types of grain boundaries will be taken into account, and the efficiency
will be calculated after estimating the effects of grain boundary states

on short-circuit photocurrent, open-circuit photovoltage and the fill
factor. It will be shown that the results of measurements on solar cell
type devices indicate that grain boundary states not only act as traps but
also as efficient recombination centers having capture cross sectijons of

-16

about 2 x 10 cm2 and giving rise to surface recombination velocities of

=3 x 104 cm/sec. It will be shown that this theory can best account for the
various results observed for polycrystalline silicon solar cells.
II. THEQORY

A. Effect of Grain Size on Free Carrier
Concentration, Mobility, and Resistivity

The resistivity, mobility and free carrier concentration of
polycrystalline silicon do not vary with doping concentration in the same

18-25  1pq impurity

manner as has been observed for single crystal silicon
concentration and the free carrier concentration are in general not identical
in polycrystalline silicon. It is well known that doping plays an important
role in the performance of solar cells and cannot be ignored. In Fig. 3

the variation of the majority carrier mobility, and free carrier density as
a function of doping density is shown for two grain sizes. The dopant con-

centration at which the mobility minimum and the sharp increase in free

majority carrier concentration occurs follows roughly the relation

Ng ~ 10'%/d (1)
where d is the grain size in cm and Ng is the doping density. The variation

of Ny with d is shown in Fig. 4. The constant 10]2/cm2 is possibly related

18,21,22

to traps at grain boundaries.18 Three different studies indicate




the order of magnitude of grain boundary traps within + 0,02 eV of the mid
gap to be ~10]2/cm2. Whether these traps act as recombination centers is
not known.

In Fig. 5, the resistivities of polycrystalline films are compared to
18,25

those of single crystal silicon for different dopant concentrations.
In designing solar cells with polysilicon, it is preferable to be on the higher
doping density side of the minimum. As will be shown later, for grain sizes
betow 100 um the change of lifetime as a function of doping is not as severe

as the effects of surface recombination velocity. Sufprising]y, most of the
experimental data on polycrystalline solar cells are for dopant densities

which are higher than the predicted density at which the mobility minimum

occurs. In Fig. 6 the available experimental values of majority carrier
mobility as a function of grain sizes are shown both for electrons and holes.
(For 1 cm grain size the single crystal value has been assigned.) We shall
assume that the minority carriershave the same mobility as the majority
carriers, and justify this assignment subsequently. In one calculation,

as shown in Fig. 6, we have assumed that the minority carrier mobility for
grain sizes gréater than 100 um is 500 cm2/volt-sec., while for grains less
than 10 um the value is about 80 cmz/volt-sec. The effect of decreasing
mobility as the grain size decreases is actually small relative to the

7 in their theory of poly-

effect of decreasing 1ifetime. Card and Yang
crystalline silicon have actually neglected any change in mobility as a
function of grain size. They have postulated that the change in lifetime

is the more dominant factor in determining solar cell parameters, and we
agree with this part of the assumption. So, if we assume either a linear
variation or no variation of mobi1ity, the effect on our calculation of short

circuit photocurrent will be small, especially since there is only a square

root dependence on mobility,



B. Effect of Grain Size on Lifetime

The carrier lifetime for small grains can be different from that.

of single crystals, a fact long recognized. The effective lifetime of

26

granular semiconductors has two components Ty and g for volume and

surface 1ifetimes, respectively,and given by Eq. (2)

1 21,1 (2)
Teff T Ts

For small grain sizes Tg << Ty and T dominates the effective lifetime.

Shock]ey26 derived equations relating Tg and the cross sectional

dimensions for a rectanguliar filament of cross section 2B x 2C. He showed

2

D ,1 1
;:s=14—(§2+-c'z),fors->w (3)
and LI (%-4»%-), for s = 0 (4)

S

where s is the surface recombination velocity and D is the diffusivity.

