Or.aue

SERTIPR.8277-1-T1

THIN FILM POLYCRYSTALLINE SILICON SOLAR CELLS

Quarterly Technical Progress Report No. 3 for Period April 1—June 30, 1980

By

K. R. Sarma }Q
M. J. Rice ) 9 '

R. Legge

R. J. Ellis cs\g /85
June 1980 \b/\ \ 5

Work Performed Under Contract No. AC02-77CH00178

Motorola, Inc.
Phoenix, Arizona

T RE—

U.S. Department of Energy

% Solar Energy

DISTRIBUTION OF THIS DOCUMENT 18 1171 samre=n



DISCLAIMER

This report was prepared as an account of work sponsored by an
agency of the United States Government. Neither the United States
Government nor any agency Thereof, nor any of their employees,
makes any warranty, express or implied, or assumes any legal
liability or responsibility for the accuracy, completeness, or
usefulness of any information, apparatus, product, or process
disclosed, or represents that its use would not infringe privately
owned rights. Reference herein to any specific commercial product,
process, or service by trade name, trademark, manufacturer, or
otherwise does not necessarily constitute or imply its endorsement,
recommendation, or favoring by the United States Government or any
agency thereof. The views and opinions of authors expressed herein
do not necessarily state or reflect those of the United States
Government or any agency thereof.



DISCLAIMER

Portions of this document may be illegible in
electronic image products. Images are produced
from the best available original document.



DISCLAIMER

“This book was prepared as an account of work sponsored by an agency of the United
States Government. Neither the United Statcs Government nor any agenvy lheieof, nor any
of their employees, makes any warranly, express or implicd, or assumes any legal liability or
responsibility for the accuracy, cuinpleleness, or usefulness of any informatinn, apparatus,
product, or process disclosed, or represents that its use would not infringe privately owned
rights. Reference herein to any specific commercial product, process, or service by trade
name, trademark, manufacturer, or otherwise, does not necessarily constitute or imply its
endorsement, recommendation, or favoring by the United States Government or any agency
thereof. The views and opinions of authors expressed herein do not necessarily state or
reflect those of the United States Government or any agency thereof.”

This report has been reproduced directly from the best available copy.

Available from the National Technical Information Service, U. S. Department of
Commerce, Springfield, Virginia 22161.

Price: Printed Copy A03
Microfiche AQ]



SERI/PR-8277-1-T1

Distribution Category UC-63c

THIN FILM POLYCRYSTALLINE SILICON SOLAR CELLS

QUARTERLY TECHNICAL PROGRESS REPORT NO. 3
FOR PERIOD.
1 APRIL 1980 = 30 JUNE 1980

K-R- SARMA, M.J. RICE, R. LEGGE, R.J. ELLIS

JUNE 1980

~ MOTOROLA, INC.
5005 EAST MCDOWELL ROAD
PHOENIX, ARIZONA 85008

INITED STATES
DEPARTHENT OF ENERGY
DIVISION OF SOLAR TECHNOLOGY
AND |
 SOLAR ENERGY RESEARCH INSTITUTE
'UNDER DOE SUBCONTRACT NO. XS-9-8277-1

MOTOROLA PROJECT NO. 2377

' eTRIRUTION OF THIS DOCUMENT |

s ynuMITED O \



PREFACE

This Quarterliy Report No. 3, covering the period April 1, 1980 to
June 30, 1980, was prepared by the Solar Energy R&D Department, |I. A. Lesk,
Manager, Motorola.lnc., Phoenix, Arizona 85008. This report describes the
work performed under SERI Contract No. XS$-9-8277-1. K. R. Sarma Is the
prinicpal investigator., Others who participated in this program are

R. W. Gurtler, M. J. Rice, R. N. Legge, R. J. Ellis and W. Sallna.
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ABSTRACT

During this third quarter of the program, the high pressure plasma (hpp)
deposition process.has been +h6rough|y evaluated using SiHCI3 and SiCl4-siIicon
source gases, by the gas chromatographic analysis of the effluent gases from
the reactor. Both the deposition efficiency and reactor throughput rate were
found to be consistently higher for hpp mode of operation compared to
conventional CVD mode. The figure of merit for various chlorosilanes ‘as a
silicon source gas for hpp deposition Is discussed. A new continuous silicon
film deposition scheme is developed, and system design is initiated. This
new system employs gas interlocks and eliminates the need for 'gas curtains which
have been found to be problematic. Solar cells (2 cm x 2 cm area) with AM1
nfficicncies‘of up to 12% were fabricated on RTR grain enhanced hpp deposited
films. The paramefers of a 12% cell under simulated AM1 i|{umination were:

= 0.582 volts, J.~ = 28.3 mA/cm2 and F.F. = 73.0%.
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1.0 INTRODUCTION

The objectives of this research program are: a) investigation of a semi-
continuous plasma deposition system as a means for efficient, high rate deposition
of polycrystalline siiicon films, b) development of low-cost reuseable substrates
for deposition and shear separation of the silicon films, ¢} optimization and
subsequent grain enhancement of the films through laser RTR recrystallization,
and d) demonstration of at least fZ% efficient, large areé (greater than 10 cmzf
solar cells fabricated on grain-enhanced silicon films.