Lc!fer"sk'I?'7 has extended Shockley's calculations to include cylindrical

filaments and found

1 D

- 2=  fors+w (5)
Tg 282

where R is the radius of the cylinder. For 1,.. or 1  to be 10°° sec,

he estimated that R should be 130 um. Recently Card and Yana!' have

derived an expression for the effective 1ifetime as

30WN; o (B gnEgp)

Toff
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2 ev']), o is the capture cross

Here N,  is the interface density (em”
section, v is the thermal velocity of the carriers, Vd is the height of

the diffusion potential at the grain boundaries, and Efn and Efp are the
quasi-Fermi levels for electrons and holes, respectively. They assumed

each grain is in the shape of a cube with dimension d, although Eq (6)

should be applicable to other geometries., There are trapped charges at the
grain boundaries, and the photogenerated minority carriers neutralize

this charge, reducing the barrier height to such an extent that both types

of photogenerated carriers can then penetrate-the barrier region. Such
carriers consequently encounter recombination centers at the boundary, and
thus the effective minotrity carrier 1ifetime is reduced. In our calculations
we find that it is actually possible to obtain a good estimate of the life-
time without considering the diffusion potential at the grain boundary. The

following relation is sufficient to determine the effective minority carrier

1ifetime:

R
Teff = oW ° (7)

sr
where Nsr {s the effective density of recombination centers (cm'3). For
mathematical convenience we are considering that the surface recombination
sites can be treated as distributed uniformly throughout the bulk of the
material. Thé number:.of these assumed effective sites in the bulk, Nsr’
will therefore be portional to the actual fixed number of recombination
sites at the surface. This transformation of a polycrystalline material
with particular spatial location of recombination sites to a single crystal
material with a uniform distribution of recombination centers provides a
simple model that will be shown to be in excellent agreement with a

variety of observations. This transformation is valid ‘for small grains,
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although for large grains the effective lifetime approaches the bulk
lifetime for single crystal material.
If we assume cubic geometry for the crystallite, the number of recom-

bination centers per unit volume is given by

N, = 6N /d, : (8)

where NSS is the concentration of recombination centers per unit area

at the grain boundary. Except for a change in the value of the constant,
the relation is quite general and holds for a wide variety of grain geometries
varying from rectangular to cylindrical to spherical shapes. The effective

Tifetime based on the above transformation now becomes
d
T ;e = T . (9)
eff 63vNss
Assuming ¢ = 2 x ]0']6cm2 (the-measured capture crossection for surface states)
v =10’ cm/sec and Neg * 1.6 x 10 13/cm2,

(10)
84.

Tors ° 5 x 10

Qur simple model will be shown to be capable of explaining all the observed
parameters associated with polycrystalline silicon solar cells and of pre-
dicting the right diéections one needs to follow to improve the efficiency
of the cell. EPR studies indicate the number of parémagnetic centers to be
in close agreement with our estimated value for N -

'The'plot of Téff vs..d is shown in Fig. 7. It shows good agreement
with the available expérimental results, and appears to be independent of
material preparafion’conditions. The hoTe-1ifétime for grains larger than 1 cm
was assumed to be the same as the hole 1{fetime for single crySta] silicon
(1-10Q-cm). The lifetime reported by Duh et a1.28 for cvp deposited poly-
crystalline silicon (grain size about 300 um) was determined by open-circuit

photovoltage decay. The lifetime for smaller grain sizes was determined mainly



from the recombination component of the reverse saturation current.zg’30

We assume the minority carrier lifetimes for electrons aﬁd holes are the
same for polycrystalline silicon.

C. Effect of Grain Size on Diffusion Length

Having calculated the mobility and lifetime as a function of
grain size, the diffusion length of the minorfty carriers can be determined as

a function of grain size from the Einstein relation.
/2 . |
L =(1%'£lj = 3.6 x 1074(ua)1/2 (1)

and is plotted in Fig. 8. Experimental results are included for comparison.
The diffusion length of electrons for grain sizes below 10 um was
reported9 to be determined by the surface photovoltage method. The plot of
relative photon flux density vs. the inverse of the absorption constant did
not give a straight line as it does for single crystéI material. We believe
that the experimental results are in error, because even without comparing
with our theoretical plot, the results are not self-consistent. Though an
increase in short-circuit photocurrent with an'incrgase in grain size is observed,
no correlation is observed between the measured diffusion length and short-
circuit photocurrent. Even assuming the mobiiity to be 500 cmz/vo1t-sec,
the estimated diffusion length consisteﬁt with the measured short-circuit
photocurrent is less than the experimental value. .Later we will show that
our theoretica11y\gstimated short-circuit photocurrent based on the theoretical
difosion lengths shown in Fig. 8 agrees very well with the reported experi-
mental short;cifcuit photocurrent for the same grain size. The larger

grain size values agree fairly well with experimental resu]ts,31



ITII. DEVICE PARAMETERS ASSOQCIATED WITH
POLYCRYSTALLINE SILICON SOLAR CELLS

Having derived relations indicating how mobility, lifetime, and
diffusion length vary as a function of grain’size, we are in a position to
postulate a general theory of polyérystalline silicon solar cells. This
theory will be valid for MIS type cells, SnOz/Si or IT0/Si heterostructure

32-35

cells , and p/n junction solar ce1ls.36

A. The Dark I-V Characteristics

The dark I-V characteristics of any solar cell are usually given

by the relation

ALV PR} ALy
- d t r'_ (12)
J=d4 (e © -1) + 3, (e -1) + 9, (e 1) -

in which

Ad = q/ndkT,-At = q/ntkT, Xr = q/nrkT

Jod = Reverse saturation current due to diffusion =
and n, =1,
Jot = Reverse saturation current due to thermonic emission
for MIS or Sn0,/Si or ITO/Si cell = ATZexp(-is/kT)
and ny > 2, and
Jop = Reverse saturation current due to recombination = qn;W
T

0
2T
and n. = 2.

The other symbols have their usual definitions.
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For polycrystalline silicon of grain size 100 um or less, the
recombination component dominates over the thermionic term (barrier |
height > 0.8ev); therefore, the thermionic term can be neglected. The
general dark I-V‘curve is then given by the relation

AV ALV

od (87 <1) + g (e T -1). | (13)

Jd=1J
Our calculations show that J . > J, 4 for grain sizes <100 um as presented

in Figure 9, and therefore we find that

er
J = Jdgele " -1) Gia)

for small grains.

On the other hand we have calculated that for grains sizes above a few
hundred um and at a forward bias near‘Voc, the diffusion component
becomes dominant, and there may also be some contribution from Jot‘ The

relation to be used for large grain sizes is therefore

AV de

J= 3y, (e “-1) 40 4 (e 41 _“ (15)

Fig. 9 shows a plot of Jor vs. d. Since t = 5 x 10-6 d, it
follows that

p qn. W
or " 15754 6 )

The experimental va1ue58’9

agree very well with our theoretical plot for grain
sizes <10 um. The polysilicon in those experiments was electron beam deposited
and the junctions were formed by diffusion. For many of the experimental Jor

values, the analysis of the curves was done assuming infinite shunt
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resistance and zero series resistance. The single crystal value was used for

5

the cm size grain., J__ values in the range 107~ to 10'7 are those reported

or
by Chu and co-workers37 for CVD silicon on recrystallized metallurgical
silicon substrate.

B. The Short-Circuit Photocurrent

Since we have now found the values of mobility, lifetime, and diffusion

length as functions of grain size, the short-circuit photocurrent can easily be

calculated.
For MIS and SnOZ/Si or ITO/S1 heterostructure devices35 one can
write
2 p-p
dp 9 L o N exp (-a.n) = 0.
Dp 2 — + N exp (-a,n) = 0 (17)

Using the boundary conditions
P = P, exp (qV/kT) at n = %, and p = p_ at n = d, (18)

we can solve for the current J235 from the bulk contribution and get

aN'exp (-0,L,)  20,N'exp (<L) [exp(-dh ) -exp(-a,d)]

=g - (19)
2 a, + 1/L, L, (a,*-1/1, %) [exp(d/L,) ) ~expéd /L)

The current from the barrier contribution is

Jy =GaN'[1-exp (-a,2,)]. (o)
G =1/T (21)
where T is the lifetime and T is the transit time which can be expressed as
2
L
T s ———> (22)

2
Vdu
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in which L5 is the width of the barrier region and Vd is built-in potential.
If 1> 7T, then G = 1. For the case Tt <T, G is less than 1, and not all

carriers generated within the barrier are collected.

The total current for SnOZ/Si or 1T0/Si heterostructure or MIS devices is

Joo = Jp * 9y, | @3)

The definitions of the symbols used in these equations are given in
reference 35.