Durlng this quarter, we have characferized the plasma depoéifon process using
and SiCl ‘

SiHCI as the sillcon source gases gy gas chromatographic analysis of

3 4
the reactor effluent gases. Deposition efficiencies weré determined as a function of
chlorosilane concentration and substrate temperature. Comparisons were made in
the deposition reactor performance between the CVD and plasma deposition modes under
otherwise identical conditions. Under practical silicon film deposition
conditions, deposition efficlencies and silicon film throughput rates were
found to be consistently higher with the plasma deposition mode of operafion
compared to the CVD mode. The observed results are discussed and explained
qualitatively from thermodynamic, kinetic and mass transport considerations.

A new coannuous silicon film deposition scheme has been developed. This
new scheme employs gas inferlocks and ellImlinates the requirement for gas seals
.used in the presenfysemiconfinudus system and which are found to be problematic.

A series of experiments has been performed in The grain enhancement and
solar cell'fabricafion areas aimed at defermlnlng the factors limiflng the
performance of solar cells fabricated on RTR grain enhanced plasma deposited

silicon films. The results of these experiments suggest that the detrimental

chemical impurities in these films are at an inconsequential level, and it is the



presence of defects (hrimarily dislocations) which are cufrenfly limiting
the performance of the solar cells. However,.in the latest batch of
solar cells fabricated on RTR grain enhanced plasma deposited films, we have

ohserved AM1 conversion efficiencies of up to 12% on 4 cm2 area cells.



2.0 CHARACTERIZATION‘OF PLASMA DEPOSITION PROCESS

We have continued characterization of the high pressure plasma (hpp)
deposition process with various éxperimen+al parameters including the type -of
silicon bearing gas used, reactant concentration, +o+a[‘reac+an+ flow rate,
and substrate temperature during deposition. Experiments aimed at comparing
the silicon deposition process under HPP and .conventional CVD modes were
also performed. Gas chromatography has been used to evauate each silicon
deposition process; défalls of the gas chromatographic procedures were described
earlier (1,2,). The sllicon deposition procéss is characterized by determining
the efficiency of silicon deposition; the error in deposition efficiency determined
by gas chromafographic analysis is estimated to be within *0.5%.

In the following we présenf the experimental results and explain them on
a qualitative basis usiné Thermodynamic, kinetic and mass transport considerations.,
We also discuss the suitability of varléus chlorosilanes as silicon soﬁrce gases in

the hpp deposition process.

2.1 EXPERIMENTAL RESULTS

Table 1 summarizes the results, obtained using SiHCI3 as the silicon source
gass. Figure 1 shows the effect of chlorosilane concentration on deposi+ion'
efficiency when the substrate +empera+ure and total reactant fliow rate are
kept constant at 1100°C and 30 LPM respectively. From the reactor dimensions
(5 cm x 5 cm x‘60 cm), the flow4veiocify and residence +ime can be.calculafed
to be 20 cm/sec( and 3 sec. respectively. Renolds number calculations for |
all fhe reactant flon employed indicated that the flow.will be in the turbulent
regime. Also diffusion length calculations for the heaviest molecule (SiCl4) in

the reactor system using the diffusion coefficient (6.3 cm2/sec) (3) and residence



SiHCI

TABLE 1

SUMMARY OF RESULTS OBTAINED USING
AS SILICON SOURCE GAS.

3
DEPOSITION EFFICIENCY
T (°c) MODE FLOW (LPM) Cl/H= .04 | ci/H =0.08 CI/H = 0.1
1050 CcVD 15 40.5 30.9 26.5
HPP 15 49.3 35.6 29.8
CVD 30 39.0 25.0 21.7
Hpp 30 53,5 35, 1 32,7
1100 cvD 15 47.3 35.7 32.3
HPP 15 54.3 38.5 33.5
CcVD 30 52.2 36. | 31.5
HPP 30 55,1 37.9 34.0 -
1150 CVD 15 51.9 34,2 30.7
HPP 15 49.3 35.6 32.3
CVD 30 53.9 31.7 27.8
HPP 30 55.7 35.8 31.7
1200 CVD 15 48.0 34.9 30.5
HPP 15 49.8 37.3 33,2
CVD 30 51.6 21.4 29.0
HPP 30 68. 39.C
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lime (3 sec.) indicated that it is approximately the same as the
reactor éross sectional size. From these considerations, good gas mixing can
be expected in the reactor sysTém. Along with the experimental data under CVD
and HPP conditions, data from theoretical calculations by Sirtl and Sarma are
also shown in Figure 1. (The two theoretical curves presented in FigdreA
1 will be discussed later in this section).
As can be‘seen in Figur? 1, observed deposition efficiency is higher for Tﬁe

HPP mode fhan for the corresﬁonding CVD mode. Also, in the HPP mode, observed
efficiency is higher than predicted by thermodynamic equilibrium calculations (4,3)
(Sarma) for CI/H < 0,1, For Ci/H > 0.1 the HPP efficiencies are lower Than
calculated equilibrium values. Observed CVD efficiencies are consistently
lower than calculated equilibrium values. In some experiments performed with
exceedingly small reactant flow'rafes (high residence times) to assure
equilibrium, the CVD efficiencies approached the equilibrium efficiencies more
closely, but were never found to exceed the equilibrium yalues predicted from
our calculations.

. Of the two theoretical curves presented in Figure 1, one is obféinea
from our work (4,%) and one. from Sirt| et al. publicaffbns (6-8). As can
be seen In Flgure |, whiie the two theoretical curves are in qualitative
agreement regarding the variation of deposition efficiency with concentration,
they differ quantitatively. Sirtl's calculations predict much higher deposition
efficiencies than ours. Sirtl's calculations (6-8) were available when we
started work on this contract. Hence, our calculations were aimed at extending
Sirtl's calculations to the conditions pertaining the HPP deposition (plasma
temperatures up to 5000K). Thus, we employed the same calculation technique as
Sirtl et al. (free energy minimization technique) for calculating the chemical
thermodynamic equilibrium. We have not yet clearly identified the reasons

for disagreement between the two calculation results. However, it should be



pointed out ThaTISiETI et al. used the thermodynamic data available ‘in
the year 1972, and we have used data from JANAF tables (9) in the year:1978.
JANAF Tables are regularly updated with more acceptable thermodynamic data.
Hence, it is possible that the difference between the TWo may be associated with the
thermodynamic data Qsed and the species cénéidered. >Wé plan to investigate
this furfher.‘ I+ is worth pointing out that we were not able td locate any
experimén+él work in the literature in which the silicon debosiTion efficiency
" (using S‘iHCI3 as the silicon source gas) appraoéhed the equilibrium value
predicted by Sirtl et al. calculations.
Table 2 summarizeé the results obtained using SiCI4 as‘a source gas. Figure

2 shows the effect of chlorosilane concentration on the deposiffon efficiency.
SiCI4 source gas deposition differs from SiHCI3; in particular, etching
reactions become impqrfanf with SiCI4‘af fairly low reactant concentrations. As
can be seen in Figure 2, HPP efficiencies are higher than CVD efficiencies
'over most of the concentration range. . For Cl/H > O.15,}CVD_efficiency‘
appeaEs to be slightly higher than the HPP value. While the difference
between the two (~ 1.0% for CI/H = 0.2) abbears to be comparable to the
éccuracy of the measurement, it is found to be real as inferred from the result
of a number of repetitions of this experiment. Further It can be seen from
Figure 2 that.the expefimenfal efficiencles are higher than our predicted
equilibrium values and lower than those of Sirtl| et al. Also our calculations
predict éfching for CI/H = 0.125 and Sirtl et. al. predic} etching for
CI/H ~ 0,3; experimentally, etching has not been observéd for CI/H'rafiqs of
up to 0.3. | |

' Figure 3 shows the effect of substrate +emperafure during deposition bn the
eff}ciency; This figure shows data for two different concenfraflons,-CI/H ; 0.08

and 0.1, when using SiHCl3 as the silicon source gas. The maximum in depdsifion



TABLE 7

SUMMARY OF RESULTS OBTAINED USING
SiCI4‘AS SILICON SOURCE GAS

DEPOSITION EFFICIENCY

CI/H = 0.04

T (°c) | MoDE FLOW Ci/H = 0.08 CI/H =
1050 CcVD 15 43.6 18.8 11.9
HPP 15 41.8 18.1 10.6
CcVD 30 33,8 13.9 10.1
HPP 30 42.6 14.4 9.5
1100 cvn 19 40.9 19.2 12.9
HPP 15 43.1 19.2 11.9
CVD 30 46.0 17.7 12.8
HPP 30 50.0 17.2 11.5
1150 CVD 15 54.0 20.3 . 13.0
HPP 15 54.4 19.6 11.8
CVD 30 50.8 19.6 13.7
HPP 30 55. 1 19.3 11.5
1200 CVD 15
' HPP 15
cVD 30
PP 30
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efficiency at around 1100°C is in qualitative agreement with Sirtl et al. equlibrium
calculations. (Our calculations do not include low temperatures and hence
comparisons could not be made.) Figufé 3 indicates that the HPP efficienclies are
consistantly higher.fhan CVD efficiencies.

Figure 4 shows reactor Throughpufl(given in terms of a constant times the
grams of silicon deposited per minute) calculated from data in Figures 1 and 2.
Reactor throughput is an important parameter since it determines the number of
reactors (capital) required for a given capacity which in turn determines
production floor space requirements. As seen in Figure 4, when using
SiCl4 as the silicon source gas, a maximum in throughput occurs at a
concentration, Cl/H, of about 0.05. Using SiHCI3 as the silicon source gaé,
throughput increases continuously with conceﬁfrafion. However, for higher
concentrations, sitfcon powdér formation dug to excessive gas phase nucleation
becomes a severe problem. Thus the onset of pQQder formation sefs an upper
limit to the concentration (Cl/H ratio) that can be employed and the reactor
throughput achieved. ~This concentration limit is found to be around a CI/H -
~ratio of 0.1. This concentration limit is found fo be somewhaT higher for
CVD compared to HPP'deposifion. Thus from figure 4 it can be seen that,
comparing SiCI4 and SiHCI3 as a silicon source gas, reactor throughput is
higher in the HPP mode than In the va mode under practical silicon deposition