For p/n junction cells, a second differential equation similar
to the one described above is solved for the p side with appropriate
boundary conditions. The solution to this equation is the current J3.
Because of light absorption in the p-region, the other two components

just described become J; and Jé 5 and

Jgo =9+, =) +3, +d5. (24)
For a given mobility, 1ifetime, barrier width, and thickness,

the maximum short-circuit photocurrent Jsc is the same for Schaottky barrier,

p-n junction, and heterojunction devices. The short-circuit photocurrent as

a function of thickness and diffusion length is shown in Fig. 10. The results

shown here are for AMI spectrum with no losses due to reflection and electrode

coverage. We have looked very critically in the region of very small diffusion

length and found that the curves do not exactly extrapolate to zero as shown

in Fig. 10. The short-circuit current as function of diffusion length below

1 um is shown in Fig. 11. The initial fast rise is the result of light

absorption in the barrier region. The results shown are for a barrier of

5000 A wide.
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These results indicate that even for a very small grain size of
about 100 &, a lifetime of about 5§ x 10-11 sec, a barrier width of 5000 ;,
and é 1 um thick polycrystalline silicon film, one should still observe currents
about 8 mA/cm2 in AM1 spectrum. Obviously, if the barrier is narrower, then
the current would decrease.

The diffusion length is related to the grain size by Eq. (11).
Therefore, the short-circuit photocurrent can be expressed as a function of grain

size d. Fig. 12 shows the variation of Jsc with the grain size d for different

conditions. The experimental results are for a wide variety of

devices fabricated under different conditions. Various light sources were used
and the measurements vary from AMO to AM2 conditions. Wherever possible, cor-
rections are made to convert the result to AM1 conditions. We will show later
that the thickness usually does not introduce large errors. The cell with a
grain size of about 3 mm is a SnOZ/Si heterojunction cell fabricated in our
laboratory (polysilicon obtained from Wacker).

9 The

Data be1ow 10 um grain sizes are due to Feldman, et al.
polycrystalline silicon was deposited on glass or sapphire by electron beam
evaporation of silicon. dJunctions were then made by diffusion. Film
thicknesses varied approximately between 2 and 30 um and the device area
was .06 mmz. The 1ight source was a 150 W xenon short arc lamp filtered
by a 4cm water path and a glass UV filter to produce an irradiance over
the device of approximately 75 mw/cm2 (AM2 sunlight). The data was corrected
for electrode coverage but not for reflection. A single crystal monitor was
used to compare the results. The short-circuit current they reported is the same

as what we observe with our single crystal SnOZ/Si heterojunction solar cell

in AM1 light with 10 percent reflection loss and 15 percent grid coverage.
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Normally, Jsc values for AMI are larger than AM2 but in this case we did not
apply any correction. Further, for the mesa structure, errors are introduced
due to diffusion from regions other than the mesa area.

For AM] results, an increase of 20 percent in Jsc is assumed when
no corrections are reported for reflection and electrode coverage, and for
AM0 results no corrections were made. It is assumed for data taken in AMO
that the reduction in current due to conversion into AM] irradiance is balanced
out by the corrections necesSary for reflection and electrode coverage. All of
these will introduce an error between 10-15 percent for some devices. This
may be small as compared to the uncertainty in the value of the grain size.
Inspite of these limitations, there is excellent agreement between theory
and experiment. Comparing the theoretical curves with the experimental
data one could conclude that in all probability there is barrier shrinkage
when light is incident on polycrystalline silicon devices with grain sizes less
than 10 um, discussed below. The only other way the short-circuit current could be
lower at smaller grain sizes were if the diffusion length was smaller than
what we estimated. This implies either the 1ifetime or mobility was lower.
Because of the close agreement between experimental and theoretical lifetime,
we believe the only other alternative would be to have lower mobility than

what we have assumed. We have also considered the mobility to change

according to the following relat1on38
ueﬁ- = ngnt H for d < 10 um (25)

where n and n, are the densities of free and trapped carriers, respectively.

The results do not agree as well as those due to barrier shrinkage, as fo]jows.
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In modeling solar cells, the barrier is assumed to be constant,
that is, having the same width in light and dark. For materials which are
trap free and have long minority carrier diffusion lengths, this is a
valid assumption. When light is incident, the shrinkage of the barrier
with light is almost a universal phenomenon which has usually gone unnoticed
due to the long diffusion length and its contribution to the current.

It is observed even in single crystal material at high light
intensities, but the shrinkage is small. However, the effect becomes pro-

nounced in materials with traps which have Tow mobilities and lifetimes.
39 40

41

We have observed the effect in organic materials,”” in selenium, - and

recently the effect has also been reported for amorphous silicon. The
effect is very similar to the narrowing of the barrier width with dopant
concentration and the term "photon doping" well describes the phenomenon.
Because of low mobilities and lifetimes, the barrier shrinkage has a large
effect on the short-circuit photocurreht, and the device can no longer be
considered as a constant current generator. However, the effect on the
fi1l factor is estimated to be small.