conditions. Also, the practical reactor throughput is about a factor of two

higher for SiHCl3 compared to a SiCI4 source.
2.2 DISCUSS ION

2.2.1 _ THERMODYNAMIC FACTORS

While, in general, practical silicon deposition reactors do not operate under
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equilibrium conditions, consideration of thermodynamic equilibrium helps one

to prediéf the range of performance that can be expected. For example, by
examining the results of equilibrium calculations (4,5) such as those in Figure 5,
one can easlly predict the relative performance of various chloroslilanes In a
deposition reactor. Figure 5 shows the equilibrium deposition efficliencies for
SIHZCIZ, SIHCI3 anq SICI4‘sources as a functlion of concentration for a

substrate temperature of 1100°C and reactor pressure of 1 atm. Experimental
deposition efficiencles are In qualltative agreement with the results of

equilibrium calculation: 1.e., deposition efficiencies are the highest for

SiHZCI2 and lowest for S[CI4, and deposition efficiency decreases for all these

chlorosilanes with incfeasing concentration,

Similarly effect of substrate temperature can be examined from the
equilibrium digaram shown in Figure 6. In this figure, g}-raflo In the gas
phase in equilibrium is plotted as a function of concentration (CI/H ratlo)

of the reactor input gas stream for varlous temperatures. Using Figure 6, the

deposition efficiency, n, can be calculated using the equation

ﬂ) ﬂ)
Cl Input - C eqgbm
n = S - x 100
‘a)

Input
where Si/C')inpuT Is determined by the chloroslilane source used. For example

SI/CI)In = 0.25.

2727 4’ put

Thus from the above expression we can see that for a given source,

for SiH.CI S'/Cl)inpUT = 9.5 and for SiCl

~efficiency will be higher when Si/Cl)equ is lower. In Figure 6 we have used
Sirtl et al. data (6-8) for low temperatures (T7<1700K) and our calculated data (4,5)
for high temperatures (T>1700K). Since we use this figure only to explain trends in

silicon deposition, quantitative disagreement between the two sets of data is

not of concern. From Figure 6, it can be seen that Si/CI)equ increases with

13
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increasing temperature, levels off at around 1400 - 1700K and then increases
again. Thus, efficiency increases with increasing temperature, then levels
off between 1400 - 1700K and then increases further with temperature.

In a conventional CVD process, reactant gas temperature rises from room
temperature to the substrate temperature, and never exceeds the substrate
temperature. Thus the approach to equilibrium is from right to left in
Figure 6 (low temperature to high temperature). Unless sufficient residence
time is al!owed, equilibrium (thermal and chemical) will not be reached. In
the case of High pregsure plasma deposition, the reactant gases experience .
very high temperatures (4) (~4000K) in the plasma beam and then are quenched
to the substrate temperature. Compositional equlibrium can be assumed in'this
high temperature, high pressure plasma. (At this time, it should be pointed out
that above the boiling point of siiicon, all components of the system will be in
vapor phase, and the Si/CI)equ in Figure 6 is obfained-by consldering the
silicon species containing Cl and/or H). As the plasma Is quenched to the
substrate temperature, equilibrium is approached from the left of Figure 6 to
right. By rapidly quenching the high Temperafﬁre equlibrium, 11+ should be
possible to obtain higher deposition efficiencies with HPP compared to CVD.

Ihis has been the rationale for investigating HPP as a means for economicaily
depositing microcrystalline silicon films. From the experimental results, it can

be seen that while the improvements in efficiencies are not as mich as we Thaught
possible, useful improvement in efficiency was indeed ob+ained. In the next sections
we will examine the other considerations that determine the efficiency

improvements obtainable with HPP silicon deposition.

16



2.2.2 SILICON DEPOSITION MECHANISMS

+

In the case of convention cold wall CVD reactors; the deﬁosifion mechanism
generallyAinvolves, TransporT-of reactants to the substrate surface, chemical
reaction 6n the surface producing silicon atoms, and incorpofafion of these
atoms into the growing silicon film, as shown in Figure 7. However, a second
deposition mode involves occurrence of chemical reactions in the gas phase
producing freé silicon atoms, condensation of -these atoms fhfo nuclei in the
gas phase, transport of these nuclei to the substrate surface and their
incofporafion into the growing silicon film. This latter mode of deposition
becomes important in CVD reactors with the use of SiH2CI2 and SiH4 source gases,
higher substrate temperatures, and hot wall deposition syéfems (10-12).

With HPP deposi#lon,-however, the gas phase nucleatlon and dgposifion
mode is found to be Iimportant under all conditions regardiess of.fhe type of
chlorosilane, its concenfraflon, and the reactor (substrate) Témpéra+ure emp]oyed.
One of the consequences of gas phase nucleation can be powder growth, f.e. sillcon
nuclei, Instead.of reaching the substrate surface énd confrlbufing to film growth,
grow in the vapor phase to a Iarger slze and then deposit in the form of a
powder. This powder formation constitutes a loss process, and‘furfhermoré creates
problems in the exhaust gas (chlorosilane and hydrogen) recovery system. While

it has not been, so far, possible to estimate the relative contributions of these

two different deposition mechanisms in the HPP deposition process, fo film deposition
rates, bowder formation is found to bé at an lnéonsequenTTal level in the
lhorizonfal operation of The'sysfem under practical £11m growfh conditions.

The reasons for this wfll be discussed under Sectlion 2.4.4 (transport effects).

Figure 8 schemaficéily illustrates the deposition model in the HPP reactor.

17
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2.2.3 | KINETIC EFFECTS

As discussed ﬁrevioué[y, kinef%c fécfors determine the deposition efficiency
achievable in the HPP process. Figure‘9 shows equlibrium concentrations (4,5) of
the species presenf_in the HPP depdsifion reactor. Assuming that chemical
equilibrium is attained in the high temperature (~4300K) plasma'beam, the
" predominant species will be H, CI, Si (g), H2.and HCl. As the temperature-is
lowered through the boiling point of silicon (~2950), there will be-a driving
force for condensation of silicon vapor, and upon further cooling through the
melting temperature (~1683K) there will be a driving force for solidification of
silicon, At the same time as the temperature is lowered, there Is a tendency
for formation of 'SiCI2 and, SjCI3 specles. However, silicon condensation could
oceur before the equilibrium SiCl2 species,cqncenfrafion increases. When this
happens, the reaction beTween the condensed phése and chforine will be the |
rate limiting étép in the attainment equilibrium as the gas mixture is quenched.’
Another kinetic factor of importance is incérpora*ion of gas phase nucleated
silicon into the growiﬁg silicon film. This factor has not been found to be
very important, probably because of the exfremejy smali particle size (<<ium),
at least, in the horizontal operation of the HPP system (13). This sequence
of events qualitatively explains the improvemenfs in deposition efficlencles

observed in the HPP deposition process.

2.2.4 TRANSPORT EFFECTS

A compiete discussion of the HPP depdsifion process has to include the
various mass transport processes taking place in the. deposition chamber. To

develop an accurate mass transport model, chemical reactions occuring in the system
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have To be considered simultaneously. Silfcon deposition reactors involving
gas phase nucleation are cufrenfly being modelled by Aerocﬁem Researchl
Léborafories, Inc. without Ték{ng into account the simyltaneous chemical réécfions
(see for example reference 14).

The transport of species in the HPP reactor takes place due to
convective and diffusive processes driven by both compositional
gradients (Fick) and thermal gradients (Soret). While the Fick diffusion
coefficient for all species is positive (i.e. diffusion down the concentration
gradient), the Soret diffusion coefficient will be negative for some species -
(i.e., in a feﬁperafure gradfenf lighTér species tend to move towards high
temperatures and heavier species towards low temperatures). Steep radial
Temperafdre gradients exist in the beginning part of the HPP reactor where the
plasma core gases are hot and.subsfrafe'surfaces are relatively cold. 1in this
région, thermal diffusion is expected to be impérfanf.‘ This situation is fortuituous
since the silicon particles nucleaféd In the gas phase, because of their higher
density compared to the reactor ambient gases, will move to The éubsfrafe
surfaces due to the thermophoretic force, become incorporated, ana contribute
to silicon f}lm growth. Srivastava et al. (14) have given a good descripfioh
of the particle transport properties and models in silicon deposition systems.

Apart from the frénsporf éf particles, transport of other species to and
away from the substrate surface is another Important factor that determines
efficiency of the overal| deposition system.’ Forlexample in the 'simple

reaction*

SiCI4-+ H2 + Si(S) + HCI

*The actual reaction producing free silicon is known to involve an intermediate

SiCl, species.

2
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producing free silicon on the substrate surface, SiCI4 has to be transported
from the bulk gas stream +0V+he substrate and HC! has to be transported frbm
the substrate to the bulk gas sfream. In the systems (or regions of systems)
where the substrate is hotter than the bulk gas stream, diffusion of SiCI4 will be'
retarded while that of HCl will be accelerated. As a result, the substrate
sees a lower chlorosilane copcenfrafion than the input value. Hence, the
observed deposition efficiencies will be higher than predicted by equilibrium
calculations, even with CVD.

In this discussion we havg only attempted to present various factors that
are important in HPP deposition. The qualiTaTive and sImpIiéTic description
of the HPP process discussed above apbears to explain some of the experimental

results. However further analysis is necessary to develop a quantitative HPP

deposition model.

2.2.5 CHOICE: OF SILICON SOURCE GAS

Table 3 compares various chlorosilanes. as sourge.gases‘for silicon deposition
by HPP. Silicon Téfrachloride lsAThe cheapest and SiH4 is the most expensive
of the gases bejng considered. However, there is a potential for future
reductions in price for-SiHCIS, SIHZCIZ, and SiH4 through implementation of
advanced_Technologjes currently being deve!oped; Due to an unfavorable
market supply and demand situation for semiconducfor grade SiCl4, it is
currently under priced and it is expected to continue to be so, at least
for the next 5 - 10 years. (Semiconductor grade SiCI4 is a biproduct of present
polysilicon manufacturing plants.)