Assuming that the barrier shriﬁks from 7500 R to 500 R for a
grain size 10 um or lower, the effect on short-circuit photocurrent is
shown in Fig. 12. This is for a po]ycrystalline device 100 um thick.

In assuming a 500 R barrier width, we are not saying that this is the actual width
to be expected in light for all grain size below 10 um. The results are

presented just to show how the short-circuit current could decrease with

decrease in barrier width as a result of trapping within the barrier region.
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The last but not the least important factor which governs the
short-circuit photocurrent is the thickness of the photoconductor, whether
it be single crystal or polycrystalline. In Fig. 13 we show the variation
of the short-circuit photocurrent as a function of grain size and thickness.
As can be seen, the smaller the grain size, the lesser the effect of thickness.
This is because the smaller the grain size, the smaller is the diffusion
length, and an increase in thickness does not increase current because
of the diffusion length limitation. These curves are important to calcu-
1atiohs of the required grain sizes and thicknesses for a given efficiency.
This will be evident later.
¢. The Open-Circuit Photovoltage

The open-circuit photovoltage in polycrystalline silicon (as in

single crystal) is given by the relation

J
V__ - nkT (sc .
oc ‘-a—-1n 3;—) | @6 )

For grain sizes 100 um or lower, the recombination current is dominant, and

as a result,

V = 2kT ]n(iiﬁ)_

(27)
oc 9 Jor .
For d > 100 um, the diffusion current is dominant and
5 _
o KT (fse
VOC 3 In (3-;;) , (28)

There may'be a small tranéitidn range for MiS iype déviées where

J

Jot may influence Voc'

The theoretical curves based on Eq. (27) and (28) are shown in

Fig. 14. The results involve short-circuit photocurrent, with or without
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barrier shrinkage, since the open-circuit photovoltage saturates at low
current generation. There is excellent agreement between theory and
experiment. Card and Yang's theory also agrees well with the experiment,
but the agreement is accidental because they underestimated the magnitude
of the short-circuit photocurrent. They only c¢laimed an order of magnitude
estimate. Other than Card and Yang, all other theoretical estimates of
polycrystalline silicon only involve the short-circuit photocurrent.
D. Fill Factor

This is the first time calculation of the fill factor is ever

computed as a function of grain size. The fill factor can be expressed as
lnAV
(1- (1- (29)

Since both X and V. vary as a fpnction of grain size, the F.F. is
also expected to vary as function of grain size. Fig. 15 shows a plot of
fi11 factor vs. grain size based on tbe theoretical VOC vs. d plot in |
Fig. 14. There is excellent agreement between theory and experiment. The few
deviations we feel are mainly due to series resistance effects. These results
indicate that at small grain sizes the recombination process dominates the
photovoltaic properties and overﬁhadows fhe effect of series rgsjstance on

fiN1 factor

E. The Efficiency as a Function of Grain Size

Having calculated theoretically the short circuit photocurrent the
open-circuit photovoltagesand the fill factor, we are in a pos1tiop to
calculate the efficiency as a function of grain size. The result of such a
calculation is shown in Fig. 16. The calculations are for a 100 um thick

device and involve both the curves for barrier shrinkage and no shrinkage.
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For the experimental results, only the corrected values of short-circuit photo-
current in Fig. 12 are used. No corrections were used for the fill factor

or the open circuit photovoltage. There is excellent agreement between experi-
mental and theoretical values. The results indicate that one needs grain sizes
greater than 100 um for solar cells having efficiency of 10 percent or more.

F. Optimum Device Structure of Polycrystalline Silicon

To get the optimum device structure of polycrystalline silicon, the
efficiency is plotted as a function of grain size for different thicknesses
in Fig. 17. In Fig. 18 we have plotted thickness vs. grain size for 10 and
11 percent solar cells. The curves are similar to "phase diagrams" for thickness
and grain size. It shows that for a 10 percent cell, we need grain sizes greater
than 500 um for 20 um thick films. For thicknesses about 20 um our predictions

are in agreement with existing experimental data. The data of Chu]] and D'Aiello

1.13 supports the above conclusions.