As.seen in previous sections, the HPP que of deposition Improves the

performance of SiCI4 and SiHCI3 as silicon source gases. However due to
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TABLE 3

COMPAR I SONS BETWEEN VARIOUS CHLOROS!LANES

TODAYS PRICE ﬁg;EEE#GEE BENEFIT SIMPLICITY

CHLOROS | LANE FROM PLASMA | OF DEPOSITION

$/KG | $/Kkg of SI | PRICE DEPOSITION | PROCESS

REDUCT | ONS

sicl, 0.40 2.43 ? YES YES
STHCI, 1.60 7.69 YES YES YES
STH.CI, 56.00 202.00 YES ? ?
STH, 400.00 |~ 475.00 YES NO NO
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the low activation energy required for depos?fion using SiHéCI2 and SiH4

sourées, benefits from HPP areAnOT expecfed to ‘be significanf, parTicharly when
compared to +He additional complexity of the HPP process. Furthermore, deposition
; using SiH4 as a ‘source gas is expected (known) to be ex?remeiy difficult

due to severe gas phase nucleation problems. Based on these considerations

SiCI4 and SiHClB are believed to be more suitable source gases for silicon
'deposffion. The reactor throughput rate will be ébou+ a factor of two or mofe
when using SiHCI3 than when using SiCl,. This makes use of SIHCIS'more desirable.
However, when using SiCI4, The.reaéfbr effluent gas stream contains a

significant peréen#age of SiHCI3;'and when this is recovered‘and recycled, use of

SiCl4 as make up apbears to be a more economical approach when the low price

of SiCI4 is considered.
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3.0 CONTINUOUS SILICON FILM DEPOSITION SYSTEM

Problems associated with operation of the present semicontinuous plasma
deposition system (employing gas curtalns) were discussed in the previous
quarterly report. Apart from these operaTiénal problems during film deposition,
another pfoblem with this approach has been found to be associated with the use of
gas curtains. Nitrogen is used In these gas curtains because of its low-cost
and compatibility with the silicon deposition process. However N2 in the deposition
reactor effluent will deteriously affect the performance of the recovery process.
While argon is suitable (in view of its compatibility with silicon deposition and
effluent recovery), it Is probibitively expensive.

To overcome all the above difficulties, we have identified a new continuous
silicon film deposition scheme that does not utilize gas curtains. The new
scheme, a concépfual drawing of which is shown in Figure 10, uses gas interlocks.
In this system, a cassette containing a finite number of TESS substrates will be
fed into the gas interlock at the entrance side of the reactor, the Interlock
purged, the qassef+e moved into the main chamber, the substrates from the cassette
translated through the depo$i+ion-sys+em, and the empty cassette withdrawn trom
another interlock. By a similar scheme the substrates and separated silicon
films are withdrawn from the deposition system. By proper.sequencing of these
operations, this process will be truly confinuous, Nitrogen and hydrogen will
be used in proper sequence to purge the gas interlocks so that N, is not
introduced into the deposition system when the Interlock Is activated. Apart
from differences in the methods of Intorducing and withdrawing substrates
and separated films, the new process Is identical to the presently used one.

A detailed design of this new continuous silicon film deposition system
has been ini+fa+ed, and it should be completed before the end ofifhe next

quarfér. "All four walls of the reaction chamber will be active to produce
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CONTINUAL POLYRIBBON FORMATION SYSTEM
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FIGURE 10: SCHEMATIC CONCEPTUAL DRAWING OF THE NEW CONT INUAL. MICROCRYSTALL INE
SHLICON DEPOSITION SYSTEM EMPLOYING CAS INTERLOCKS.



four silicon films simultaneously. Silicon film (substrate) size has been
selected to be about 7.5 xm x 34 cm for the system design. While this system
is being designed and buiit, we will continue to use the present semicontinuous

system for producing microcrystalline silicon films.
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4.0 GRAIN SIZE ENHANCEMENT

Although not a part of the current program, some Ribbon-fo—Ribbon (RTR)
laser recrystallization developments, for .the sake of continuity of this
report will be beiefly described. Progress has been made fn two important
areas: 1) development of imporved pre- and post-heaters aﬁd 2) development
of a new feed mechaﬁism. " The new pre= and post-heaters were constructed from
Si C elements (replacing the previous platinum helements). Performance of these
new heaters is found to be much superfor to the old ones In terms of improved
thermal profiles in the rlibbon and lower heater down times. The new feed
mechanism is more versatile and.allows graln enhancement from one end of the
ribbon to the other.

Several silicon material quality related experiments were performed, by using
a Qariefy of feedstock materlals for Jaseﬁvrecrysfalllzafion. 1The results of

these experiments are discussed in the next section.
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.0 ' SOLAR CELL FABRICATION AND EVALUATION

N

In the present quarter, three separate but interrelated solar cell
fabricaTién experfmgnfs were completed. They are described in detail fn the
following three subsections. The firéf experiment consists of "standard
RTR growth" and a baseline solar cell process sequence applied to ribbons
grown from high purity, oxygen-free, single crystal float zone silicon. This
experiment is .designed to assess the solar cell potential of RTR silicon
independent of éossible feedstock contamination. |

The second experiment consists of solar cell fabrication on rihhans
grown trom LVU microcrystalline feedstock. Two resistivities of the n-type
feedstock were used, and the effect of resistivity on efficiency is discussed.

The third group of solar cells fabricated are on ribﬁqns grown from
high pressure plasma deposited microcrystalline feedstock deposited in Thé
semicontinuous (gasAcur*ain) apparéfus.

The baseline éolar cell process,seduenCe used. for .all three groups consisted
of:

PH, diffusion - 18 min, 900°C

3
Mesa PaTTern_Définifion'and Etch - Photolithography and CFd‘(Q7%) -
0, (8%) plasma etching.

'SizN, AR Coating - LPCVD, 850R, index of refraction = 2,0

'Mefailizéfion pattern definition and etch - Photolithography, CF, (50%) -

OZA(BO%) plasma“ etching.
Plated metal - Pd-Ni-Cu
This seéueﬁce uses a metallization pattern which has not been fully optimized

fo minimize both .series resistance and the percenfage'éf'shadowing. "As a résulf,
the fill factor is reduced by a factor of from 2 to 5% for the sampleé with
short circuit current denéifies 2 26 mA/cmz. Also, with the exception of
several samples of HPP orign as noted later, no texture efching of the

illuminated surface was done.
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5.1 SOLAR CELLS ON RTR SILICON GROWN FROM FLOAT ZONE SILICON FEEDSTOCK

- Feedstock for RTR silicon ribbon growth was obtained by sawing a floa+
zohe silicon ingot into sheets with an area of 1.15" x 7.5" and with a
ThicknessJof 10 * l'mils,land efchiﬁg To4remove the saw damaged surfaces.

This single crysfal-maferial was recrysféllized in The RTR»appérafus, and
the pfocessed into solar cells using the baseliﬁe process sequence along '
with unmelted control samples.. The recrystallized ribbons differed from grain-
enhanced HPP ribbons in two ways; 1) because of the quality of the starting
material, any possible contamination from molybdenum, or from fast diffusing
impurities in the molybdenum, or from the deposition furnace, are-
eliminated from consdieration, and 2) because The s+af+ing material was single
crystal, the regrown ribbons retained the single crystallinity in some cases.
The ribbons that did not retain the single crystallinity were cha}aqferized by
the presence of multiple Twin planes very siﬁilar to the ones in grain enhanced
HPP ribbons. Table 4 summarizes the results obtained.

It can be seen from Table 4 that when.single crystallinity is maintained
after RTR growth, soiar cell performance is scarcely differenf from the
control cell on float zone feedstock.. Thus, chemical contamination during RTR
growth (from the growth chamber, pre-heater and post-heater) appears to be
inconsequential. The RTR single crystal cell, however wag‘fouhd to contain

2

higher dislocation density (7 X 104/cm ) compared to the float zone single

crystal control- cell.

5.2 SOLAR CELLS ON RTR SILICON GROWN FROM CVD FEEDSTOCK

Ribbons grown from CVD microcrystalline feedstock were divided into two
groups; a low resistivity (~0.30 Q-cm lot) and a moderate resistivity lot

(~ 2.4 Q-cm). The results on solar cells fabricated by the baseline process



TABLE 4

SUMMARY OF RESULTS OBTAINED USING FLOAT
ZONE SILICON FEEDSTOCK.

SOLAR CELL DESCRIPTION AM1 EFFICIENCY (%) JSC (mA/cmz) VOC (volts)

Float Zone Single Crystal 14,8 32.3 .606
Control

RTR Single Crystal 14,5 31.4 .601

(Flnat 7ana Faedstack)

RTR Heavily Twinned ' 13,0 30.7 ‘ .586
(Float Zone Feedstock)

Best RTR Cel | -Oxygen Free, 12.8 27.5 .608
CVD Feedstock

32




sequence are presented in table 5. The loss in JSC due to doping effects on
diffusion length, as resistivity is lowered, is more than made up for by the
Increase in VOC' The difference in fill fac+9r between the two lots is small,

and 1s partially an artifact of the non-optimum grid design &sed. The metallization
pattern used provides the optimal tradeoff between shadowing of the junction and
resistive losses for cells having short clrcult currents of upATo 26 mA/cmz.

Since these cells average better than this, the fill factor Is réduced from

what a better pattern could provide, and the effect (i.e. amount of reduction)

will be slightly gréafer for the 2.4 Q-cm lot. An estimate of thé quantitative
effect of this grld design on £111 factor was obtalned for one cell (1185A-4B,

with V = 27.5 mA/cmZ, and F.F. = 77.0%) by numerically fitting the

oc = +698: Jgc
i-v characteristics and subtracting the effect of a constant, lumped series
resistance. This allowed for the calculation .of a "semiempirical” fill factor,
which in this Casg worked out to be 80.1%. This represents an upper limit
dictated entirely by the short clircult current and the junction i-v properties.
An optimal grid design can be expected to Increase the actual fill factor 1 - 2
percentage points.