et a
IV. CONCLUSIONS

The grain size of silicon plays a dominant role in determining the
electrical and photovoltaic propertfes of silicon. Grain boundaries act as
traps And recombination centers. The recombination loss at grain boundaries is
the predominant loss mechanism in polycrystalline solar cells. For small
grain sizes, the surface recombination centers affect the lifetime more
than any dopant concentration. One could fabricate 10 percent efficient poly-
crystalline silicon solar cells with 10 um thick material if grain sizes were
5000 um or greater. Excellent agreement is observed betwen theory and experi-
ment for almost all device parameters. If lifetime and mobility values 1argerj
than those used in our calculation could be obtained, then the theoretical
efficiency would be higher than what we have calculated. Though the present

analysis was done for polycrystalline silicon, the qualitative features of the

theory are applicable to any polycrystalline material. To obtain quantitative
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data, some modification of our estimate of the cell parameters may be
necessary, depending on the material. For materials with a direct band

gap, smaller grain size and thicknesses are likely to result in efficiencies
equivalent to thicker indirect band gap material of larger grain size.
Furthermore, depending upon the height of the intergrain boundary barrier,
tunnelling rather than thermionic emission may be the preferred mode of

/ intergrain boundary crossing for carriers in the dark.
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Fig. 2

Fig. 3

Fig. 4

Fig. 5
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FIGURE CAPTIONS

Efficiency vs. grain size. The curves are theoretical results, and
the data points are experimental values obtained by different
research groups. O0-Feldman et 51. (Ref. 9); A-Chu et al., (Refs.
6,11); A-Fischer and Pschunder (Ref. 2); [3}-Zook et al (Ref. 7).
Grain boundaries at different physical locations within a solar
cell.

Average free carrier concentration and mobility as a function of
doping density in polycrystalline silicon. The mobilities are for
majority carriers. The grain sizes of the n-type and p-type silicon
are 25 um (Ref. 25) and 200-270R (Ref. 18), respectively. The
straight line is the carrier concentration vs. doping concentration
for single crystal.

Mobility-minimum doping density vs. grain size. The experimental
data were taken from Refs. 18, 19, 23 and 25.

Resistivity vs. doping concentration of polycrystalline silicon

as compafed with singie crystal results. The grain sizes of the
n-type and p-type silicon are 25 um (Ref. 25) and 200-270R (Ref. 18),
respectively. ' | |

Mobility vs. grain size. O0-electron mobility for n-type polycrystalline

“silicon. A-hole mobility for p-type polycrystalline silicon. gg-mobility

"for electron and hole. [J-average minority carrier mobi1ity for single

crystal silicon.. The experimental values were obtained from Refs. 18,19,

23, and 25.
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Fig. 8

Fig. 9

Fig.

Fig.

13
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Lifetime vs. grain size. The experimental data were taken from
Refs. 9,28,29, and 30. The lifetime from Ref. 9 was estimated.
Diffusiqn length as a function of grain size. The theoretica1
curves I and Il are for no changes in mobility and for changes

in mobility according to Fig. 6, respective]y. 0-from Ref. 9
A-from Ref. 31.

Reverse saturation current J, . (due to recombination) as a function
of grain size. The W for the two theoretical curves are barrier
widths. O0-Feldman et al. (Refs. 8,9); A-Chu et al. (Ref. 11,37);
8-Hovel (Ref. 36).

Short-circuit photocurrent vs. diffusion length. t is the thickness
of the film. AMI irradiance.

Short-circuit photdcurrent vs. diffusion 1ength. AM1 irradiance.
Effect of barrier shrinkage and mobility on Jsc‘ Experimental

data weré taken from Refs. 2,6,7,9,11 and present work. @-Present
work; all other symbols are the same as in Fig. 1. Where appropriate,
corrections Have been made for reflection and grid coverage losses.
A1l data shown were normalized to‘AM1 spectrum.

Effect of thickness on short-circuit photocurrent. t is the thickness
of the film.

Effect of grain size on Voc- The theoretical curve I is obtained

by assuming barrier shrinkage, and curve II assumes no shrinkage.

Experimental data were taken from Refs. 2,6,7,9,11 and present work.
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Effect of grain size on fill factor. The theoretical curve I is
obtained by assuming barrier shrinkage, and curve II assumes no
shrinkage. Experimental data were taken from Refs. 2,7,7,9,11, and
present wark.

Effect of grain size on efficiency with (1) and without (II) -
barrier shrinkagé. Expérimenta1 data were from Refs. 2,6,7,9,11,
and present work.

Effect of grain size aon efficiency at different thicknesses t.

Grain size and thickness relationship for 10 and 11% efficiency cells.
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