Another cell (with n = 11,9%) from the low resistivity lot was given a
6 min. Wright etch to delineate dislocations. The results for a front
surface eftch are shown in Figure 11 and for a cross section in Figure 12. These
results are typical of present day RiR silicon (grown from microcrystaliine
feedstock), and appear to be improvable by further work on the post-heater thermal
profile. It is somewhat surprising (and encouraging) that solar cells with

efficiéncies of 12 - 13% can be made on material having régions with

high (3 1 x 10%/cm?) dislocation density.
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TABLE 5

RTR SOLAR CELL PERFORMANCE FROM CVD FEEDSTOCK

RESISTIVITY | AMI EFFICIENCY ()" | don (ma/en®) [ V.. (volts) F.F. (%)
Qecin AVE. TRXF RYE TVAKF R TvAF AVE. | WAYF
2.4 11.04 12,2 29.0 | 30.9 0.521 | 0.537 73.0 75.8
0.3 11.65 12.8 26.43 | 29.3 | 0.595 | 0.608 74.2 | 78.8

*Maximum values not obtained simultaneously.
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Dislocation Density = 5 x 105/cm2 Dislocation Density =1 x 106/cm2

F1GURE 11: DISLOCATION ETCH PITS ON THE SURFACE OF A CELL AS
REVEALED BY 6 MINUTES  WRICHT CTCIIING.



SECTION B

SECTION A

2

DISLOCATION DENSITY = 4 x 10°/cm DISLOCATION DENSITY = 1.4 x 10%/cm?

FIGURE 12: DISLOCATION DENSITY IN THE BULK OF THE CELL SHOWN
IN FIGURE 11, AS RLVEALED BY WRIGHT ETCHING THE
CROSS SECTIONAL SAMPLES.
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5D SOLAR CELLS FROM GRAIN ENHANCED HPP SILICON F1LMS

Results on typical solar cells fabricated on grain enhanced HPP films are
summarized in Table 6. Unlike the cells fabricated on RTR rpocessed float
zone or CVD feedstock reported in the previous sections, some of the HPP
cells were larger in size (2 cm x 2 cm). Also some of these cells were
fabricated on textured surfaces (to minimize front surface reflection) as
indicated in Table 6. Another difference between the float zone feedstock and HPP
feedstock is the silicon thickness; thickness of HPP feedstock was around 175 um,
whereas that of float zone was around 250 um.

The highest efficiency observed in this lot was about 12%, and was on
2 cm x 2 cm area textured cell shown in Figure 13. The other parameters of
this cell are: VOC = 0,582 volts, JSC = 28.3 mA/cm2 and F.F., = 73.0%. The
defect structure of these grain enhanced HPP films is similar to the ones
reported in the previous quarterly report (12), since the same recrystallization
parameters were employed.

Comparing the results obtained with the float zone, CVD and, HPP silicon
ribbons, it appears that the major factor I|imiting the performance of the HPP
or CVD films is the defect density of the grain enhanced films, and not the
chemical purity of the feedstock material. Thus, when the defect density
(dislocations, incoherent twin boundaries and grain boundaries) Is reduced
by optimization of RTR grain enhancement growth parameters, further improvements

in solar cell conversion efficiency can be expected.
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TABLE 6

SUMMARY OF TYPICAL SOLAR CELLS FROM GRAIN
ENHANCED HPP DEPQSITED FILMS

CEEL .1 D%

CELL SI1ZE

J

Plafis

n (AM1)

. 0oC SCZ COMMENTS
HPP RTR |(cm x cm) | (volts) (mA/cm®) (%) (%)
13-9 1201C-1 1 X' Z 0.541 23.0 115 8.9 Non-textured
-2 T X 2 0.559 2540 708 9.9 i
-3 TR 2 0.561 25.0 Ul 1052 "
17-4 1201G-1 2% 2 0. 579 25.6 756 11%2 Textured
-2 2K 2 0.582 26.0 74.5 11:3 u
-3 22 0.580 2645 70.4 10.7 i
18-4 1201B-1 1 X2 Q.577 258 74.6 4 il Non-ftextured
-2 =52 0.575 245 710 10.0 i
18-6 1201E-1 2K Z 0.582 28.5 15,0 12.0 Textured
21-6 1219A-1 2-X 2 0573 26.7 73.9 1143 W
=2 £ 4 0.570 26.5 695 105 1
=5 1 X2 0.558 25,5 69.6 9.9 #
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FIGURE 13:

PHOTOGRAPH OF A 12% AM1 EFFICIENCY
(2 cm x 2 cm AREA) CELL FABRICATED ON
A GRAIN ENHANCED HPP DEPOSITED SILICO§

FILM. = 0,582v, J = 28.3 mA/cm

V
and FF =093.0%. =6
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6.0 PLANS FOR NEXT QUARTER

During the next quarter we plan fo:
Continue periodic TESS substrate resurfacing experiments.
Complete design of the continuous silicon film deposition system
employing gas interlocks.
Continue operation of the existing semicontinuous plasma deposition
system, and

. Demonstrate > 12% AM1 conversion efficiency on > 10 cm2 area solar

cells fabricated on grain enhanced plasma deposited silicon films.
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